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IV. GENERAL CONCEPT AND COMPARISON OF THREE 

PHOTOCHEMICAL REACTIONS 

by 

DANIEL I. ARNON*, M. B. ALLEN AND F. R. WHATLEY 

Laboratory o] Plant Physiology, Department o[ Soils and Plant Nutrition, 
University of Cali]ornia, Berkeley, Call]. (U.S.A.) 

In previous communications from this laboratory x, s, s the view has been put forward 
that the chloroplast is , a  photosynthetic unit" i.e. a specialized cytoplasmic structure 
in which is localized the complete process of photosynthesis of green cells. This con- 
cept, although dominant in plant physiology at one time, was largely abandoned in 
the last twenty years (see reviewS). The substitute view which gained ascendancy on 
the strength of new experimental evidence regarded chloroplasts as structures "much 
simpler than required for photosynthesis ''4 and ascribed to them in vivo only the 
limited functions of photolysis of water and the transfer of electrons and protons 
from water to such acceptors as pyridine nucleotides 5. Other reactions in p_hoto- 
synthesis were, in this view, linked to the reoxidation of the photochemically reduced 
pyridine nucleotides by enzyme systems situated outside the chloroplasts, as for 
instance in the generation, by oxidative phosphorylation, of adenosine triphosphate 
(ATP)** by mitochondri# and in CO s fixation by reductive carboxylations of the 
type exemplified by the malic enzyme reaction s, ~. 

Chloroplasts were known to evolve oxygen when illuminated in the presence of 
an artificial electron acceptor (Hill reaction) in accordance with Equation I, 

Light + A +  HsO----~ HsA + 1/sO s (I) 

in which A represents an electron or hydrogen acceptor other than CO s. Reaction i 
has until recently represented the only known photochemical activity of isolated 
chloroplasts and has, for this reason, sometimes been called "the chloroplast reaction" 
(HILLS; WHITTINGI4AMS). However, recent experiments in our laboratory have 
provided a new basis for the old concept of the localization of all photosynthetic 
reactions in the chloroplasts, namely, the discovery of two additional photochemical 
reactions of isolated chloroplasts: photosynthetic phosphorylation x, x0,11, a2 (Equation 

* Aided by  grants from the National  Inst i tutes  of Health and the Office of Naval Research. 
**The following abbreviat ions will be used: AMP, adenosine 5-phosphate;  ADP, ATP, 

adenosine di- and tr iphosphate;  Pi, orthophosphate;  FMN, flavin mononucleotide; Tris, tris 
(hydroxymethyl) aminomethane.  
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2) a n d  r e d u c t i o n  of C02 to  t he  level of c a r b o h y d r a t e  w i t h  a s i m u l t a n e o u s  evo lu t i on  
of o x y g e n  1,13 ( E q u a t i o n  3) : 

Light + ADP + Pi---+ ATP (2) 

Light + CO s + H20- -~(CH20 ) + 02 (3) 

This  p a p e r  p r e s e n t s  a gene ra l  c o n c e p t  of p h o t o s y n t h e s i s  b y  i s o l a t ed  c h l o r o p l a s t s  

b a s e d  on a s t u d y  of t he  i n t e r r e l a t i o n s  of t h e i r  t h r e e  p h o t o c h e m i c a l  r eac t ions .  The  dis-  

cuss ion  will be  la rge ly  conf ined  to  e v i d e n c e  o b t a i n e d  f r o m  e x p e r i m e n t s  w i t h  whole  

ch lo rop las t s .  The  c o m p a n i o n  p a p e r  14 r e p o r t s  on p h o t o s y n t h e s i s  b y  b r o k e n  ch lo rop las t s .  

A h i s to r i ca l  s u r v e y  of ex t r aceUula r  p h o t o s y n t h e s i s  has  been  p r e s e n t e d  e l sewhere  2 a n d  

an  e x t e n s i v e  d i scuss ion  of t h e  l i t e r a tu r e  on p h o s p h o r u s  m e t a b o l i s m  in p h o t o s y n t h e s i s  

is b e i n g  r e se rved  for a s e p a r a t e  t r e a t m e n t  15. 

METHODS 

The general plan of the investigation was to use chloroplasts, prepared by a standard procedure 
in three parallel series of experiments in which photolysis (Hill reaction), photosynthetic phos- 
phorylation, and CO 2 fixation were measured separately on portions of the same chloroplast 
preparation. Certain experiments were also carried out with chloroplasts prepared by a different 
technique, and with chloroplast fragments and other cytoplasmic particles. 

Preparation o] chloroplasts and other cytoplasmic particles 
Standard procedure. Whole chloroplasts were isolated from spinach leaves (Spinacea oleracea, 
Var. Viroflay). Spinach plants were grown in a synthetic nutrient solution 16,17 and fully matured 
leaves were harvested a short time before each experiment. The leaves were washed with distilled 
water, shaken to remove excess liquid and placed in a plastic bag in the refrigerator to maintain 
their turgidity. The midribs were removed from the fully turgid leaves and the leaf blades were 
weighed just prior to grinding. The leaf blades were then quickly sliced into pieces about o.5 cmz 
to facilitate grinding. In a number of experiments whole spinach plants were purchased from 
commercial sources; the mature undamaged leaves were cut of[ from the roots and handled as 
described above. 

xoo-2oo g of sliced leaf blades were ground in a large ice-cold mortar with lOO-25o ml 
ice-cold o.35 M NaC1 and cold sand to assist in the grinding. The slurry was squeezed through 
a double layer of cheesecloth and the green juice centrifuged for I min at o ° C and 20o g to remove 
sand, leaf debris, and whole cells. The green supernatant liquid (leaf homogenate) was carefully 
decanted and centrifuged in the cold for 7 rain at iooo g. This sedimented the whole chloroplasts, 
leaving broken chloroplast fragments and smaller cellular particles in the supernatant liquid (Sx), 
which was decanted. The sedimented whole chloroplasts were washed by suspending them in 
ca. IOO ml ice-cold o.35M NaC1. A stirring rod with a piece of absorbent cotton at the end was 
used to resuspend gently the sedimented chloroplasts so as to give an even suspension. The sus- 
pension was centrifuged again for 7 min at IOOO g in the cold, and the pale supernatant liquid 
was discarded. The sedimented whole chloroplasts were finally suspended in ca. 25 ml o.35 M NaC1. 
Aliquots of this suspension (Px) were used in the experiments as a source of whole chloroplasts. 
It was found very important to maintain the solutions and apparatus ice-cold during all the 
manipulations. Warming of the suspensions to room temperature for even brief periods results 
in considerable loss of activity. 0. 5 M glucose was used instead of o.35 M NaC1 in the preparations 
of the chloroplast suspensions used in some early experiments TM. 

