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SUMMARY 

The isotopic composition of the O~ evolved in the Hill reaction by illuminated spinach 
chloroplasts and grana, using KaC1803 as a tracer, was determined. The results indi- 
cated that water oxygen was the precursor of the O~ evolved in the Hill reaction. 
The Oa contained a small amount of isotope which appeared to be derived from water 
oxygen that had exchanged with KgCmO3. Spinach chloroplasts and grana were found 
to accelerate the rate of exchange of oxygen between KaCmO.~ and water. 

INTRODUCTION 

It is generally accepted that the O~ evolved in photosynthesis is aerived from the 
oxygen of water and is independent of that of CO~. This evidence is based on the work 
of a number of investigators who employed either water or CO~ labeled witk 1sO as 
a tracer 1-s. However, YOSIDA eta./. 4 reported that two-thirds of the Oa originates 
from water and one-third from COn. The exchange of oxygen between CO~ and ware# 
sets a practical limit to the usefulness of ~aO as a tracer to determine the source of 
the 0 2 evolved in photosynthesis. This exchange is Catalyzed by the enzyme, carbonic 
anhydrase (EC 4.2.1.1), which is present in large quantities in leaves 6. The data, 
cited above, on the source of O8 in photosynthesis, have not included information 
about the extent of this exchange reaction under the particular experimental con- 
ditions. I t  seemed that a careful investigation of this problem under more rigorous 
experimental conditions was warranted. 

The system chosen for study was one in which spinach chloroplasts photoreduce 
ferricyanide with the concomitant evolution of a stoichiometric amount of 0~. These 
chloroplasts are incapable of causing a net reduction of CO s. However, WARBURG 
AND KRIPPAHL% s have proved that CO2 is required for this reaction. For the past 
few years our laboratory has extensively investigated the role of CO~ in the Hill 
reaction s. 10. Chloroplasts from every, species of plants examined show a CO 2 require- 
ment for the Hill reaction. CO 2 may be removed from, these chloroplasts resulting in 
a loss of the Hill reaction. However, if CO 2 is added back, the ability to reduce the 
oxidant and produce O2 is restored. If the oxygen atoms of CO 8 contribute to the O2 
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evolved, this should be most easily demonstrated under conditions where added CO S 
is being picked up. The chloroplasts were depleted of endogencus CO~ in buffer of 
pH 6.7 and CO~ was added in the form of K~CO~ highly labeled with 180 and then the 
chloroplasts were iUuminated. After illumination the O2 was collected for isotopic 
analysis. The exchange of oxygen between COa and water was measured by deter- 
mining the amount of uh3 remaining in the various species of carbonate at the end 
of the illumination period. The results indicated that  water oxygen was the precursor 
of the O~ evolved in the Hill reaction. The O~ contained a small amount of isotope 
which appeared to be derived from water oxygen that had exchanged with KsClaOa. 
In addition, it was found that  spinach chloroplasts catalyze an exchange of oxygen 
between KsCOa and water under experimental conditions where the non-enzymic rate 
was very low. 

MATERIALS AND METHODS 

KsClsO8 was purchased from the Weizman Institute of Science, Rehovoth, (Israel). 
Spinach chloroplasts were isolated in 0.35 M NaCl and were washed once with the 
NaCI solution 1°. Grana were prepared by disruption of the chloroplasts in a large 
volume of distilled water. The chloroplasts or grana were depleted of CO s in double- 
arm Warburg vessels featuring replacement of the usual center well by a trough fused 
to the wall of the main compartment of the vessel and connected with one side arm ix. 
Conventional Warburg vessels of 5 ml volume were employed in the isotope experi- 
ments. These vessels were attached to manometers which were modified slightly for 
gas collection. The volume of gas in the closed system was determined by calibration 
with mercury. The experiments were carried out in a refrigerated bath maintained 
at 8.5 °. Red or white light was provided from below at sufficient intensity to saturate 
the reaction. At the end of the illumination, the gas was collected for isotopic analysis. 

