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43s TRACT 

THE PATH OF CARBON I N  PHOTOSYNTHESIS, V I I  RESPIF tATION 

AND PHOTOSYNTHESIS* 

by 

A,A,  Benson and M. Calvin 

Radiation Laboro tory ,  Depmtment of Chemistry, Universi ty of C ~ l i f  ornia,  
3 erkeley, California 

ABSTRACT 

The r e l a t i onsh ip  of resp i ra t ion  t o  photosynthesis i n  bar ley 

sezdling leaves and the algae, Chlorellg and Sgenedesm~s, has been inves t i -  

gated using radioact ive  carbon dioxide nnd the  techniques of paper chro- 

matography and radiomtography. 

The p l an t s  a re  allowed t o  photosynthesize normally f o r  t h i r t y  

seconds in c1h2 a f t e r  which they a re  allowed t o  respire  in a i r  or helium 

in the  l i g h t  o r  d~rk. 

Respirntion of photosynthetic intermedictes as  evidenced by t h e  

appearance 3f labeled glutomic, i s o c i t r i c ,  fumaric and succinic  acids i s  

slower i n  the l i g h t  than in the  derk. 

L ~ b e l e d  glycol ic  acid i s  observed i n  barley and algae. It d i s -  

appears rapidly i n  the  dmk and i s  rnainteined and increased in quant i ty  i n  

the l i g h t  i n  C02-free a i r ,  

* 
This work was sponsored by the United S t a t e s  Atomic Energy Commission. 



Radiograms of a l g a l  end bar ley  ex t rac t s  i n  which the cU was 

reduced in the  d.?rk by pre i l luminated  p lan t s  show the same compounds as 

produced i n  normal photosynthesis, This includes a considerable amount of 

sucrose. 

For publica-cion i n  nNaturetl. 
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TIB PLTH OF CLJ~BOB IN PHOTOSYNTHESIS. VII 

fi. fl. Ssnson and M. Calvin 

July 21, 1949 

R ~ d i k t  ion  Laboratory and Dcpar tmont of Chemistry 
Un ive r s i t y  of Ca l i f  o rn in ,  Berkeley, C a l i f o r n i a  

Provious work ( 1 , ~ )  has shown t h a t  i l l u m i n a t i o n  of  an a l g a l  suspension 

i n  t h e  absonct of carbon d i o x i d ~  g r e a t l y  enhclncos i t s  a b i l i t y  t o  f i x  carbon 

dioxide i n  an i m c d i o t ~ l y  fo l lowing  dark period. The k i n e t i c s  of t h c  gcnsr-  

a t i o n  and d L c a j  of this a b i l i t y  have been determintd,  and it was shown t h a t  

l e s s  t k n  ont; minut t  of iLluminntion vms s u f f i c i t n t  t o  b r i n g  t h i s  f i x i n g  

a b i l i t y  a lmcs t  t o  i t s  s a t u r a t i o n  m l u c .  Other c x p ~ r i m c n t s  ( 3 )  which d e t t r -  

minud t h c  dcpcndtnoc of dark f i x a t i o n   rat^ on carbon d i o x i d t  pressure  showing 

it t o  bc very similar i f  n o t  i d ~ n t i c a l  w i t h  the  d c p c n d ~ n c ~  of stuady s t a t e  

photosynthesis  upon carbon dioxidc p rc s su rc  wcrc used as a p a r t i a l  argument 

i n  support  of t h c  suggestion t h a t  thc; cnhanctd dark f i x a t i o n  irnmcdiatcly 

* This  work was sponsored by t h c  United S t ~ t c s  Ltomic Energy Commission. 

(1) M. Cclv in  and A.L. Btnson, " ~ h c  Path of Carbon i n  Photosyfithcsis I", 

Science,  107, 476, (1948). - 
( 2 )  A,k. Bcnson, hi, Calvin tt d. Chapter 1 9 ,  " P h o t o s p t h c s i s  i n  P lan t s t f ,  

Iowa S t n t c  C o l l ~ g c  Pr t s s  , (1949). 

( 3 )  LA, Bcnson and M, C d v i n ,  "Cold "pring Harbor S p p o s i a  on Quanti- 

t a t i v c  qiology", 13, 6 ,  (1948). - 
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following i l luminct ion i n  t h e  absence of carbon dioxide w~s indeed the 

process of cerhon dioxide reduction taking place i n  photosynthesis. 