Chloroplast fragments together with other small cellular particles were isolated, when 
needed, by further centrifugation at o ° C of the supernatant liquid, S l, which was usually discarded 
during the preparation of whole chloroplasts. S 1 was first centrifuged for i rain at 18,ooo g and 
the sediment, consisting chiefly of whole chloroplasts not previously removed, was discarded. 
The green supernatant fluid was centrifuged in a Spinco Model L centrifuge at I4O,OOO g for 
io min. The clear supernatant fluid was discarded and the residue (Pz), consisting of chloroplast 
fragments and other small particles including mitochondria, was resuspended in o.35M NaCI. 
The microscopic appearance of whole chloroplasts (Px) and chloroplast fragments (Pt) is shown 
in Fig. x. 

Preparation o] chloroplasts and other cytoplasmic particles in eitrate-sorbitol-borate buyer 
The isolated chloroplasts prepared by the previous procedure were found to have a capacity for 
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p h o t o s y n t h e t i c  phosphory la t ion  b u t  no t  for ox ida t ive  phosphoryla t ion~,  s. OHMURA TM has  recent ly  
described,  however ,  chloroplas ts  p repared  in a c i t ra te  sorbitol  bora te  buffer  which ca r ry  ou t  
ox ida t ive  phosphory la t ion .  His  solut ion was therefore  used, as described below, in t he  p repara t ion  
of chloroplas ts  and  o ther  cy top lasmic  part icles  for a fu r the r  compar i son  of ox ida t ive  and  photo-  
syn the t i c  phosphory l a t i on  (Table IV). 

7 ° g f reshly ha rves t ed  sp inach  leaves were cu t  into smal l  pieces and  m a c e r a t e d  for I m i n u t e  
in a W a r i n g  blendor  a t  o ° C wi th  IOO ml  of a solut ion con ta in ing  I62 g sucrose, 33 ml  o . 3 M  
e thy l ened iamine t e t r aace t a t e ,  p H  7.2, 8.8 g sod ium ci t ra te  and  ~4.3 g sorbitol  bora te  buffer  (Atlas 
Powder  Company)  p H  7.o, m a d e  up  to i l iter wi th  glass-dist i l led water .  The  green s lur ry  was 
filtered t h r o u g h  two layers  of cheesecloth  and  cent r i fuged  for I min  a t  2oo g to r emove  wholc 
cells and  cell debris.  The  res idue was discarded.  The  green s u p e r n a t a n t  fluid (F1) was cent r i fuged  
for 7 m in  a t  iooo g. The  s e d i men t ed  chloroplas ts  (whole chloroplasts)  were divided into 2 port ions.  
One  was su spended  in o.35-M NaC1 for m e a s u r e m e n t s  of pho to syn the t i c  phosphory la t ion  and  the  
o ther  in the  c i t ra te -sorbi to l -bora te  m i x t u r e  for m e a s u r e m e n t s  of oxida t ive  phosphory la t ion .  The  
s u p e r n a t a n t  fluid (F2) was used for the  separa t ion  of a par t icu la te  fract ion consis t ing  of ch loroplas t  
f r a g m e n t s  and  o ther  smal l  part icles.  This  f ract ion is des igna ted  in Table  IV as " r e m a i n i n g  par t i -  
cles".  To ob ta in  it, F z was first cent r i fuged  for I rain at  i8,ooo g to s ed imen t  the  whole chloroplas ts  
which  were no t  r emoved  by the  7 min  cent r i fugat ion .  These  were d iscarded and  t he  s u p e r n a t a n t  
fluid (Fs) was cent r i fuged  for 15 mi n  a t  i8,ooo g to s ed i men t  the  r emain ing  smal l  part icles.  The  
" r e m a i n i n g  par t ic les"  were divided into 2 batches .  One  was s u s p e n d e d  in o.35M NaCI and  t he  
o the r  in the  c i t ra te-sorbi to l -bora te  mix tu re .  

For  compar ison ,  all t he  par t ic les  (whole chloroplas ts  plus  " r e m a i n i n g  part icles")  in the  F 1 
h o m o g e n a t e  were collected by  cen t r i fuga t ion  a t  18,ooo g for x 5 min (Table IV). The  sed imen ted  
"al l  par t ic les"  were again  divided into two ba tches  and  suspended  ei ther  in o . 3 5 M  NaC1 or in 
the  c i t ra te -sorb i to l -bora te  solut ion.  

The  chlorophyl l  con ten t  of each par t i cu la te  p repara t ion  was de t e rmined  17 and,  unless  other-  
wise noted,  a l iquots  con ta in ing  o.5 mg  chlorophyl l  (approx. 4 mg  tota l  protein) were used in 
each react ion vessel. 

.~leasuvement o/photochemical reactio~ls 
Photo lys i s  (the Hill reaction) was measu red  manome t r i c a l l y  as oxygen  evolut ion.  RecrystallizetL 
p -benzoqu inone  w~as used as the  hydrogen  acceptor  (Equa t ion  i). Other  condi t ions  were as previ-  
ously  descr ibed TM except  t h a t  o.2 ml  of o . . ,3 i  T r i s " ,  p H  7.2 was subs t i t u t ed  for the  p h o s p h a t e  
buffer  and  ice-cold o .35M NaC1 was used to br ing  the  vo lume  of the  react ion m i x t u r e  to 3 ml. 