The amount of ferricyanide reduced was determined on trichloroacetic acid fil- 
trates of the supernatant from the reaction mixtures 1°. The amount of O~ produced 
was calculated as ~,,:~ the amount of ferricyanide reduced based on the stoichiometry of 
the reaction previously observed at pH 6.8 (ref. Io). The relationship between ferri- 
cyanide reduction and 08 evolution was examined at pH 8.6 and the results were 
the same as at pH 6.8. Since the reactions were carded out in air, the observed value 
for atom per cent excess ~:) was multiplied by a dilution factor. The value for the 
dilution factor was based on the ratio of O~ present in the vessel and manometer to 
the 08 evolved in the Hill reaction. 

The ratio, R, of 0 2 with mass 32 to O8 with a mass of 34 was determined with 
a Consolidated-Nier isotope-ratio mass spectrometer unless otherwise indicated. The 
ratio of mass 3z to mass 34 was read with a precision of I to 2 parts per 4ooo. This 
ratio was determined for a standard sample of air in every experiment. The determi- 
nation was repeated alternately many times for the standard and experimental 
sample. Atom per cent ~sO was calculated from the following equation: 

I o o  
Atom per cent isO = 

z R +  i 

Atom per cent excess laO was obtained by subtracting normal w<) abundance. 
The isotope abundance of the various species of carbonate was determined at 

the end of the experim~,it. The vessel contents were frozen and a spatula of dry 
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citric acid was added. When O~ was collected, the samples were kept frozen during this 
period, and  the citric acid added later. The vessel was attached to the gas collection 
apparatus, evacuated and the contents were thawed in cold water. The CO2 evolved 
in the first 30 sec was collected for analysis. The isotopic analyses of the COg samples 
were ~ e d  out with a Consolidated Engineering Company mass spectrometer, 
model 2X62o. 

The ratio of CO 2 with mass 44 to mass 46 and ratio of CO~ with mass 46 to mas~ 
48 was determined. The following equations were used to calculate the ~ )  abundance 
when the isotope concentrations were of the order of xo atom per cent 1sO or higher: 

46 
~ "  I00 

Atom per cent leO ---- 48 
46 

2 + 4 -  ~ 

Atom per cent 1sO = xoo - -  atom per cent 1~O 

The contribution of the mass-4~-and mass-47 peaks were neglected. The 1sO content 
of the K2CXsOa was 74 atom per cent leO, in agreement with the supp!ier's analysis. 
Below Io atom per cent 180 the contribution of the mass-48 peak is negligible. Tlms, 
in this range the mO abundance of the CO~ was calculated by using the following 
equation: 

Ioo 
Atom per cent tsO ----- 

2.44 
4 6 +  I 

Atom per cent excess ~ )  was obtained by subtracting normal ~sO abundance. 

RESULTS 

The oxygen exchange between COz and water was investigated under different ex- 
perimental conditions. The results in Table I indicate that  with the proper choice of 
experimental conditions, the exchange rate is very slow in the absence of chloroplasts 
or grana (cf. MXLLS AND UREYS). The addition of chloroplasts or grana markedly 
accelerates the rate. The exchange between K2CXsOa and water was measured by 
determining the lsO content of the CO~ released by acid at the end of the reaction. 
The KzCag)a contained 74 atom per cent 1sO. In all these experiments the chloroplasts 
or grana were aged in buffer for x or 2 h before measuring the exchange reaction. 
During the 3o-min incubation period in Expt. I, the pH was 8. 4. Most of the oxygen 
had exchanged since the isotopic content of the COe was o.8 atom per cent excess. 
Expt. xb was carried out in the dark in the absence of ferricyanide. The COg contained 
0.95 atom per cent excess ~sO. Thus, the exchange is not dependent on light or oxidant. 
The conditions for Expt. za were the same as in Expt. xa except that  the chloroplasts 
were omitted. The CO 2 released at the end of the incubation period contained 66. 4 
atom per cent excess ~O. The loss of isotope in Expt. i was not due to labile CO2 
r e d e d  from the chloroplasts. Expt. 2h was a duplicate of Expt. 2a except that  the 
c.hloroplasts were added at the end of the incubation period; just prior to freezing. 
The isotope content of the CO~ wa.~ 63.3 atom per cent excess ~sO. 