Nevertheless, k i n e t i c  arguments involving unknown chemicel r eac t ions  

being what thsy are,  it mas s t i l l  conceiveably possible t h a t  t h i s  enhanced 

dark f i x a t i o n  was due only t o  the  r e v e r s i b i l i t y  of the r e s p i r a t o r y  and 

f e r m e n t ~ t i v e  decarboxylntions. The photosynthesis occurring during pre- 

i l l u m i n ~ t i o n  presumably reduced t h e  carbon dioxide p a r t i a l  pressure by 

reac t ions  ns y e t  unknown thus s h i f t i n g  the fermentative and resp i ra to ry  

reac t ion  e q u i l i b r i a  i n  the d i r e c t i o n  of decnrboxylation. Upon the i n t r o -  

duction of cnrbon dioxide i n  the derk, the  e q u i l i b r i a  a r e  sh i f t ed  i n  the  

opposite  d i r e c t i o n  thus giving the  enhanced f i x a t i o n  but  by processes 

presumed t o  be q u i t e  d i f f e r e n t  from those taking place i n  the  l i g h t .  

( ~ i g u r e  1.) 

h '.' . C02 acceptors + C02 -. -..- ---- \-> (CH 0) 
( ~ y r u v i c  and / 
a-ke tog lu ta r i c  ac ids)  

,4 ' 

~ r i c a r b o x y l i c  4- - . .  .- r e s p i r i t i o n  
ac id  cycle " and 

fermentation 

Figure 1. 

If t h i s  be the  case then the  products formed i n  d w k  f i x a t i o n  of carbon 

dioxide should bs t h e  s P m e  following prci l luminntion i n  the  absence of 
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carbon dioxide a s  they a r e  following a dsrk  s a t u r a t i o n  with carbon dioxide,  

and q u i t e  d i f f e r e n t  from those formed i n  the  l i g h t .  I f  the  prei l luminoted 

dark f i x a t i o n  were the  same process t h a t  takes  place i n  ordinary  photo- 

synthes is ,  the products formed sahould be t h e  same n s  thoss  found i n  an equi- 

va len t  period i n  t h e  l i g h t  and d i f f e r e n t  from those formed i n  the  dark with- 

o u t  preillumlnatLon. If some of the c o q m m d s  o r  c l o s e l y  r e l a t e d  substances 

which appeer i n  r e s p i r a t i o n  and fermentat ion are a l s o  intermedigtes i n  photo- 

synthes is ,  they should be formed i n  a l l  three  cases. 

P i g w e  2 i s  a s e t  o f  radiograms showing the  products formed i n  

each o f  the  th ree  cases  f o r  algae and f o r  ba r ley  leaves.  ( s e e  30s. PS.e., 

2m,D.PIC,, 45m,D.C., 30s,PS.B., 2m,D.PIB., 5Om.D.B. i n  TaBle I , )  It is  

apparent t h a t  the  products formed i n  dork f i x a t i o n  f o l l o w i ~ g  preil1"umination 

i n  the  absence of c ~ r b o n  dioxide oorrespond very c lose ly  t o  those formed i n  

d i r e c t  photosynthesis ~ n d  not t o  a l l  of those formed i n  d ~ r k  f i x a t i o n  fol- 

lowing d r rk  an tu ra t ion  with carbon dioxide, These 1 n t t . - r  a r e  indeed the  sub- 

s t snces  expected from the  simple r e v e r s i b f l i t y  of r e s p i r a t o r y  and fermenta- 

t i v e  reactions.  We cnn thus  confirm the suggestion, a t  first made on t h e  

b a s i s  of  k ine t i c  s t u d i e s  (3) ,  t h a t  a l l  of the r m c t i o n s  l y i n g  between cer-  

bon dioxide and sucrose a r e  dark react ions .  The reducing energy required 

t o  aehieve t h i s  trnnsformation i s  supplied by the  photochemical r eac t ion  

involving the photolys is  of wntar. h r t h c r m o r e  the reducing power so  pro- 

vided i s  i n  the form of a d e f i n i t e  chemical spec ies  r a t h e r  than i n  the  mrm 
of some excited e l e c t r o n i c  s t a t e  of a molecule, This conclu8ion has been 

reached previously as  o r e s u l t  of 
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TABLE I Cont. - - 
Percentages were determined by d i r e c t  counting of areas on the  pager 

chromatogram defined by t he  radiogram. 