M e a s u r e m e n t s  of "organic  p h o s p h a t e "  were used to follow the  esterif icat ion of inorganic  
p h o s p h a t e  into ATP  dur ing  pho tosyn the t i c  phosphory la t ion  t0. (ATP was prev ious ly  shown to be 
t he  "organic  p h o s p h a t e "  p roduc t  of the  reaction1°.) The  react ion was carried ou t  in conical  
m a n o m e t e r  vessels of abou t  18 ml  capaci ty .  To the  main  c o m p a r t m e n t  of the  ice-chilled vessels  
were added,  in micromoles  : Tris, p H  7.4, 4°;  a m i x t u r e  of K and  Na phospha te ,  (l : I), pH  7 . ' ,  2o ; 
Na ascorbate ,  lo ; neut ra l ized  AMP * *, 2o ; MgCI z, t o ; FMN * *, o. x ; and  v i t amin  K s (2-methyl -  i, 4- 
naph thoqu inone )  TM dissolved in o.o 5 ml  methano l ,  o.o 3. In the  s idearm was placed 5 /zmoles  of 
the  N a - K  p h o s p h a t e  buffer  con ta in ing  5 - 1 o - i o  5 c .p .m,  of s2p. An a l iquot  of P I  or P2 was t hen  
p ipe t t ed  into the  ma in  c o m p a r t m e n t  and  the  react ion m i x t u r e  b r o u g h t  to a final vo lume  of 3 ml  
by  the  addi t ion  of o.35 M KC1. The  chilled vessels  were t hen  a t t a ched  to m a n o m e t e r s ,  filled with 
n i t rogen  gas, and  shaken  a t  I5 ° C in a refr igerated ba th ,  p rovided  wi th  a source  of l ight  TM. The  
reac t ion  was s t a r t ed  by  pour ing  the  rad ioac t ive  p h o s p h a t e  solut ion f rom the  s idearm into the  
m a i n  c o m p a r t m e n t  of t he  vessel and  t u r n i n g  on the  light.  The  react ion was t e r m i n a t e d  (usual ly  
af ter  I hour)  by  t u r n i n g  off the  l ight  and  add ing  o. 3 ml  2o % tr ichloracet ic  acid to each vessel. 
The  acidified react ion m i x t u r e  was  cent r i fuged  and  a i .o ml  a l iquot  of the  s u p e r n a t a n t  fluid was 
t aken  for ana lys is  of "organic  p h o s p h a t e " .  "Organ ic  p h o s p h a t e "  was de t e rmined  as descr ibed 
prev ious ly  x°. Because  of t he  h igh  ra tes  of p h o t o s y n t h e t i c  phosphory l a t i on  the  u se  of 32p was not  
essent ia l  in recent  exper iments .  The  ester if icat ion of inorganic  p h o s p h a t e  could be easily followed 
by  t he  conven t iona l  m o l y b d e n u m  blue m e t h o d  of FISKE AND SUBARROW 1~ wi th  non-rad ioac t ive  
phosphorus .  

CO 2 f ixat ion was carr ied ou t  a t  I 5 ° C  in conical m a n o m e t e r  flasks f lushed wi th  n i t rogen 
gas  pr ior  to t u r n i n g  on t he  l ight.  In  addi t ion  to chloroplas ts  the  react ion m i x t u r e  conta ined ,  
in micromoles :  Tris  buffer, p H  7.4, 40; Na ascorbate ,  IO; MnCIs, 2; Na~I4COs (conta in ing ca. 
i .  5- to 6 c .p .m,  of 1'C) 1.5; and  o . 3 5 M  NaCI to give a final vo lume  of 3.o ml. The  react ion was  
s topped  by  pour ing  o. 3 ml  of o . 5 M  HCI or 2o% tr ichloracet ic  acid f rom the  s idearm into the  
ma in  c o m p a r t m e n t  of t he  vessel.  F u r t h e r  deta i ls  are given elsewhere is. 

Measurement of oxidative p.hosphorylation 
The  reac t ion  m i x t u r e  conta ined ,  in micromoles :  Tris  buffer, p H  7-4, 4o; p o t a s s i u m  sod ium phos-  
pha t e  buffer, p H  7.2, 20; neut ra l ized  AMP,  2; MgSO4, io;  p lus  3o m g  glucose and  75 un i t s  of 
hexok inase  ~°, in i ml  to ta l  vo lume.  To th is  w a s  added  t he  par t icu la te  suspens ion  (Table IV) 
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con ta in ing  0. 5 m g  chlorophyl l  in 2 ml  of the  c i t ra te-sorbi to l -bora te  mix ture .  The  react ion was 
carr ied ou t  in the  da rk  a t  i5 ° in W a r b u r g  m a n o m e t e r  vessels, wi th  i o %  K O H  in the  cen te r  well 
to absorb  carbon  dioxide.  After  equi l ibra t ion with air, carrier  free 8tp (65o,ooo c.p.m.)  was added  
f rom the  s idearm.  O x y g e n  up t ake  was measu red  manome t r i c a l l y  and  esterif ication of inorganic  
p h o s p h a t e  was m e a s u r e d  af ter  s topp ing  the  react ion by addi t ion  of tr ichloracetic acid as described 
above  for p h o t o s y n t h e t i c  phosphory la t ion .  