Chloroplasts contain carbonic anhydrase which was measured b y  the manometric 
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T A B L E  I 

THE EFFECT OF CHLOROPLASTS AND GRANA O N  THE OXYGEN" 
EXCHANGE BET~'EEN K a C O  3 AND H o O  

E x p t .  1: (a.). The  r eac t ion  m i x t u r e  con ta ined  7 ° #moles  of po t a s s ium p y r o p h o s p h a t e  buffer  
(pH 6.7), 2o0 #moles  of  NaC1 a n d  ch lorop las t s  equ iva l en t  to  o . r  m g  of  ch lo rophyl l  in a f ina i  
v o l u m e  of  1.2 ml.  The  t r o u g h  of  t h e  vessel con ta ined  o. 5 ml  of 2o % K O H .  T h e  vessel  was i n c u b a t e d  
for  2 h a t  8.5 ° in t h e  da rk .  T h e n  a I -ml  a l iquo t  was  t r ans fe r red  to  the  m a i n  c o m p a r t m e n t  of  a f r e sh  
vessel  whose  side a r m  c o n t a i n e d  i o / , m o l e s  of KaFe(CN) ,  a n d  6 0 / t m o l e s  of  KzCXsOs in o.2 ml  
of  H20 .  A t  t he  onse t  of i l lumina t ion ,  the  con ten t s  of t he  side a r m  were  t i p p e d  in. Control  e x p e r i -  
m e n t s  i n d i c a t e d  t h a t  t he  p H  was  8. 4. The  vessel was  i l lumina ted  for 3o, ra in  a t  8.5 °. The  c o n t e n t s  
of  t h e  vessel  were f rozen a n d  t h e  1so con ten t  of  t h e  CO s re leased b y  ac id  was  de t e rmine d  as  de -  
s c r ibed  in MAq~ERIALS AND METHODS (b). The  reac t ion  mix tu r e  and  the  e x p e r i m e n t a l  co~Iditions were  
i d e n t i c a l  w i th  (a) excep t  t h a t  t h e  fe r r icyan ide  was o m i t t e d  and  the  vessel was k e p t  in t h e  d a r k  
d u r i n g  t h e  3o-min i ncuba t ion  per iod.  Exp t .  2: (a} The  react ion m i x t u r e s  were the  s a m e  as  m 
E x p t .  I a  excep t  t h a t  no ch lo rop las t s  were a d d e d  T h e  2-h p re incuba t ion  pe r iod  was omi t t ed .  Tne  
vessels  were  no t  i l lumina ted .  (b). The  cond i t ions  were t he  same  excep t  t h a t  ch lorop las t s  e qu iva l e n t  
to  o. x m g  of ch lo rophyl l  were  a d d e d  a t  t he  end of t h e  3o-min incuba t ion  per iod.  The  1sO c o n t e n t  
of t h e  CO~ re leased b y  c i t r ic  ac id  was de t e rmined  as  descr ibed  in MAa~EmALS AND METriODS. E x p t .  3 : 
The  r eac t i on  mix tu re s  c o n t a i n e d  7 ° pmo le s  of t r i c ine (hydrox~xne thy l )methy lg lyc ine  (pH 6.7), 
7 0 / t m o l e s  of NaCI, and  ch lo rop la s t s  or  g rana  e qu iva l e n t  to  o . i  m g  of  ch lorophyl l ,  in 1.2 ml H20 .  
T h e  c o n t e n t s  were  i n c u b a t e d  in W a r b u r g  vessels w i th  K O H  in t he  t rough ,  for  1 h a t  8.5 ° in t h e  
d a r k .  A t  t he  end of t he  i n c u b a t i o n  a 1.o-ml a l iquo t  f rom each vessel was  t rans fe r red  to  a f resh 
vessel. T h e  side a r m  of each vessel  conta ined  5 0 / t m o l e s  of K2C~sO~ in o.z ml of HzO. The  con ten t s  
of t h e  s ide  a rm were t i p p e d  in. The  p H  of the  r eac t ion  m i x t u r e  a f te r  a d d i n g  t h e  KaClsOa was 8.6. 
T h e  vessels  were i ncuba t ed  for 30 rain a t  8.5 ° in t he  dark .  The  xsO c o n t e n t  of t he  CO~ re leased  b y  
c i t r ic  ac id  was de t e rmined  as  desc r ibed  in MATERIALS A~D METHODS. E x p t .  4 : Two vessels were set  up.  
One c o n t a i n e d  15o #mole s  of po t a s s ium phospha t e  buffer  (pH 6.6) and  g r a n a  equ iva len t  to  0.48 m g  
of ch lo rophy l l  in 1.35 ml of HzO. The  o the r  con ta ined  the  buffer, b u t  no grana .  The  con ten t s  of  
t he  vessels  were i n c u b a t e d  for  I h a t  8.5 ° in t he  da rk .  An o.9-ml a l i quo t  f rom each vessel  was 
t r ans fe r r ed  to  a new vessel  con ta in ing  300 #mole s  of NaCi. 15 / ,mo le s  of sod ium ace ta t e  a n d  
0 .021 / tmoles  of 2 ,6 ,3 ' - t r ich lorophenol indophenol  ( to ta l  vo lume 1.2 ml). The  side a i m  of each vessel  
c o n t a i n e d  15 #moles  of KaCtsOa in o.35 ml HoO. The  con ten t s  of t h e  s ide  a rm were t i p p e d  in 
a n d  t h e  vessels i ncuba ted  in t he  da rk  for 3 ° min  a t  8.5 °. The  lsO c on t e n t  of t he  CO2 re leased  b , '  

