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THE PATH OF CARBON I N  PHOTOSYNTHESIS. 111. 

BY 

A .  A .  Benson and M. Calvin 

Department of Chemistry and Radiat ion Laboratory 

* 
Univers i ty  of Cal i forn ia  , Berkeley, Ca l i fo rn i a  

Although t h e  o v e r a l l  r e a c t i o n  of photosynthesis  can be spec i f i ed  

with some degree of c e r t a i n t y  ( c O Z  t H20 + l i g h t  --pi sugars  + poss ib ly  

o t h e r  reduced subs tances) ,  t h e  in te rmedia tes  through whi.ch t h e  oarbon 

passes  during the  course of t h i s  reduct ion  have, u n t i l  now, been 

l a r g e l y  a  ma t t e r  of con jec tu re .  The a v a i l a b i l i t y  of i s o t o p i c  carbon, 

t h a t  i s ,  a  method of l a b e l i n g  t h e  carbon d ioxide ,  provides t h e  poss i -  

b i l i t y  of some very d i r e c t  experiments designed t o  recognize t h e s e  

intarmedia t e s  and, perhaps, help t o  understand t h e  complex sequence 

and i n t e r p l a y  of r e a c t i o n s  which must c o n s t i t u t e  t h e  photochemical 

process  i t s e l f .  

The gene ra l  des ign  of such experiments i s  a n  obvious one, namely 

t h e  exposure of the  g reen  p l a n t  t o  r ad ioac t ive  carbon dioxide and l i g h t  

under a  v a r i e t y  of condi t ions  and f o r  c o n t i n u a l l y  decreasing lengths  

of . t ime, followed by t h e  i d e n t i f i c a t i o n  of t h e  compounds i n t o  which 

t h e  r ad ioac t ive  carbon i s  incorpora ted  under each cond i t i on  and t ime 

per iod ,  From such da t a  it i s  c l e a r  t h a t  i n  p r i n c i p l e ,  a t  l e a s t ,  it 

should be poss ib l e  t o  e s t a b l i s h  t h e  sequence o f  compounds i n  t ime 

through which t h e  carbon passes  on i t s  pa th  from carbon dioxide t o  

t h e  f i n a l  products .  I n  t h e  course of shor ten ing  t h e  photosynthe t ic  

* This paper i s  based on work performed under Contract  #l~-7405-~ng-48 
wi th  t h e  Atomio Energy Commission i n  connect ion wi th  t h e  Radia t ion  
Laboratory,  Univers i ty  of Ca l i fo rn i a  , Berkeley, Ca l i fo rn i a .  
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t imes,  one u l t ima te ly  a r r i v e s  a t  t he  cond i t i on  of exposing t h e  p l a n t s  

t o  t h e  r ad ioac t ive  carbon d ioxide  with a ze ro  i l l umina t ion  t ime,  t h a t  

is, i n  t he  dark.  Aotual ly,  i n  our work t h e  sys temat ic  o rde r  of  events  

was reversed ,  and we have begun by s tudying f i r s t  t h e  dark  f i x a t i o n  

and then  t h e  s h o r t e r  photosynthet ia  t imes.  

The r e s u l t s  of t h e  beginnings of t h i s  s o r t  of a  sys temat ia  in- 

v e s t i g a t i o n  a r e  given i n  Table I which inc ludes  t h r e e  s e t s  of exper i -  

ments, namely a dark f i x a t i o n  experiment and two photosynthe t ic  ex- 

periments ,  one of 30 seconds du ra t ion  and t h e  other  of 60 seconds 

dura t ion .  

TABLE I 

C02 FIXATION BY SCENEDESMUS 

- - . -  - -  - -  - 
10 min. P re i l l umina t ion  30 Second 60 Seoond 
1 min. Dark F ixa t ion  . .  - -- - Photosynthesis  Photosynthesis  _ - 

Tota 1 
Fixed 'cc. c e l l s  0.97, 100% 
( c  .p.m. lom6)  

Inso lub le  0% 

I .  Ether  e x t r a c t  
a t  pH 1 12% 

11. Amino Acids 3  9% 

111. A. Sugar Phos- 4.2% 
phates  

111. B. Phosphogly- 42% 
c e r a t e  

I V .  Sugars 0.1% 

6"" 



The method t h a t  was developed f o r  s epa ra t ing  t h e  var ious  com- 

ponents of t h e  c e l l  a r e  shown i n  d i a g r a m t i c  form i n  Figure 1. Six  

f r a c t i o n s  were obta ined ,  and on t h e  b a s i s  of t h e  method of f r a c t i o n a t i o n ,  

c e r t a i n  genera l  p r o p e r t i e s  of t h e  compounds contained i n  each of t hese  

f r a c t i o n s  can be s p e c i f i e d .  