RESULTS 

Whole chloroplasts as the site o/three photochemical reactions 

The preparations previously used in this laboratory 7, is for the s tudy  of the photo- 
chemical reactions of isolated chloroplasts were 
not whole chloroplasts but chloroplast fragments. 
The chloroplast fragments were capable of carrying 
out the Hill reaction at a vigorous ra t e  s and of 
being linked in a coupled reaction to other enzyme 
systems ~.7. It became of interest therefore to deter- 
mine the capacity of chloroplast fragments for the 
two new photochemical reactions found with whole 
chloroplasts : photosynthetic phosphorylation 1,10 
and CO2 fixation 1, as 

The photomicrograph in Fig. I illustrates the 
different appearance of the whole chloroplasts and 
chloroplast fragments used in the present experi- 
ments. A comparison of their photochemical activi- 
ties is shown in Fig. 2. Whole chloroplasts (P1) were 

Fig. I. P h o t o m i c r o g r a p h  of whole 
sp inach  chloroplas ts  (PaL below, 
and  chloroplas t  f r a g m e n t s  (Ps), 
above.  Par t ic les  fixed wi th  osmic  
acid and  s t a ined  wi th  safranin .  The  
d i ame te r  of the  whole chloroplas ts  

is 3-5 microns.  

P ~ o t o l y s l $  
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. c h i d e # t e s t  t t e l ~ c ~ t s  ~ ¢  o t ~ ,  , m ~  ~ t t a e s J  O J S N  N o e l  

Fig. 2. A compar i son  of t he  capac i ty  of whole chloroplas ts  
(P1) and  ch loroplas t  f r a g m e n t s  (P,)  for photo lys i s  (Hill re- 
action),  p h o t o s y n t h e t i c  phosphory l a t i on  (PSP), and  CO 2 
fixation.  E x p e r i m e n t a l  condi t ions  are given in t he  t ex t .  

found capable of carrying out all three photochemical reactions but chloroplast 
fragments (P,), which had virtually the same Capacity for photolysis, showed only 
feeble phosphorylation and practically no C02 fixation. These results, which are 
representative of a number of similar experiments, suggested that while the capacity 
for photolysis is a prerequisite, it is not the sole condition for photosynthetic phos- 
phorylation and CO S fixation by chloroplast preparations. Support for this conclusion 
was found in the inhibition experiments described below. 
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The results shown in Fig. 2 corroborate those reported earlierS, 7 that chloroplast 
fragments were by themselves unable to fix CO,. In these experiments the CO,-fixing 
enzyme system originally present in whole chloroplasts a~ was lost and CO, fixation 
by chloroplast fragments occurred only on addition of the "malic enzyme" and TPN. 
However, the products of CO, fixation by whole chloroplasts x3 and the recent experi- 
ments with broken chloroplasts 14 leave no doubt that the malic enzyme cannot be 
equated with the complete enzyme system responsible for CO, fixation by whole 
chloroplasts. CO, fixation by chloroplast fragments fortified with the malic enzyme 
must therefore be regarded as an artificial model system. 

Inhibition o] the three photochemical reactions o/chloroplasts by o-ph~nanthroline 

In these, as in all subsequent experiments, whole chloroplasts (P~) were used in the 
study of the photochemical reactions. The dependence of photosynthetic phosphory- 

lation and CO, fixation on photolysis was 

Photo/ysls 
och l  oe 
~00 V-- 

500 

JO0 

m 
r-"lcont,ol ~lto-~ o-p 

PSP 

estet~ 

C O  2 h x o t t o n  
¢ m 

1 

Fig. 3. Effect of o-phenanthroline on photolysis 
(Hill reaction), photosynthetic phosphorylation 
(PSP), and CO I fixation by whole chloroplasts. 
The inhibitor was added to the chloroplasts in 
the reaction mixture 15 minutes before turning 
on the light. Experimental conditions are given 

in the text. 

demonstrated by the use ot o-phenan- 
throline, a powerful inhibitor of photo- 
lysis21,1e. As shown in Fig. 3, o-phenan- 
throline was also an inhibitor of photo- 
§ynthetic phosphorylation and COz fixa- 
tion. These results are consistent with 
the view that photolysis of water is the 
basic reaction involved in the conversion 
of light into chemical energy. Light energy 
is consumed in the decomposition of 
water into a reduced and an oxidized 
product. In accordance with our general 
concept of photosynthesis by chloroplasts 2 
(see also discussion below) the subsequent 
fate of the products of the photodecom- 
position of water determines whether the 
captured light energy will be stored in 

the pyrophosphate bonds of ATP or in the molecular configuration of starch, sugars 
and other products of C02 fixation. 

Fig. 3 suggests that o-phenanthroline is a more powerful inhibitor of photolysis 
than of photosynthetic phosphorylationor CO 2 fixation. These results probably reflect 
the fact that in these experiments the capacity for photolysis was greater than that 
for the subsequent reactions of photosynthetic phosphorylation and COz reduction. 
If with higher rates of photosynthetic phosphorylation and CO, reduction photolysis 
became the rate-limiting reaction, a similar degree of inhibition by o-phenanthroline 
of all three reactions would be expected. 

Effect o] sullhydryl group inhibitors on the photochemical activity o/chloroplasts 

Iodoacetamide. This inhibitor was found to be without effect on the photolysis 
reaction. The effect of iodoacetamide on photosynthetic phosphorylation and CO 2 
fixation is shown in Table I. CO s fixation was sharply inhibited by a concentration 
of 5 . Io -3M whereas photosynthetic phosphorylation was scarcely affected by a 
concentration of Io-*M. 
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T A B L E  I 

EFFECT OE IODOACETAMIDE ( IAA)  ON 
PHOTOSYNTHETIC PHOSPHORYLATION AND 
C O  2 FIXATION BY WHOLE CHLOROPLASTS 

T h e  i n h i b i t o r  w a s  a d d e d  to  t h e  c h l o r o -  
p l a s t s  in t h e  r e a c t i o n  m i x t u r e  3 ° m i n  
b e f o r e  t u r n i n g  o n  t h e  l igh t .  E x p e r i m e n t a l  

c o n d i t i o n s  a r e  g i v e n  in t h e  t e x t .  