ci tr ic acid  was de t e rmined  as descr ibed  in MATERIALS AND METHODS. 

Expt. No. Expeyimental conditions 

Potass ium p y r o p h o s p h a t e  but ter  (pH 8.4), 60 / tmo le s  K2ClSO~; 
(a) chloroplas ts ,  i l lumina ted ,  3o min  a t  8.5°;  
(b) chloroplas ts ,  da rk ,  3o min a t  8.5 ° 

(a) s ame  as  xb e x c e p t  t h a t  t he  ch lo rop las t s  were omi t t ed ,  
dark ,  30 min  a t  8.5°; 

(b) same as  Ib ,  ch lorop las t s  a d d e d  a t  t he  end of the  3o-min  
incuba t ion  pe r iod  

Tr ic ine  buffer  (pH 8.6), 5o / tmo le s  of K~ClsO3; 
(a) chloroplas ts ,  da rk ,  3 ° rain a t  8.5°;  
(b) grana,  da rk ,  3o min a t  8.5 ° 

Po ta s s ium p h o s p h a t e  buffer  (pH 6.8), I5  g m o l e s  K2CtsOa; 
(a) grana,  da rk ,  30 rain a t  8.5°; 
(b) no grana ,  da rk ,  3o rain a t  8.5 ° 

Atom % excess t*O in CO., 
releas,'d at end oft 

the experiment 

0.8 
0.95 

66.4 

63.3 

4.z 
lO.7 

1.6 
20.9 

technique of KREBS 12. The exchange reaction is probably catalyzed by the enzyme 
present in chloroplasts. KONDO, CmBA AND KAW~I t~ have purified carbonic anhydrase 
from spinach. They found it to be a homogeneous protein by electrophoretic analysis. 
The plant enzyme contains no Zn and is stabilized by o.x M NaC1. Since the chloroplasts 
in Expt. I were isolated in o.35 M NaCI, it seemed feasible that disruption of the 
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chloroplasts in water to produce grana would result in loss of carbonic anhydrase. 
This proved to be the case. In  Expt. 3, chloroplasts and grana from the same spinach 
preparation were compared for theh" ability to accelerate the exchange of oxygen 
between KaCOs and water. The experiments were carried out in tricine(hydroxy- 
methyl) methylglycine buffer 14 because this buffer has a pK of 7-95 and may be 
adjusted to the desired pH with hydroxide or carbonate ions. The COs remaining at 
the end of the experiment when chloroplasts were present, contained 4.2 atom per cent 
excess 1sO and when grana were employed, contained IO.7 atom per cent excess IsO. 
There was considerable variation in the exchange rate with different batches of spinach. 
With chloroplasts, the isotope content of the COs released by acid, ranged from o.2 to 
4.z atom per cent excess 180 in five experiments carried out under the conditions 
of Expt. I or 3- However, with one spinach preparation, the exchange rate was very 
low as the COs contained 38 atom per cent excess ~sO at the end of an experiment 
which was identical with Expt. ia. Under the same conditions, with grana, the range 
was from IO.7 to 38 atom per cent excess 180. 