14 S .-seconds, me-minutes, PS. -photosynthesis mith C 02, C. -Chlorella pyren- 

oidosa, Sc.-Scenedesmus D-3, L.-light, D.-dark, B.-barley seedling leaves, 

PI.-5-10 min. preil lumination i n  helium, He.-helium, 

All treatments subsequent t o  photosynthesis were done i n  C02-free a i r  un- 

l e s s  specif ied as  i n  He. 

8 In  these experiments l e s s  than 5% of the t o t a l  r ad ioac t i v i t y  f ixed was 

insoluble  i n  alcohol-water. 2.5% insol .  25% insol .  6% insol .  3@ 

sol. k 4.5% insol .  1 includes - Phosphoglgceric acid 24 (PGA), Hexose mono- 

m (T~P). includes f r e e  plyceric acid 10. includes f r e e  glyceric r c i d  2 ,  

includes PGA 1.3, HMP 14, HDP 4, P-Pyruvic 1.8.9 includes PGB 6, HMP 35, 

HDP 7, P-F'ymvic 1.8. includes PGI' 3.2, W 13, HDP 7. s includes 

PGA 25, HMP 11, HDP 18, P-Pyruvic 2.2. includes PCP 26, HMP and HDP 39. 

P-Pymvlc 0.6. includes f r e e  glycer ic  acid 0.7. includes f ree  glycer ic  

w acid  13. includes f r e e  glyceric ac id  9. " includes f r e c  glyceric m i d  6. 

7 includes free glycer ic  acid 0.6. ' includes asparagine 2, 
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s t u d i e s  of f luorescence (4) and of the  comparative biochemistry of c e r t a i n  

bac te r i a .  ( 5 )  The continued c ~ r b o n  dioxide absorption i n  the  d w k  im- 

medintely fol lowing a s trong i l luminnt ion (6,7) c o n s t i t u t e s  t h e  d i r e c t  

observation of t h e  effect .  It i s  o f  i n t e r e s t  t o  note  t k a t  the successful  

separa t ion of the  photochemical apparatus f o r  the  s p l i t t i n g  of w ~ t e r  rnd 

the evolution of oxygen (8) from the carbon dioxide reducing system h a s  

been accomplished. 

F:-gure 2 shows t h a t  a number of r ad ioac t ive  compounds a r e  common 

t o  a l l  t h ree  of the radiograms, These a r e  p a r t i c u l m l y  alanine, ser ine ,  

a s p r r t i c  acid and malic acid,  Tkey may be taken a s  i n d i c ~ t o r s  f o r  the 

presence of the corresponding keto-ocids, pyruvic and o x ~ l o a c e t i c  ac ids  

under all three  circumstmces. It i s  thus ~ p p a r e n t  t h a t  some compounds 

a re  involved a s  i n t e r m e d i ~ t e s  i n  both the  photosynthetic and the  resp i re -  

t o r y  cycles, Whether the  common r e s e r v o i r s  of the  two cycles  a re  i d e n t i c a l  

o r  a r e  physica l ly  sepnrate i n  t h e  orpnnism remains t o  be determined. 

-- - 
( 4 )  E. Kotz and E.C. Wrssink, Enzymologio, 6 ,  152 (1939)- 

( 5 )  Van Niel, C.B., Pdv. Enz. 2, 263 (1941) 

( 6 )  E.D. McPl l i s ter  and J. Myers, 3nithsoninn Ins tn .  E b l .  ( ~ i s c .  ~ o l l . ) ,  

99, No. 6 (19.40). - 
(7 )  R. Emvrson and C.M. Lewis, Am. J. Botany, 28, 789, (194.1). 

(8 )  R. ~j.11, Natare, l.JJ, 881 (1937). 

R. Hill and B. Scnrisbrick,  Nature, a, 61, (1940). 
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A number of experiments have been done i n  an attempt t o  de te r -  

mine something about the  re la t ionsh ip  between t h e  photosynthetic and res -  

p i r a t o r y  paths. A simple dssign f o r  such an experiment would be t o  i n t r o -  

duce t h e  l a b e l  i n t o  some of the photosynthetic intermedintes by a s h o r t  

period of photosynthesis  i n  radioact ive  c-rbon dioxide (9) and follow t h i s  

by a s u i t a b l e  period of r esp i rn t ion  i n  e i t h e r  dark o r  l i g h t ,  The r e s u l t  

of such an experiment on algae i s  shown i n  Figure 2. One e f f e c t  i s  i m -  

mediately apparent. I n  those cases i n  which the  algae have not been given 

a dark period e i t h e r  during o r  a f t e r  exposure t o  C * O ~  t h e r e  is  l i t t l e  o r  

no labeled  glntamic and c i t r i c  ( i s o )  m i d  formed, (see  30s,PS.C., 30s.FS.- 