1AA conc. Pi estevified 1*COt fixed 
,umoles c.p.m. 

o 18.0  2 1 6 , 0 o o  
I ' I o - a M  18.1 179 ,ooo  
5" I ° - 3  - -  45, ° 0 0  
1 • IO -2 I6 .2  - -  

2.  IO -2 - -  5 , 8 0 0  

T A B L E  I I  

EFFECT OF ARSENITE ON PHOTOLYSIS, PHOTOSYN- 

THETIC PHOSPHORYLATION AND C O  2 FIXATION BY 
WHOLE CHLOROPLASTS 

E x p e r i m e n t a l  c o n d i t i o n s  a r e  g i v e n  in t h e  t e x t .  

A rsenite Qo, lamoles Pi t*CO, fixed 
conc. P/lh/mg c h l .  esterified c.p.ra. 

o i o o o  8 .0  123 ,700  
2" I o - 3 M  IOOO 7.4 1 ,25o 
I • l o - Z M  560  2.9 1 ,2oo  

Sodium arsenite. Arsenite, at a concentration 
of 2" Io-aM, had no effect on photolysis, inhi- 
bited photosynthetic phosphorylation slightly, 

but almost completely abolished CO 2 fixation (Table II). Inhibition of photolysis 
and photosynthetic phosphorylation was obtained only at a very high concentration 
of the inhibitor (Io-*M). 

p-Chloromercuribenzoate (CMB). As shown in Fig. 4, 1.5" Io-4M CMB completely 
inhibited CO 2 fixation and photosynthetic 

o~ff . . . .  Ph°t°/rsts .~a, p P S P  CO 2 f,xot,on phosphorylation without affecting photo- 
..... ̀  ;9 lysis. These results are similar to those 

-- " ~ -  previously reported 1 in showing no effect of 
CMB at this concentration on photolysis 
while CO~ fixation was abolished. The 

l , oo o. relative inhibition of photosynthetic phos- 
phorylation was, however, greater in the 
current experiments, in which much 
higher rates of phosphorylation (I 4 

...... m,5,1o'McMe Pi esterified per hour) were obtained an- 
Fig. 4. Effect of p-chloromercuribenzoate aerobicallyn, 1,, than in the earlier experi- 
(CMB) o n  p h o t o l y s i s ,  p h o t o s y n t h e t i c  p h o s -  ments 1 on photosynthetic phosphorylation 
p h o r y l a t i o n  ( P S P )  a n d  c a r b o n  d i o x i d e  f ix-  carried out under aerobic conditions (I. 5 
a t i o n  b y  w h o l e  c h l o r o p l a s t s .  T h e  i n h i b i t o r  w a s  
a d d e d  t o  t h e  c h l o r o p l a s t s  in  t h e  r e a c t i o n  / ~ M  Pi esterified per hour). The residual 
m i x t u r e  3 ° m i n u t e s  b e f o r e  t u r n i n g  o n  t h e  phosphorylation ((a. 0.6 /zM) i n  t h e  i n -  

l i gh t .  E x p e r i m e n t a l  c o n d i t i o n s  a r e  g i v e n  in hibited system was appreciable in relation 
t h e  t e x t .  

to the low total phosphorylation under 
aerobic conditions but was negligible in relation to the high phosphorylation under 
anaerobic conditions. 

Reversal o/arsenite and CMB inhibition by glutathione 

All three sulfhydryl group inhibitors sharply inhibited CO, fixation, whereas only 
CMB was inhibitory to photosynthetic phosphorylation. These results suggested a 
probable participation of one or more sulfhydryl compounds in the chain of enzymic 
reactions leading to CO, fixation and a possible participation in the chain of reactions 
concerned with photosynthetic phosphorylation. Further support for the idea that 
sulfhydryl compounds participate in the photochemical reactions of chloroplasts 
(exclusive of photolysis) is found in the substantial reversal of CMB and arsenite 
inhibition by ghitathione (Table III). 
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TABLE III  
EFFECT OF GLUTATHIONE ( G S H )  IN REVERSING THE INHIBITION OF PHOTOSYNTHETIC 

PHOSPHORYLATION ( P S I  :)) AND C O  2 FIXATION BY SULFHYDRYL GROUP INHIBITORS 

The inhibitors were incubated with the chloroplasts in reaction mixture 1.5-2o min before adding 
GSH. Experimental conditions are given in the text. 

P S  P COt fixation 
#moles P i  esterified c.p.m. 1'C 

no G S H  to-* M G S H  no G S H  ro -a M GSH 

Control 12.6 13.o 352,000 344,000 
3' lo-4M p-chloromercuribenzoate. 2.0 12.8 - -  - -  

2. Io-4M sodium arsenite - -  - -  6o,ooo 18o,ooo 

With  the improved experimental conditions glutathione was, by  itself, not  inhibitory 
in the concentrations used in the current experiments. The inhibitory effect of cysteine, 
however, was found as in the earlier experiments 1. 

Effect o/other inhibitors 
Dinitrophenol. The effects of 2-4 dinitrophenol (8 . Io -4M)  on the three photo- 

chemical re~,ctions of chloroplasts is 
shown in Fig. 5. Dinitrophenol was a 
strong inhibitor of photosynthet ic  phos- 
phorylat ion and CO s fixation but  its 
effect on photolysis was less pronounced. 

The inhibition of photosynthet ic  
phosphorylat ion by  dinitrophenol is of 
special interest in view of its well- 
known,2, ,, a uncoupling action in oxidative 
phosphorylat ion : it suppresses phos- 
phorylat ion without  inhibiting the hy-  
drogen or electron transfer from substrate 
to molecular oxygen during respiration. 
I t  is possible tha t  the inhibi tory action 
of dinitrophenol in photosynthet ic  phos- 
phorylat ion is also confined to the phos- 
phorylat ing steps proper leading to ATP 
synthesis. This conclusion is supported 
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Fig. 5. Effect of 2,4-dinitrophenol on photolysis, 
photosynthetic phosphorylation (PSP), and 
carbon dioxide fixation by whole chloroplasts. 
The inhibitor was added to the chloroplasts in 
the reaction mixture 15 rain before turning on 
the light. Experimental conditions are given in 

the text. 

by  the rather mild effect of dinitrophenol (Fig. 5) on the Hill reaction, which is a 
measure of a hydrogen or electron transfer divorced from phosphorylat ion (no esteri- 
fication of inorganic phosphate was obtained in the course of the Hill reaction). In 
photosynthet ic  phosphorylation, in contrast  to oxidative phosphorylation, it is not 
experimentally possible to follow the effect of dinitrophenol by  measuring oxygen 
uptake. During photosynthet ic  phosphorylat ion molecular oxygen is neither con- 
sumed nor produced 1°. 