The exchange was measured in an experiment at pH 6.8 with and without grana, 
and the results of Expt. 4 a indicate that the COs remaining contained 1.6 atom per 
cent excess 1sO when grana were present. Under the same experimental conditions, 
but without grana, the COs remaining contained zo. 9 atom per cent excess~ As the 
pH is lowered the non-enzymic exchange reaction increases rapidly s. 

IZAWA ~s'reported that his preparations of chloroplasts and grana did not contain 
much carbonic anhydrase when measured manomet:ically. The carbonic anhydrase 
activity of the chloroplasts employed in these experiments, when determined mano- 
metrically, was not as large as would be predicted from the isotope-exchange experi- 
ments reported here. The reason for this discrepancy is not known. It  does suggest 
that there might be a mechanism responsible for the rapid exchange of oxygen 
between CO s and the water in the chloroplasts other than that catalyzed by carbonic 
anhydrase. However, a more detailed examination of the exchange reaction would 
be needed to investigate this possibility. 

IzAw,~ 16 found that the addition of erythrocyte carbonic anhydrase shortened 
the time required to obtain the CO s effect in the Hill reaction with quinone. I also 
found that  the addition of spinach carbonic anhydrase to the chloroplast-buffer 
mixture facilitated the removal of CO S in the ferricyanide Hill reaction. 

The isotopic composition of the O~ evolved by illuminated spinach chloroplasts 
and grana with ferricyanide as oxidant is given in Table II. For Expt. I the grana 
were depleted of CO2 by incubating them in tricine(hydroxymethyl)methylglycine~4 
(pH 6.7) with KOH in the trough for ! h at 8.5 °. The reaction mixture was transferred 
to a fresh flask containing ferricyanide and 5o pmoles of KzC1803 (74 atom per cent 
180) in the side arm. The contents of the side arm were tipped in immediately before 
illumination. The addition of the carbonate altered the pH to 8.6. The vessel was 
illuminated and at the end of the illumination the O, was collected for isotopic analysis. 
The amount of isotope remaining in the CO s released by acid was determined. 

~ e  water was not analyzed for its isotope ,~-~ ~i,.:rlt in the experiments reported 
here. However, the amount of isotope in the water may be calculated from the amount 
of ag) in the COs released by acid at the end of the experiment (see footnote*** of 
Table II). The calculated values are given in the last column of Table II. The Os 
¢volved in Expt. I contained O.OTX atom per cent excess 1sO while at the end of 