The in so lub le  f r a c t i o n ,  which contained p r a c t i c a l l y  none of t h e  

very  quick ly  formed r ad ioac t ive  products ,  c o n s i s t s  of t h e  high mole- 

c u l a r  weight substances such a s  t h e  p ro t e ins ,  c e l l u l o s e  and s t a r c h  

t o g e t h e r  w i th  t h e  very water - inso luble  low molecular weight m a t e r i a l s  

such a s  t h e  f a t s  and pigments. F rac t ion  I w i l l  conta in  those  ma te r i a l s  

which can be e t h e r  ex t r ac t ed  from a n  a c i d  aqueous medium by a continuous 

opera t ion  extending over a  per iod of f i f t e e n  hours.  These c o n s i s t  of 

t h e  f a t t y  a c i d s  and t h e  di-and t r i c a r b o x y l i c  a c i d s  a s  w e l l  a s  t h e  

lower hydroxylated carboxyl ic  ac ids  such a s  mal ic  a c i d ,  l a c t i c  a c i d ,  

g l y c e r i c  a c i d ,  and c i t r i c  a c i d .  The higher polyhydroxy a c i d s  such a s  

g luconic  a c i d  and t h e  phosphate e s t e r s  and anhydrides would not  be 

e x t r a c t e d  under these  condi t ions .  F r s c t i o n  I1 w i l l  con ta in  t h o s e  

substances which a r e  o r  can' be c a t i o n i c .  This  i s  l imi t ed  t o  t h e  

ni t rogenous bases ,  amino a c i d s ,  and oxoniwn compounds. F rac t ion  I11 

c o n s i s t s  of t hose  an ion ic  ma te r i a l s  which could not be e t h e r  e x t r a c t e d ,  

namely the  organic  phosphates and h ighly  hydroxylated carboxyl ic  and 

e n o l i c  a c i d s .  F rac t ion  IV c o n s i s t s  of t h e  non-ether e x t r a c t a b l e  

n e u t r a l  molecules,  t h a t  i s ,  t h e  s impler  carbohydrates .  

F rac t ion  111 was f u r t h e r  separated i n t o  two p a r t s .  P a r t  A 

c o n s i s t s  of t h a t  group of an ion ic  substances e l u t a b l e  o f f  an  an ion ic  

exchange r e s i n  by ammonia. P a r t  B c o n s i s t s  of those an ion ic  m a t e r i a l s  

which a r e  not e l u t a b l e  wi th  ammonia but  which can be removed from 

t h e  r e s i n  wi th  sodium hydroxide. So f a r ,  t h e  only substance which 
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we have found t o  d i s p l a y  t h e  behavior of F rac t ion  1 1 1 - B  on t h e  an ion  

r e s i n  i s  phosphoglyceric a c i d ,  

A r e l a t i v e l y  l imi t ed  group of compouzds a r e  known t o  e x h i b i t  

t h e  behavior  corresponding t o  F rac t ion  1 1 1 - A ,  These c o n s i s t  of t h e  

sugar  phosphates, both hexose and t r i o s e ,  t oge the r  wi th  substances 

l i k e  g luconic  and mucic a c i d s .  An a d d i t i o n a l  c h a r a c t e r i s t i c  of 

Frac t ion  1 1 1 - A  makes poss ib l e  i t s  f u r t h e r  breakdown i n t o  t h r e e  more 

groups of r ad ioac t ive  components. 

If t h e  o r i g i n a l  Fraot ion  1 1 1 - A  ammonia e l u a t e  i s  concentrated 

by vacuum evaporat ion and then  passed aga in  through t h e  an ion  column, 

one f inds  t h a t  a l l  of it i s  no longer abso rbab la  on t h e  r e s i n ,  and, 

fur thermore,  of t h a t  which i s  absorbed, a c e r t a i n  f r a c t i o n  has be- 

come non-ammonia e l u t a b l e  and has been i d e n t i f i e d  wi th  t h e  o r i g i n a l  

1 1 1 - B  f r a c t i o n ,  namely phosphoglyceric a c i d .  That p a r t  of F rac t ion  