In  intact  cells HOLZER ~4 has shown tha t  concentrations of dinitrophenol which 
do not  inhibit  oxygen consumption by  Chlorella pyrenoidosa in the dark are sharply 
inhibitory to photosynthesis.  A further discussion of these results will be given 
elsewhere is. 
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Methylene blue. A clear-cut distinction between photolysis and the other two 
photochemical  reactions was provided by methylene blue, which is known to act as 
an uncoupling agent in oxidative phosphorylation 25. i o -SM methylene blue almost 
completely inhibited photosynthet ic  
phosphorylat ion and CO s fixation but 
had no effect on pbotolysis (Fig. 6). 

Photo/y~t$ 

- 600  

400  

2 0 0  

. $  

¢ootroI ~ / O ' S  M 

PEP 

ester 
-zo -- 

- to 

cpm 
C I* 

- I o q 0 0 0  

- ~ 0 , 0 0 0  

- z$,ooo 

CF 

i 

Fig. 6. Effect o[ Io-SM methylene blue (M.B.) 
on photolysis, photosynthetic phosphory- 
lation (PSP), and CO s fixation by whole 
chloroplasts. The inhibitor was added to the 
chloroplasts in reaction mixture 15 min before 
turning on the light. Experimental conditions 

are given in the text. 

i 

I 
! 

i__ ,(* 

Fig. 7. Effect of KCN on photol3)sis (PL), photo- 
synthetic phosphorylation (PSI'), and carbon 
dioxide fixation (CF). PL is expressed as 
Qo2 chl (ram s 02 evolved per hour per mg 
chlorophyll). Experimental conditions are given 

in the text. 

Cyanide. The three photochemical  reactions of chloroplasts showed a differential 
sensitivity to cyanide (Fig. 7). C02 fixation was sensitive to even very low concen- 
t rat ions of cyanide (io -~ to io-SM), photosynthet ic  phosphorylation somewhat less 
so and an effect of cyanide on photolysis was obtained only at concentrations higher 
than  Io-4M.  Although there is doubt  as to the suitability of cyanide as an inhibitor 
of photolysis when benzoquinone is the hydrogen acceptor 21, the sensitivity of the 
other two photochemical  reactions, and particularly of CO~ fixation, to this inhibitor 
appears to be unequivocal and of special interest in the light of the recent report of 
WARBURG and coworkers ~ of the extreme sensitivity to cyanide of tha t  phase of 
photosynthesis  in Chlordla cells which is concerned with CO 2 fixation. 

Antimycin A and gramicidin. The effect of these two substances, known to inhibit 
oxidative phosphorylationZS, ~-3o, was tested on photosynthet ic  phosphorylation. 
Ant imycin  A (IO V/3 ml), which was kindly supplied by Dr. P. A. ARK, was without 
effect on photosynthet ic  phosphorylation whereas I Y/3 ml was found to inhibit 
oxidative phosphorylation25, 3°. Gramicidin (4 ° ~'/3 ml) was also without effect on 
photosynthet ic  phosphorylat ion (c[. LEHNINGER ¢t al.25). 

Oxidative phosphorylation by cytoplasmic particles/rom leaves 

Photosynthet ic  phosphorylat ion provides a mechanism for generating ATP in light 
independently of respiration s,z. Since in strong light the rate of photosynthesis is 
m a n y  times greater than that  of respiration it seems reasonable to expect tha t  during 
periods of strong illumination the energy requirements of green cells could be fully 
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met without oxidative phosphorylation. It is not suggested that photosynthetic 
phosphorylation would, by itself, render the oxidative reactions of respiration un- 
necessary during photosynthesis in vivo. The oxidative reacticns of respiration not 
only liberate energy but are also necessary to supply essential intermediates in cellular 
metabolism (KREBS31). However, for the generation of ATP, photosynthetic phos- 
phorylation must, in strong light, greatly overshadow the oxidative reactions of 
respiration. 

Effective as photosynthetic phosphorylation may be as a mechanism for gener- 
ating ATP in light, it obviously cannot function in the dark when an oxidative phos- 
phorylation mechanism must take over. The question arises whether in green cells 
photosynthetic phosphorylation, which gen-rates ATP anaerobically n, 12 in light, and 
oxidative phosphorylation, which generates ATP aerobically independently of illumi- 
nation, occur at the same or at different sites. Several observations suggested that 
chloroplasts are adapted solely to photosynthetic phosphorylation. Photosynthetic 
phosphorylation by chloroplasts was found to be strictly light-dependent l-z, 10. In the 
dark whole chloreplasts exhibited practically no endogenous oxygen uptake z2 nor was 
any oxygen absorption observed when they were incubated with Io micromoles of 
each of the following substrates: acetate, pyruvate, malate, succinate, citrate, ascor- 
bate, and malate plus pyruvate.. The addition of ATP and of pyridine nucleotides 
was also without effect. 

This whole question was reexamined following a recent report by OHMUR.t TM that 
chloroplast fragments prepared in a citrate-sorbitol-borate buffer had a capacity for 
oxidative phosphorylation. Chloroplasts were prepared in this buffer sGlution and 
their capacity for oxidative and photosynthetic phosphorylation compared. The 
results are summarized in Table IV. 