B~ochim. Biophys. Acta, 75 (I963) 340-348 



SOURCE OF OXYGEN EVOLVED IN THE HILL REACTION ~4~ 

T A B L E  I I  

ISOTOPIC COMPOSITION OF THE 

OXYGEN EVOLVED BY ILLUMINATED SPINACH CHLOROPLASTS AND GI~.~NA 

Expt .  1 : T h e  vessel con ta ined  7 ° pmoles  of tr icine buffer (pH 6.7) a nd  g rana  equ iva len t  to o.1 mg 
of chlorophyl l  in a final vo lume of I.Z ml. The t rough of the vessel con ta ined  0. 5 ml  of 20 ~/o KOH.  
The  vessel was incuba ted  for I h a t  8.5 °. A I-Inl  a l iquot  was t ransferred to  a fresh flask whose 
side a r m  con ta ined  Io pmoles  of KsFe(CN)6 a n d  5o pmoles  of K3ClSO 3 in  0.2 ml of water. At  
the onse t  of i l lumina t ion  the  con ten t s  of the  side a r m  were t ipped in. Control  exper iments  in- 
d ica ted  t h a t  the  pH was 8.6. The  vessel was i l lumina ted  for 30 min  a t  8.5 °. The contents  of the  
vessel were frozen and  the  gas collected for analysis.  The 130 con ten t  of the  CO 3 released b y  acid 
was de te rmined .  Other  exper imenta l  de ta i l sare  as described in MATERIALS AND METHODS. Expts .  2, 
3, 4, a n d  5: For  each exper iment  a vessel was set  up  which conta ined 7 ° pmoles  of potass ium pyro-  
phospha te  buffer (pH 6.7), zoo pmoles  of NaCI, a nd  chloroplasts equ iva len t  to o. 1 mg of chloro- 
phyl l  in  a final v o l u m e  of 1.2 ml. The t rough of the  vessel conta ined  KOH.  The  vessels were 
i n c u b a t e d  for z h a t  &5 °. T h e n  a 1-ml a l iquot  was t ransferred t o a  fresh vessel whose side a r m  
con ta ined  lO pmoles  of KnFe(CN)6 and  6o pmoles  of KaCtsO 3 in  o.z ml  of water.  At the onset  of 
i l l umina t i on  the  conten ts  of the  side a rm were t ipped  in. The pH was now 8.4. The  i l lumina t ion  
period was 3 ° rain a t  8.5 °. Other  exper imenta l  detai ls  are as described for Exp t .  I. Expt .  6: The  
reac t ion  mix tu re  conta ined  o.oz7 pmoles  of a , 6 , 3 " - t r i c h l o r o p h e n o l i n d o p h e n o l ,  14 ° pmoles  of potas-  
s ium phospha te  buffer (pH 6.6), 35 ° pmoles of NaCI, 15 pmoles  of sod ium acetate  and  g rana  
e q u i v a l e n t  to  o.z mg of chlorophyl l  in a final vo lume of 1.5 ml. The t rough of the  vessel conta ined  
K O H .  The  vessel was incuba ted  for 1 h a t  zo °. A 1.z-ml a l iquot  was t ransferred to another  vessel 
whose side a rm  conta ined  x 5 / tmo les  of KaFe(CN)6 a n d  15 pmoles  of K3ClSO s in 0. 3 ml of water.  
At  the  onset  of i l lumina t ion  the  conten ts  of the side a rm were t ipped in. The p H  was 6.8. The 
vessel was i l lumina ted  for 30 m i n u t e s  a t  8.5 °. Other  detai ls  are as described in  Expt .  1. Expt .  7: 
The  expe r imen ta l  procedure was the  same as for Expt .  6 except  tha t  the  react ion mix ture  employed 
du r ing  i l l umina t ion  con ta ined  g rana  equiva lent  to 0. 3 mg  of chlorophyll  in a final volume of 1.6 ml. 

Atom % Atom % 
Atom % Atom % excess taO in excess tsO in Expt. Dilution is 0 No. Co~ulilions [actcr excess excess tsO CO~ released 
observeyl in evolved 0~* * at the end of water 

the experiment (calculatei)*** 

i Tr ic ine  buffer (pH 8.6), grana,  
5 ° pmoles  of KC21803 * z 3 . 6  0.003 o.o7I 21.o o.~I9 

2 Po tass ium pyrophosphate  buffer (pH 8.4), 
chloroplasts,  60 ttmoles of K~CtSOa z3.2 0.007 o. I6z o.25 o.zoo 

3 Same as 2 I8.2 0.009 o.164 0.8 o.zoo 
4 Same as z 24.0 0.007 o.168§ - -  o.zoo 
5 Same as z zo. 5 o.oo 5 o.lo3§ - -  o.zoo 

6 Po tas s ium phosphate  buffer (pH 6.8), 
grana,  15 pmoles  of KaC180 a 15.3 o.ooz o.o31 1.87 o.o39 

7 Same as 6 lO. 7 0.003 0.032 0.53 0.037 

* The  K~CIsO8 conta ined  74 a tom per cent  1sO. 
** Calcula t ion:  (#1 of O 3 present) / (pl  of O 3 produced) = d i lu t ion factor. 

