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Chemist ry-Ge ne ral 

THE PATH OF CARBON I N  PHOTOSYHEESIS 

by 

M. Calvin and A. A. Benson 

Radiation Laboratory and Department 
of Chemistry, University of Cal i fornia  
Berkeley, California.  

Idarch 3, 1948 

ABSTRACT 

The dark f i xa t i on  of carbon dioxide by green algae has been 

. . investigated and found t o  be c losely  re la ted t o  photosynthesis f ixa t ion .  

By i l lumination i n  t h e  absence of carbon dioxide followed by treatment with 

radioactive carbon dioxide i n  the  dark, t he  amount f ixed has been increased 

t en  t o  twenty fold .  This r a t e  of maximum f ixa t i on  approaches photosynthesis 

maximum rates .  The majori ty of t h e  radioactive products formed under these  

conditions have been iden t i f i ed  and i so la ted  and the d i s t r i bu t i on  of labeled 

carhon determined. From these r e s u l t s  a t en t a t i ve  scheme f o r  t h e  mechanism 

of photosynthesis i s  s e t  fo r th .  

This paper i s  based on work performed under Contract No. W-7405-eng-48 
with the  Atomic Energy Commission i n  Connection with t he  Radiation 
Laboratory, Universi ty of Cal i fornia ,  Berkeley, Cal i fornia  

For publication i n  Science appearing about t he  May issue. 



Depsrtment of Chemistry snd +,he 
3 a d i a t  ion  Iqhors tory ,  Univers i ty  
of C a l i f o r n i a ,  Berkeley. 

-it 

In a  nrevious note we descr ibed  t1.e e f f e c t  o; p r i o r  i i l u r n f t ~ a t i o n  on t h e  

dark  redi ict ion of ca -ban d ioxide  by grecn a lgae  (~ l i . lo re l . l a  ( 1 ) .  The e s se i - t i a l  

experimental  l a c t o r  noted t h e c  was a l 3 r ~ e  inc rease  i n  t h e  moun t  of carbon 

dioxide reduced i n  t h e  dark  by t h o  a Jgae uhich Lad been jus t  p rev ious ly  i L , i n i n a t e d  

i n  the  absence of any carbon d iox ide .  Farth.ernorc, some of t h i s  reduced rad iocar -  

b. bon wss f'olmd 3 n  pos i t i ons  o t h c r  than 'c  , rbux:~l groilbs o r  t4e  r , u ~ b e r  3 and 4 carbon 

th , t  t h e  d a r t  r e2c t ions  t h e r e  observed cquld have b ~ e r  d ~ l e  or]-y t o  t h e  reversj '7 i-  

l t t y  of t h e  on ly  two csrbnx;'lat,inn resct!ons :fet, 'tnowr t o  be r e v e r s i b l e ,  ranisly 

a c i d  (2 -4)  . These o b s e r m t  c w s  'ere t,kierc,fore t,?':-en t o  S rdy c . ~  Ce t h e  a b '  l . i t y  

mination i n  t h e  a b s ~ t ~ c e  oi' c x b o r i  dioxide vhic\  co 1-d l s f c r  be ilsed P n r  t t l e  ~ e d u c -  

t i o n  of carbon d ioxlde .  Th.e ob:;srvati.on by 14cAlis.ttcr and hlejiers ( 5 )  of a con- 

(*) This  paper i s  b-tsed on work _uerfomed under c 2nt rac t  !lo. :'I-7405-;ng.-48 jjj-th ,. t h e  Atomic Energy Comrnissiol~ i n  connect5on wi th  t h e  Hsdiat ion L ~ h o r , t o r ~ ,  
Univers i ty  of Ca l i fo rn i a ,  Berkeley,  

(1). A. A .  Benson and I:. C a l f i n ,  Ycience oL.8 (1947) 
b (2) .  TI, G.  'Jood, Fhys io l ,  Rev,, 26, 198 (1046) 

( 3 ) .  S. Ochoa, A. i:ehler, and A. Koruberg, J. 9iol.. C !  erl., l.l, 871 (1947) 
( 4  B. Vennesland, J. Ce i thns l ,  PI. C .  Gollllb, J. B i l ~ l .  Chel., ,171, 445 (1947) 
(5). E. D .  I lcAl is te r  and J. Iieyers, Smithsonin~r T r i  t .  Fab. ; i a c .  Co i l ec t ions ,  