TABLE IV 
PHOTOSYNTHETIC AND OXIDATIVE PHOSPHORYLATION BY PARTICULATE FRACTIONS FROM LEAVES 

Photosynthetic phosphorylation 
(gas phase nitrogen) 

Oxidative phosphorylation 
(gas phase air) 

P i esterihed P i esteri/ied O~ absorbed 
,Umoles #moles u atoms 

W h o l e  c h l o r o p l a s t s  17.6 o.2 0. 5 
Remaining particles 3.2 6. z 3.0 
All particles i t .6 i., i .o 

Whole chloroplasts prepared in citrate buffer showed vigorous photosynthetic 
phosphorylation under anaerobic conditions but only negligible oxidative phos- 
phorylation. An interesting reversal of the relative activities for the two types of 
phosphorylation was found in the particulate fraction identified as ""remaining 
particles" (Table IV). This fraction represented the smaller particles left in suspension 
after the removal of whole chloroplasts (see METHODS) and consisted of chloroplast 
fragments and other cytoplasmic particles, presumably mitochondria. There are 
several independent lines of evidence pointing to the association of small non-chloro- 
plast particles, corresponding to mitochondria, with the "chloroplast fragments" 
fraction when centrifugal separations similar to the ones described here are used m,3a. 

The "remaining particles" had an appreciable capacity for oxidative phosphory- 
lation but  a feeble one for photosynthetic phosphorylation. When whole chloroplasts 
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were combined with the "remaining particles" the activity of this mixed preparation 
("all particles", Table IV) for the two types of phosphorylation was intermediate 
between whole chloroplasts and "remaining particles". 

It seems reasonable to conclude that in the intact cell the capacity for photo- 
synthetic phosphorylation resides in chloroplasts alone whereas the capacity for 
oxidative phosphorylation is limited to the smaller particles, presumably mitochon- 
dria, which in our preparative technique were associated with chloroplast fragments. 
The capacity of any particulate fraction from green leaves for the two types of phos- 
phorylation would thus depend on the proportion of the active particles of each 
type present. 

DISCUSSION 

Our results suggest that chloroplasts are specialized cytoplasmic organs which contain 
multienzyme systems divided into three main groups, each controlling a distinct phase 
of photosynthesis: photolysis of water, photosynthetic phosphorylation, and CO 2 
fixation. The evidence suggests an increasing order of complexity for the three photo- 
chemical reactions. Photolysis could be carried out by preparations incapable of 
photosynthetic phosphorylation and CO~ fixation. In turn, photosynthetic phos- 
phorylation was found to proceed unimpaired in preparations which could not fix 
carbon dioxide. CO= fixation, however, has been observed only in chloroplast prepa- 
rations capable of active photolysis and phosphorylation. 

This postulated increasing order of complexity for the three photochemical re- 
actions is supported by their experimental separation through differential inhibition 
or variations in the technique for the preparation of chloroplasts. Chloroplast frag- 
ments had a capacity for photolysis almost equal to that of whole chloroplasts but 
lost the ability to accomplish photosynthetic phosphorylation and CO~ fixation. In 

LIGHT 

¢ytochromes ? ~ • 

=,a !~ K "IP'I I I [ vi: chloroplast I FMN L . ~  

2 {.) l 

LI 7' 
) 

{c. o ) 

STARCH 

Fig. 8. Scheme for photosynthesis by isolated 
chloroplasts. Photolysis of water (center) leading 
either to ATP synthesis and the reconstitution of 
water (right) or to CO~ reduction (below) linked 

with oxygen evolution (upper left). 

whole chloroplasts it was possible to 
inhibit a more complex phase of photo- 
synthesis without affecting the simpler 
one which preceded it and, conversely, 
inhibition of a simpler phase of photo- 
synthesis was invariably paralleled by 
an inhibition of the more complex 
phase which followed it. Thus iodo- 
acetamide and arsenite inhibited COz 
fixation but not photosynthetic phos- 
phorylation or photolysis. Methylene 
blue inhibited both CO= fixation and 
photosynthetic phosphorylation but 
not the photolysis reaction. On the 
other hand, o-phenanthroline, which 
inhibited photolysis, also inhibited 
photosynthetic phosphorylation and 
CO= fixation. 

The suggested interrelation of the three photochemical reactions of chloroplasts 
is shown in Fig. 8. Photolysis of water is identified with the primary conversion of 
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light into chemical energy and is thus a prerequisite for both photosynthetic phos- 
phorylation and CO s fixation. In vivo, photolysis of water is considered to be always 
linked either with phosphorylation, resulting in the production of ATP and the re- 
constitution of water, or with CO s fixation, resulting in the evolution of oxygen and 
the reduction of CO s to the level of carbohydrate. Only in CO 2 fixation is the oxygen 
of water released as a free gas, while the hydrogen becomes a part of the sugar 
molecule. In photosynthetic phosphorylation the photolytic cleavage of water is 
followed by its reconstitution before any evolution of oxygen takes place. 

According to this scheme, CO s fixation or complete photosynthesis, requires the 
participation of all three groups of enzymes, phosphorylation requires two, whereas 
photolysis of water can proceed without the others provided an artificial hydrogen 
acceptor is supplied. The last process, the well-known Hill reaction (Equation 3), 
provides a convenient method for measuring the activity of the enzymes concerned 
in the photolysis of water, under non-physiological conditions when neither photo- 
synthetic phosphorylation nor CO 2 fixation takes place. 

It was suggested earlier 1 that a competitive relation exists between photo- 
synthetic phosphorylation and CO s fixation. This may result from a competition 
between the two pathways for the reduced product of water photolysis, [HI in the 
proposed scheme (Fig. 8). Further support for this idea is found in the consistent 
inhibition of CO s fixation, not only by inorganic phosphate as reported earlier 1, but 
also by one of the cofactors of photosynthetic phosphorylation, vitamin K v It is 
conceivable that since normal cellular regulators may be absent from isolated chloro- 
plasts, the addition, under our particular experimental conditions, of inorganic 
phosphate and vitamin K 3 diverts the flow of [H~ away from the path of CO s fixation 
in favor of photosynthetic phosphorylation. 