*** Sample  calculat ion Expt .  I :  pa toms  of oxygen  in I.Z ml of water  = 666oo; 5opmoles  oi 
K3Ci~O 3 = 15o p a t o m s  of oxygen.  Frac t ion  of or iginal  K3C1803 tha t  exchanged = (74 - -  z 1 ) [ 7 4  
= o.716; o.716 × I 5 o p a t o m s  of ca rbona te  oxygen  = 1o7.5; Io7.5/666oo = o.oo16i p a t o m  
ca rbona t e  oxygen per  p a t o m  water  oxygen.  Isotopic composi t ion of ca rbona te  = 74 a tom per cent  
1sO; /~atom carbona te  oxygen  per  p a t o m  water  x isotopic composi t ion of carbonate  ----- o . o o i 6 t  
× 74 ---- o. 119 a tom per cen t  excess 1so in water. 

§ The  Consolidated Engineer ing  Company  mass spectrometer  model z i 6zo was used for the 
analyses.  

the experiment the CO2 still retained 2r atom per cent excess IsO. The isotope content 
of the water at the end of Expt. x is o.Ir 9 atom per cent excess 180. If the evolved O~ 
had been derived from oxygen of CO 8, its isotope content would have to be above that 
of the water. Therefore, the O~ produced appears to be derived from water oxygen. It 
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must be noted that the kinetics of both the Hill reaction and the exchange reaction 
complicate the situation. No attempt was made to follow the variation in the rate of 
either reaction during the illumination period. I t  is possible that part of the isot~ope 
appearing in the O 8 could be derived directly from K~ClsO8 if the labeled O8 was 
produced in the first few minutes of illumination before the water was labeled. Earlier 
experiments have shown that  the rate of Oa evolution declines with time during a 
3o-min illumination period TM. 

The conditions in Expt. 2 were varied by substituting chloroplasts for grana and 
employing potassium pyrophosphate buffer. The final pH was 8.4. Expts. 3, 4 and 5 
were simply duplicates of Expt. 2. The isotope abundance of the oxygen produced 
was o.i6% o.i64: o.~68, and o.Io3 atom per cent excess ~O in Expts.  2, 3, 4 and 5, 
respectively. The results are not given, t-at approximately the same amount of enrich- 
ment was obtained when fresh chloroplasts were employed under these conditions. 
Virtually all of the 1sO of the carbonate had exchanged with water oxygen as the CO.~ 
remaining contained G.25 atom per cent excess ~:) in Expt. 2 and o.8 atom per cent 
excess JsO in Expt. 3. The calculated value of the lbO content of the water for complete 
exchange when 6o #moles of K~CmOa are added is o.2oo atom per cent excess ~sO. 

Expts. 6 and 7 were carried out at a more physiological pH. Grana were freed 
of CO s in potassium phosphate buffer (pH 6.6) and I5 #moles of K~CmO3 were added 
to bring the pH to 6.8. GOOD te has shown that ferricyanide reduction may be made 
completely dependent on COs if certain anions are present. In Expts. 6 and 7, 
3oo #moles of NaC1 and I5 #moles of sodium acetate were added. The Hill reaction 
employed in Expts. 6 and 7 differed from the other experiments in Table II in that 
catalytic quantities of ~,6,3'-trichlorophenolindophenol were added with substrate 
amounts of ferricyanide ~o. In Expt. 6, the isotope content of the evolved oxygen was 
o.o3I atom per cent excess ~O and the calculated isotope content of the water was 
o.o39 atom per cent excess 1sO. The CO2 released at the end of the experiment con- 
rained ~.87 atom per cent excess ~sO. Similiar results were obtained in Expt. 7. 

DISCUSSION 

The data presented here indicate that water oxygen is the precursor of the O 3 evolved 
in the Hill reaction. However, there are several important reasons for calling attention 
to the possibility that the oxygen of CO 2 may contribute to the 0 2 evolved in the 
Hill reaction and photosynthesis. 

Our knowledge of the relationship between photosynthesis and the ~0 content 
of atmospheric O 2 is inadequate. CO2 has a greater abundance of 1sO than the water 
with which it is in equilibrium 1~. Atmospheric O3 contains more 1so than water, but 
less than COs (ref. x8). 