~ ~ o s . L , ( H ~ ) c .  and Sm.PS.C., Toble I , )  If, however, they a r e  given as l i t t l e  

as 150 s e c .  of d ~ r k  time following 30 sec. of photosynthesis  i n  c*o~,  r e l -  

a t i v e l y  l a r g e  omounts of labeled  glr tamic and c i t r i c  ( i s o )  acids appear. 

( see  ~O~.PS,-~~OS.D,(K~)C. Table I).  If the  dmk period i s  aerobic the  

amounts of  these  compounds which appenr r r e  somewhnt l a r g e r  thon under 

anaerobic condit2ons. It i s  thus c l e a r  t h a t  the  l i g h t  not  only i n i t i a t e s  

a s e r i e s  of r eac t ions  c o n s t i t a t i n g  the  photosynthetic reduction of cmbon 

dioxide but a l s o  i n  some way i n h i b i t s  c e r t a i n  o thc r  react ions .  hlthouph 

t he  n r t u r e  of the  i n h i b i t i o n  i s  as  y , ~ t  unknown, i t  i s  c l e a r  t h a t  l i g h t  

- - 
(9)  The experimental methods hcve been described previously. M. Calvin 

and A.A.  Benson, Science, m, UO, (1949); "The Path of C ~ r b o n  i n  

Photosynthesis V. Papel Chromatography and Radioautography of t h e  

P r o d ~ c t s . ~ ~  A.A. Benson e t .  a l ,  J.Am. B~lern. Sac. i n  press. 
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prevents some of the  newly formed photosynthetic intermediates from 

p a r t i c i p a t i n g  i n  the t r i ce rboxy l ic  acid cycle 8s represented by glutamic 

and ( i s o )  c i t r i c  acids,  In the bar ley  lenves  the formation of labeled  

glutamic acid i s  so s l i g h t  even a f t e r  r e l a t i v e l y  long dark periods t h a t  

we cornot ;et s ~ y  whether the  same phenomenon occurs o r  not. It i s  i n d i -  

cated 3y a comparison of the  i s o - c i t r i c  contents  of 30s.PS.B., 5m.PS.B., 

308,PS.-2m.L.B. and 30s.PS.-2m.D.B. i n  which the l a s t  contains more of 

t h i s  ac id  than any of t h e  first three .  I n  the  bar ley  experiments another 

e f f e c t  c m  be seen, which involves the  condit ions under which labeled 

glycine and g lyco l i c  acid ? r e  found. Glycine m d  g l y c o l i c  acid, formed 

i n  the  l i g h t  from radiocarbon dioxide, disappear i n  a s  l i t t l e  as two min- 

u tes  i n  the d ~ r k ,  They appear i n  d e t e c t r b l e  amounts in as  shor t  n period 

a s  f i v e  seconds of photosynthesis i n  radiocarbon dioxide  and a re  maintained 

i n  the l i g h t  i n  the  absence of carbon dioxide with the  g lycol ic  ac id  

increas ing,  (see  30s.PS .Be, 30s .PS, -2m,D.B,, and 30s. -2m .L .B.) The same 

e f f e c t  has been observed with a lgae ,  Additional experiments with algae 

showed t h a t  the presence of oxygen dgring the  subsequent i l luminat ion 

enhanced the formotion of labeled  glycine and glycol ic  m i d .  IQ the 

case of @;cine f o r  which the t o t o l  amount present  may be estimated from 

the  amount of t h e  ninhydrin color  produced on the paper, i t  appears t h < ~ t  

the  s h o r t  dmk per iods  reducenot only the amount of lnbeled  glycine bu t  

the  t o t a l  glycine a s  well ,  This would seem t o  ind icn te  t h n t  the s i z e  of 

the rese rvo i r s  of f r e e  glycine and presumably of g lyco l i c  acid vary con- 

s iderably  with i l luminpt ion and nay possibly be r e l a t e d  t o  the photosyn- 

t h e t i c  path of carbon. Degradation s tudies  now undar way should l ead  t o  

a de ta i l ed  exposit ion of the Sequence of compounds involved. 
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