1 1 1 - A  which i s  very r e a d i l y  converted t o  phosphoglyceric a c i d  we 

be l i eve  t o  be  t r i o s e  phosphate (1). That p a r t  of 1 1 1 - A  which becomes 

noneabsorbable we be l i eve  t o  be e a s i l y  hydrolyzable hexose phosphates 

such a s  glucose-1-phosphate, whi le  t he  remainder of F rac t ion  1 1 1 - A  

~ h i c h  i s  apparent ly  unchanged by con tac t  wi th  ammonia and evapora t ion  

i n  a l l  p r o b a b i l i t y  i s  t h e  more d i f f i c u l t l y  hydrolyzable hexose phos- 

phate  such a s  glucose-6-phosphate, a l though it might a l s o  con ta in  

substances such a s  g luconic  o r  mucic ac ids .  

:The s p e c i f i c  i d e n t i f i c a t i o n  of most of t h e  r a d i o a c t i v e  com- 

ponents i n  t hese  f r a c t i o n s  has a l r eady  been descr ibed ( 1 )  (2). A 

(1 )  Calvin, M., and Benson, A. A., Science,  101, 476 (1948).  

( 2 )  Calvin,M.,Benson,A.A.,  kronoff S., Haas, V., Hal1 ,A.  G., 
Bhssham, J. A. , and ryeigl, J,, "ci4 i n  Photosynthes isH,  mono- 
graph, i n  p r e s s ,  1948 , 



more d e t a i l e d  i d e n t i f i c a t i o n  of t he  amino a c i d  f r a c t i o n  by means of 

r a d i o  autographs of paper chromatograms has a l s o  been descr ibed ( 3 ) .  

Therein, t h e  presence of r ad ioac t ive  a s p e r t i c  a c i d ,  a l a n i n e ,  asparagine ,  

: '?-alanine, s s r i n e ,  and phenylalanine was demonstrated. Although l a rge  

q u a n t i t i e s  of glutamic a c i d  were always p r e s e n t ,  it was never found 

t o  be r ad ioac t ive .  

An examination of t h e  th ree  experiments g iven  i n  Table I r e -  

vea l s  smooth t r e n d s  between a l l  of t he  t h r e e  condi t ions  i n  each of 

t h e  f r a c t i o n s  and i n  t he  genera l  na tu re  of t h e  d i s t r i b u t i o n .  There 

i s  no sharp  d i s c o n t i n u i t y  between t h e  photosynthe t ic  experiments and 

t h e  dark f i x a t i o n  experiment. This i n d i c a t e s  a c l o s e  r e l a t i o n s h i p  

between t h e  da rk  f i x a t i o n  and photosynthesis .  However, some doubt 

e x i s t e d  a s  t o  the s i g n i f i c a n c e  of t h i s  dark  f i x a t i o n  i n  photosynthesis .  

This  a rose  from the  demonstrated r e v e r s a l  o f  c e r t a i n  decarboxylat ion 

r e a c t i o n s  found i n  non-photosynthetic organisms. A t  t h e  v re sen t  

w r i t i n g ,  t h e s e  c o n s i s t  of only the  two fol lowing r e a c t i o n s t  

1. C02 + pyruvic a c i d  - . oxa l ace t i c  a c i d  ( 4 )  

2. C02 + k e t o g l u t a r i c  a c i d  . - nxalsucc in ic  a c i d  (5 )  

I n  view of t h e  absence of r a d i o a c t i v i t y  i n  any of t h e  components 

of t h e  t r i c a r b o x y l i c  a c i d  cyc le  having more than  four  carbon atoms 

under any circumstances i n  t he  e a r l y  products  of photosynthesis ,  we  

( 3 )  Stepka, W., Calvin, M., and Benson, A .  A*, Science, 1948, 
i n  press .  

(4 )  Evans, E. X., Vennesland, B., and S l o t i n ,  Lo,  3 .  Biol .  Chem., 

(5)  Ochoa, S o ,  J .  B io l .  Chem., - 174, 145 (1948). 