Although there is no direct experimental proof, it is believed that  the O8 of 
the atmosphere has been produced by photosymhesis. DOL~. ~ and GRE~.N~. AND 
VOSKU~I, 2° found that the oxygen in the air is about 7.5' to -b atomic weight units 
heavier than the oxygen in the water of the oceans. These investigators postulated 
that  the isotopic composition of 0 2 evolved in the photosynthetic reaction is an 
a','~'.~rage of that  :in atmospheric CO2 and water. This theory could explain quantita- 
tive[~¢ the observed enrichment of 1sO in atmospheric 0 8. On the other hand, it has 
been suggested t h a t  th~ discrepancy in the oxygen isotope content of air and water 
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is due to isotope exchange reactions between molecular oxygen and water or other 
oxygen-containing compounds 17. 

The present investigation was stimulated by the recent demonstration of the 
CO 2 requirement for the photoevolution of 0 2 by ~VARBURG AND KRIPPAHL7, s and 
the establishment of conditions where the CO 2 effect is freely reversible 9 , 10. WARBURG21 
has suggested that CO 2 is converted into a compound which gives rise to O s because 
of experiments with Chlorella, in which the O s precursor can be accumulated in the 
dark, provided that 0 2, Pi, CO2, and glutamate are present. Since the 0 2 precursor 
is formed from CO s and readily decomposes to give CO s in the dark, it is regarded 
as a CO 2 derivative. The fundamental photochemistry is very likely the same in 
leaves as in Chlorella. 

RUBEN-, RANDALL, KAMEN AND HYDEI., using either carbonate or water labeled 
with 1sO, found that the isotopic composition of the 02 produced by CMorella was 
identical with that of the water. KAMEN AND BARKER is later pointed out that the 
rate of equilibration in these experiments was assumed to be that prevailing in the 
alkaline buffer media, neglecting the possibility of a much f:-~ter equilibration inside 
the cells, where the reaction may be neutral or even slightly acid. HOLT AND FRENCrI a 
measured the isotopic composition of the 02 evolved in the Hill reaction with spinach 
chloroplasts, using enriched water. They found that the isotopic composition of the 02 
evolved was identical with that of the water. The experiments of DOLE AND JENKS s 

and YOSIDA et al. 4 were carried out with normal isotopically equilibrated water and 
COz and depended on the small difference in the ~sO content of these two compounds 
in isotopic equilibrium ~7. They used the density method of isotopic analysis. YOSlD.< 
et al.% taking advantage of the difference in the density of fresh water and water made 
from the O 3 of carbonate compounds, which contains a higher concentration of 1so, 
found that water prepared from photosynthetic C 2 was about 3.5 parts per million 
heavier than fresh water. These investigators interpreted their results as indicating 
about one-third of the photosynthetically produced 0 2 must have originated from 
CO s. Contradictory results were obtained by DOLE AND JENKS 2 who reported little 
experimental detail. They found that the O, produced by various plants gave water 
which was only 0.6 to 1.8 parts per million heavier than the water from which it 
was liberated by the plants. DOLE AND JENKS interpreted the enrichment that they 
obtained to be the result of the isotope exchange equilibrium at 25 ° between liquid 
water and 0 s gas~L 

The results reported here indicate that  the O~ evolved :n the Hill reaction is 
derived from water oxygen. The data on the exchange of oxygen between COe and 
water catalyzed by chloroplasts and grana, stress the importance of taking into 
account the mtracellular environment of the plant being examined. If the oxygen of 
CO~ is a precursor of photosynthetic 0~, it may not be feasible to demonstrate this 
with present day methods. One can envision individual active centers which function 
independently. CO s may be removed from these centers, but once it goes back in, 
it stays and cycles during the Hill reaction. Under these circumstances, any labeled 
O s would be produced in the first few cycles. The net isotope content of the evolved 
02 would be so low that it would be extremely difficult to pick up analytically. It  
would be interesting to examine the isotope content of the O s evolved during photo- 
synthesis (net CO s consumption using CtsO~) under conditions where the intracellular 
exchange reaction between CO s and HsO was measured. 
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