99 KO. 6 ( i 9 1 & ~ )  --9- 
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t inued  uptahe of C02 a f t e r  t h e  ce s sa t jo r  of i l l ~ l m i n i t i o ~  i n  c l s i t s  of '3i;h l l g h t  

i n t e n s i t y  and low CO p a r t i a l  p r c s s u r t  ni:ht well be t h e  d i r e c t  mani fes ta t ion  of 
-k 2 

t h i s  situation. I n  t h e  o 1 ~ s e r v i t i o n s  o-F 11 and 5carisbr;ck (6-9) it was 

demon:;trated t h a t  isola4.ed orcTen ,rn.t,i ~r s o ? t h h  c a l l  (ch1oroyLi; t  4 a ~d grana) 

can produce oxygen f ron  water \?-on i ?dmjno t ion  !.n t he  presence o h  ss.l i tahle 

oxid iz ing  agcc t  o tbe r  than c s ~ h o n  di0xid.e. It '-ov appears c l e w  t h a t  t h e  pith 

from csrbon d ioxide  t o  reduced compounds, such a s  carbohydrates ,  f a t s ,  prote 'ns,  

and amino a c i d s ,  does no t  irioludc t h o  primary photochemical a c t  i t s e l f ,  

The p re sen t  note r e p r e s e n t s  a  more e x t e ~ s r ' v c  s tudy of the  f a c t o r s  in -  

f lucenci tie t ha dqrk reLuct ion inc luding  another  organism (~cenedesmus)  a s  well  

a s  t h e  beginning of the next s t 3 g e  of t % s  : n v e s t i & i o r ,  namely the  products  

formed during a  ve ry  s h o r t  per iod  (30 doc ;rids) of pG~otosjrnt!wsis .  The dark up- 

14 t a k e  of C O2 by Ch lo re l l a  j.nto ilon-vol?t:le pcoducts as: a func t ion  of t ime wss 

f i r s t  i n v e s t i g s t e d  by Rlben atld coworkers. (XI). T b s t  yuthors f e l t  t h a t  t h e  

amount of  carbon dioxide t?';en up re:lc'?<,d a asxjr?1m 3 'ttr s m e  60 t o  13r3 m'nutss 

of c n n t s l t .  "nrc2 r ecen t ly  (iaffr,n,  ' i a ,~  r, s - d  Rrorvn (11) have shown t h a t  t h i s  

The present  imrcs t i  ,:at ion c~' 'o~*IB ( ' fgur~ 1 )  t $ a t  t h i s  rrlA?ke curve aot1ially c?n- 

sists of two d 2 s t i n c t  por t ions ,  :he  relat ,?vr.  imyort,snc:n of which i n  v w y  s '-?rply 

dark f i x a t i o n  of C14g2 by Sccncdesm~s wsicl, had been 9 r s t r e s t e d  in t,!ie dm?: with 

carbon d loxide .  Curve B, F igure  1, represents the  behavior  of t h e  i d e n t i c a l  

c e l l s  s f t w  they  had bscn p r e - i l l ~ r n l r ~ a t e d  f o r  t e n  vlinatcs i n  t h e  absence of carbon 

+ (6). ii. Y i l l ,  snu R. . S c a r i s l ~ r i c k ,  TTaturc, 26, 61 (1?40) 
( 7 ) .  3. 'Warbur,:, 2nd 4. ZI!i-!,~;::ns, ? 'a t ,~~xwisr ;enscha~ten,  32, 161, 301 (1944) 
( 8 .  2 .  .ironoff, P l an t  Physiol . ,  22, 393 (14463 

e 
( 9 ) .  A. S. Holt,  and C. S .  French, xrch. Riochem., 2, 25 (1946) 
(10). 2 .  iiuben, IT. D. ;(anen, and '2. Z.  1'nssid, J. m. Chrim. Soc., 62, 3443 (1940) 

'Ilru (11) .  H. Gaffron, L.  N .  Fager, and A .  Brown, R c p l % ~ d  a t  Isoto-o Sgmposiurn, 
Univc t ls i ty  of Wj sconsi n, IvIadison 1$ $7. 
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i n  t h e  p a r t i c u l a r  s e t  of d a t a  g4ven i n  F i g u r e  2, t h i r t y  seconds p r e - i l l u m i n a t i o n  

br jn- ;s  t h ~  rGducin;= pov i~r  t o  o v e r  80% of  I ts  maximum .i al.uc, we hsve observed 

c a s e s  i n  which t h e  f u l l  maximum v a l u e  i s  r c l c h a d  i n  t h o  s a x e  t i n s .  It i s  c L a r  

t h a t  t',Ss maximum v a l u c  i s  s i - ip ly  a s t e a Q  s t a t e  c o  c s n t r a t j o n  of  reducing power 

r e s u i t ' n g  from a bl iance h k t x c c n  !,:>c, r a t e  9i' i t s  ~ h o t o c L ; e n j c a l  p r o d u c t i o n  2nd t h e  

The maxjtnm amosmt o f  c - i r b n r  dioxf de  f i x e d  i s  us1ua:ljr ten t o  f l f t c c n  

t i m e s  t h a t  f i x e d  by t h e  c e l l s  11j thn1l-L pre-i l lurnirl l  t i o n .  k f t ~ r  comple te  dccay,  

t h e  r e d u c i n g  power cou ld  b c  r c p e s t c d l y  r e s t o r e d  by i l l u m i n a t i o n  on t h e  safrlc c u i -  

t u r e .  