As shown in Fig. 8, it is envisaged that in photosynthetic phosphorylation the 
recombination of the products of photolysis of water proceeds in several successive 
steps, which together constitute an "electron ladder" analogous to that discussed for 
respiration by LIPMANN ~. Of the catalysts of photosynthetic phosphorylation n,12, 
Mg +* probably has a function in the transfer of phosphate, whereas FMN, vitamin K, 
and ascorbate could serve as electron carriers in the "electron ladder" shown in Fig. 8 
(see discussion in reference 3). The identity of the electron carriers above ascorbate 
is unknown, but they may very likely prove to be components of a cytochrome 
system ~-37. The observed cyanide inhibition (Fig. 7) supports this possibility, but 
the lack of inhibition with antimycin A suggests again that some of the cofactors of 
photosynthetic phosphorylation, including components of the cytochrome system, 
may be different from those in oxidative phosphorylation 2s, 37-30. 

The data presented in Table IV support the conclusion that the generation of 
ATP in green cells occurs at two distinct sites: in the mitochondria, adapted to phos- 
phorylation of the oxidative type 8s needed to maintain cellular activity during 
periods of darkness, and in the chloroplasts, adapted to the direct conversion of light 
energy into pyrophosphate bond energy during photosynthesis. 

Other lines of evidence also point to the special properties of photosynthetic 
phosphorylation which distinguish it from oxidative phosphorylation. Photosynthetic 
phosphorylation is an anaerobic process TM 1,; molecular oxygen is neither produced 
nor consumed. This was established by manometric measurements. The lack of any 
oxygen evolution was confirmed by the very sensitive luminous bacteria method for 

Re/erences p. 46x. 



46o D.I. ARNON, M. B. ALLEN, V. R. WHATLEY VOL. 20 (1956) 

the detection of molecular oxygen '3. Equation 2 for photosynthetic phosphorylation 
is visualized as the sum of Equations 4 and 5: 

Light + H~O--+ 2 [H] + [O] (4) 

2 [H] + [O] + ADP + P i - ~ H ~ O  + ATP (5) 

The oxygen and hydrogen in brackets represent an oxidized and a reduced product 
of photolysis of  water (not molecular oxygen or hydrogen). In reaction 5 these photo- 
decomposition products recombine with the aid of several catalysts as depicted in 
Fig. 8 to reconstitute water, and the energy liberated thereby is stored in the pyro- 
phosphate bonds of ATP. 

A similar conclusion about the special nature of photosynthetic phosphorylation 
as distinguished from oxidative phosphorylation has been reached by K.~NDLER ~ on 
the basis of experiments with whole Chlorella cells. A fuller discussion of this and 
other work 4° will be presented elsewhere '5. 

The nature of the enzyme systems participating in the three phases of photo- 
synthesis by isolated chloroplasts is currently under investigation. Some recent 
findings are discussed in the companion paper 14. The results of the experiments with 
the sulfhydryl group inhibitors presented here suggest that sulfhydryl compounds, 
either enzymes or cofactors, participate in photosynthetic phosphorylation and 
especially in CO 2 fixation. 

It  has recently been proposed 41-44 that a sulfhydryl compound, 6-thioctic acid, 
is involved in the primary conversion of light into chemical energy. The lack of 
inhibition of the photolysis reaction in our experiments by iodoacetate, p-chloro- 
mercuribenzoate, and especially arsenite (which inhibited other reactions of chloro- 
plasts) argues against this proposal. In photosynthesis by chloroplasts sulfhydryl 
compounds appear to be concerned not with the early but with the later phases of 
the photosynthetic process. 

The attainment of complete extracellular photosynthesis by chloroplasts is con- 
sidered significant because it offers special opportunities for the study of the photo- 
synthetic process in a cell-free system without the attendant complications of extrane- 
ous metabolic reactions. Extracellular photosynthesis by chloroplasts proceeds in the 
absence of respiration, oxidative phosphorylation or other cellular processes requiring 
the consumption of molecular oxygen. It would be premature, however, to equate 
at this time photosynthesis by isolated chloroplasts with photosynthesis in intact cells. 
It seems best now to explore the characteristics of extracellular photosynthesis as a 
separate process and to test later their validity for photosynthesis in whole cells. 

SUMMARY 

i. Procedures are described for the preparation of chloroplasts capable of carrying out three 
photochemical reactions, each representing an increasingly complex phase of photosynthesis: 
photolysis of water (Hill reaction), esterification of inorganic phosphate into adenosine triphos- 
phate (photosynthetic phosphorylation) and the reduction of carbon dioxide to the level of carbo- 
hydrates with a simultaneous evolution of oxygen. 

2. The three photochemical reactions were separable by variations in the technique for 
preparation of chloroplasts and by differential inhibition by sever M reagents. Inhibition of a more 
complex phase of photosynthesis does not affect the simpler one which precedes it and, conversely, 
the inhibition of a simpler phase of photosynthesis is paralleled by an inhibition of the more 
complex phase which follows. 

3. Reversible inhibition of CO I fixation and photosynthetic phosphorylation, but not of 
photolysis, by sulfhydryl group inhibitors suggests that  sulfhydryl compounds (enzymes, cofactors, 
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or both)  are  involved in phosphory l a t i on  and  CO s fixation,  b u t  no t  in t he  p r i m a r y  convers ion 
of l ight  into chemical  energy  as measu red  by  the  Hill reaction.  

4- Ev idence  is p resen ted  in suppor t  of the  conclusion t h a t  t he  syn thes i s  of ATP by green 
cells occurs  a t  two d is t inc t  s i tes : anaerobica l ly  in chloroplasts ,  by  pho to syn the t i c  phosphory la t ion ,  
and  aerobical ly in smal le r  cy top lasmic  part icles,  p r e s u m a b l y  mi tochondr ia ,  by  ox ida t ive  phos-  
phory la t ion  i ndependen t  of light.  

5- A general  s cheme  of pho t o syn t he s i s  by chloroplasts ,  cons is ten t  with these  fimlings, is 
presented .  
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