need only consider  React ion 1. That tho  da rk  f i x a t i o n  fol lowing pre-  

i l l umina t ion  i s  not  due t o  t h e  simple r e v o r s i b i l i t y  of r e s p i r a t o r y  o r  

fe rmenta t ive  r eac t ions  has a l r eady  been demonstrated ( 1 )  and i s  readlily 

apparent  from t h e  mere f a c t  o f  i t s  g r e a t  dependence upon p r ~ i l l u m i n a t i o n  

of t h e  c e l l s  i n  t he  absence of  carbon dioxide.  The suggest ion purpor t -  

ing t o  account f o r  t he  increased  dark f i x a t i o n  fol lowing p re i l l umina t ion  

depends upon a  n e t  mass a c t i o n  r eve r sa l  of the  decarboxylat ion r e a c t i o n  

and those  leading up t o  it by the  increased  carbon d ioxide  concent ra t ion  

which obta ins  upon t h e  a d d i t i o n  o f  r ad iouc t ive  carbon dioxide.  The 

way i n  which t h i s  might be  brought about  i s  i l l u s t r a t e d  by the  fol law- 

ing  r e a c t i o n  schemes : 

- 
'02C-CX2-CO-COZe + R " - 0 2 ~ - ~ ~ 2 - ~ ~ ~ ~ - ~ ~ 2  .( Ox. l a  

During t h e  p re i l l umina t ion  i n  the absence of carbon d ioxide ,  t h e  r e -  

s i d u a l  carbon dioxide concent ra t ion  (of  n e c e s s i t y  i n t r a - c e l l u l a r )  i s  

reduced by the normal photosynthe t ic  mechanism through a  s e r i e s  of 

i n t e rmed ia t e s ,  A, B ,  C ,  e t c . ,  presumed unknown. This by hypothes is  

i s  t h e  only e f f e c t  of t h e  p re i l l umina t ion  i n  the  absence of carbon 

dioxide.  Upon the  a d d i t i o n  of t h e  r ad ioac t ive  carbon dioxide,  t h e  

carbon d ioxide  concent ra t ion  i s  increased  producing a  mass a c t i o n  

r e v e r s a l  of a  sequence of r eac t tons  t o  and through t h e  decarboxylat ion 

r eac t ion .  For very smcl l  &mounts of carbon d ioxide  f ixed  with r e spec t  



t o  t h e  t o t a l  f i x i n g  capac i ty ,  t h a t  i s ,  the s a t u r a t i o n  va lue ,  the 

amount f i x e d  should be simply propor t iona l  t o  the  inc rease  of carbon 

dioxide concent ra t ion  and independent of t h e  t o t a  1 carbon d ioxide  

concent ra t ion .  . 

Thus, if a  p l o t  i s  made of t h e  amount fixed a g a i n s t  t h e  carbon 

d ioxide  added, t he  i n i t i a l  s lope  of t h i s  curve should be independent 

of t he  t o t a l  amount of carbon dioxide present .  Such a p l o t  i s  shown 

i n  Figure 2 .  Tho i n i t i e l  s lope f o r  the pre i l luminated  a lgae  i s  over 

one hundred t imes tl-.at f o r  t h e  non-preilluminated a l g a e  . The o rd ina t e s  

on this f i g u r e  a r e  ca l cu la t ed  i n  terms of the  i n i t i a l  s p e c i f i c  a c t i v i t y  

of t h e  carbon fed  f o r  both curves.  If t h e  d i f f e r e n c e  between t h e  two 

curves i s  due t o  a  h igher  i n i t i a l  non-radioact ive carbon d ioxide  con- 

c s n t r a t i o n  i n  the  predark c e l l s ,  t h e  added r ad ioac t ive  carbon dioxide 

would have been more d i l u t e  (lowered s p e c i f i c  r a d i o a c t i v i t y )  i n  t h e s e  

c e l l s  t h a n  i n  t h e  pre i l luminated  c e l l s  by t h e  r a t i o  of t h e  i n i t i a l  

non-radioact ive carbon dioxj.de concent ra t ions .  I n  order  t o  make t h e  

s lope  the  same, the r a t i o  of r e s idua l  carbon d ioxide  c o r i c e n t r ~ t i o n s  

i n  t h e  predark c e l l s  t o  t h a t  i n  t he  pre i l luminated  c e l l s  must have 

been g r e a t e r  than  one hundred, t h a t  i s ,  t h e  p re i l l umina t ion  must 

have reduced t h e  r e s i d u a l  carbon d ioxide  coccen t r a t ion  i n  t he  c e l l s  

by n f ~ c t p o f  over one hundred. 

Since the  c e l l s  were being c o n t i n u a l l y  swept wi th  carbon dioxide- 

f ree helium a t  a r a t e  of about 500 cc .  a  minute throughout t h e  e n t i r e  

experiment which l a s t e d  about  a n  hour ,  of which t h e  f i r s t  h a l f  hour 

cons i s t ed  merely of sweeping the  c e l l  suspsnsion i n  t h e  dark, t h e  



r e s i d u a l  c ~ r b o n  d i o x i d e  c o n c o n t r 3 t i o n  w i t h i n  t h e  c e l l s  could  n o t  

have been g r e t ~ t e r  t k a n  th:.t correspon2ini ;  t o  a par t in .1  p r e s s u r e  of 

t h e  o r d e r  of  0.1 m.. There fore ,  t h e  p r e i l l w n i n u t i o n  bvould have had 

t o  reduce t h e  carbon d i o x i d e  c o n c e n t r a t i o n  t o  n v a l u e  cor respoqding  

t o  a L p r t i r  1 p r e s s u r e  o f  16s:. t h a n  0.001 mm. This  we know t b e  l l g h t  

ccnnot  do. 

The r a t e  of p h o t o s y n t h e s i s  i n  a  wide v a r i e t y  o f  g r e e n  p l u n t s  

beg ins  t o  t a l l  o f f  i n  tLe v i c i n i . t y  of 1 .0  mm. ~ ~ r t i a l  p r e s s u r s  of 

ca rbon  d i o x i d e .  I n  P. medium conta  in ing  o n k - f i f t h  :(tao~pr:ere of 

oxygen, t h e  s t e ~ d y  s t a t 6  carbon d i o x i d e  p a r t i e l  p r e s s u r d  c a n r ~ o t  be 

reduced below f.nproximntcly 0 .1  ~nm. Th i s  i s ,  of c c u r s s ,  due t o  a 

b a l a n c e  between t h e  p h o t o s y n t h e t i c  r a t 6  o f  r m o m l  o f  ca rbon  d i o x i d e  

and t h e  n r o 6 u c t i o n  of carbon d i o c i d e  by r s s p i r ~ t o r y  and f - r m e n t r - t i v c  

mechanisms. t ihile it is t r u e  th:i t  i n  our c a s e  jcrn?erobicl ,  ca rbon  

d i o x i d e  is  presurn;lbly uroduced on ly  by a ?a r i . lmta t ive  p a t h ,  t h i s  

would a l s o  nroduce a  cor responding  lower mtxirrun p o s s i b l e  r e s i d ~ ~ t ~ l  

ca rbon  d i o x i d e  concsctr@.tion i n  t h e  p redurk  a l g a e  and t h e  1ov6r 

l i m i t  f o r  t h e  s t e u d j  s t k t e  cclrhon d i o x i d e  p e r t i ? , l  g r e s s u r e  ~ o u l d  

be reduced i n  t h e  sum6 r t t i o .  I t  i s ,  pe rhaps ,  s i g n i f i c a n t  t h a t  t h e  

deprndence of t he  d ~ r k  -fixnt;ion on carbcn d j o x i d e  p!*rt ial  p r e s s u r e  

shown i n  F igure  2 resembles vc ry  much t h e  dependence of p h o t o s y n t h s t i c  

r ~ t e s  on c2rbon d i o x i d e  c o n c e n t r u t i o n .  

Thc, cllrves i n  F igure  2 c s n  vsr;- r e a d i l y  be  unders tood i f  t h e  

f u n c t i o n  of t hc  p r e i l l u m i n a t i o n  i s  t o  i n c r e a s e  t h e  c o n c e n t r a t i o n  of 

t h e  reduc ing  a g c n t  ( R  i n  Reac t ion  l a )  and o f  t h e  carbon d i o x i d e  



a c c e p t o r  (s), such a s  t h e  pjwuvate ,  through some c y c l i c  pa th .  Such 

a c y c l e  has  a l r e a d y  been  p r e s e n t e d  (1) ( 2 ) ,  and i s  reproduced h e r e  

a l t h o u g h  t h e  v a r i o u s  exper imenta l  dn ta  l e a d i n g  up t o  it w i l l  n o t  be 

reviewed a g a i n  i n  t h i s  paper .  The two r e a c t i o n s  l a b e l e d  w i t h  a ( ?) 

a r e  in t roduced  n s  p o s s i b l e  r o u t e s  t o  account  f o r  t h e  appearance o f  

a  c o n s i d e r c b l e  amount of r a d i o a c t i v i t y  i n  t h e  ca rboxyl  groups  of 

s u c c i n i c  t icid and a l e n i n e  when c a r b o x y l - l a b e l e d  a c e t a t e  i s  f e d  t o  

t h e  a l g a e .  
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