(121,  J ,  :'. Buciisnan and A. S a i r d  Tiastin;s, T'byslol .  ILCV., &, 120 (1946) 

(13). C. A. Evans,  Jr., A Symposium on :ic s?:ratJr)ry Lnzymcs, ,1%?, FSadjson 1942. 



UCRL 65 

Our examina t ion  of thca comm fn , i s  i n t o  wh-i.ch tk ~ a d i o c 3 ~ b ~ ) n  I S  f i x e d  

~ n d c r  a v a r i e t y  3f c o n d i t i o n s  hqs  be ,r: c x t , - d c d .  T ' l is  ' nc ludes  pot  o n l y  a  

g r e a t e r  v l r i a t i o n  i n  t h e  f i x a t i o n  conditjL2n,.;,  b:it s i s o  a marc corn - 1 c t c  idcr t !  f i c a -  

t i o n  o f  t \e  p r o d u c t s  f o r  each  d o n d i t  5 on. In Tahl-c T a r c  shown t h o  r e s u l t s  of 

a n  a n g l y s i s  of  % h e  n roduc t s  obt9 ! r.cd d w i n  7 a fS rr? mirutJc d a r k  f ; x ? t i o n  ttr1o 

Table I 

DARK C02 -FIX 9TIOT7 -ROITJCTS ?" CPLOXJ.LA~ 

Dark t i r n ~ - - ~ i v c  ~ ' i . nu t  t:sb 

T o t a l  F ixed  1 7.- 10 
r c l a t i p e  u n i t s  

1 CARBCZY;IC ACIDS 52% 
i n  e t h o r  c x t r a c t d  

14ALIC  ACID^ 16% 11.5$ 7. ?+,A 
SUCCILTIC ACID' 5 .2$ 5 .l:j 0.5;; 

IY SUGAIiS 0.456 1.0.4 0 .9!5$ 
non- iocizcd 
comnounds h 

a )  One day o l d  c u l t u r ~  s of  C h l o ~ ,  .',la pyrcnoidosa .  5 )  Thc c e l l s  N :re k i l l e d  
r a p i d l y  by a d d i n g  20% by vol.urn,? of' zlac!.sl a c s t i  c gcid-hydrocL!lorS c a c i d  (1+.:1). 
A l l  r a d i o a c t i v e  p r o d u c t s  x o r c  i n  ayu.cous ?%aec \ i i t h i n  f iv ;  minutes .  Ct : l . l s  r o -  
moved by f i l t r a t , i o n .  c )  One c c .  packed c e l l s  p ~ r  59 d. of n u t r b n t  so iu i ; io l~  
% a s  i l l u m i n a t e d  ( i n f r a - r e d  removed) mi  ag l 7 , O O O  1 ujr. bcsms from b o t h  s idr is .  A 
r a p i d  strr.arn o f  helium passcd  th rough  t'7o ss11rt;ions d u r i n - j  t h e  exporjrncmts. Thc 
maximum f i x a t i o n  was not d i n i l i i s h o d  by i , . laminat lon ; ) c r i o d s  a s  long a s  17 hours .  
d )  Rapid c o n t i n u o u s  15 hour  axt rsc t : i .ons .  e)  Scpar la ted  by pnTtll.ti.on c h r m a t o -  
grsphy on s i l i c a   el column. f )  '::luted from i h o l i t e  C-3  r e s i n  u s i n g  2.5 N 
h y d r o c h l o r i c  a c i d .  2 )  Kixt,od from i ) \ :o l i tu  A-3 'i'ts. n usi.ng 1 . 5  N sodium hydroxide .  
h) EXfluatc  from b o t h  e x c h n g e  rc; '  ~ 3 t - l ~ .  



Since a l l  of thc  carbon d i o x i J ~  f i x a t i o n  lnduced b; pre-i l luminat ion i s  
"'cv ' 

complete i n  l e s s  than  two minutes (see Curve 5, Figure l ) ,  a p a i r  of experiments 

of t;:c same type described i n  Table I v w t  p r f o r m c i  i n  which the dark f i x a t i o n  

time was reduced t o  one minute, P r t - i l l umina t ion  t ims were chosen t o  insure  max- 

i m u m  f i x a t i o n   rate^, Thc r t s u l t s  of these experiments a r e  shown I n  the  f i rs t  two 

columns of Table 11, I n  a d d i t i o n ,  two very s h o r t  (30 seconds) norma 1 photosyn- 

t h e t i c  experiments orare performed with the  two algae.  Frac t ionat ion  proceded a s  

indica ted  i n  %a J e  I and t h e  r e s u l t s  a r e  s h o m  i n  columns three  and f o u r  of Table 

F rac t ion  I i n  ~ 0 t h  the  one minute dsrk  f i x a t i o n s  and the photosynthet ic  

f i x a t i o n s  mas shown t o  de 75% malic acid.  F rac t ion  I1 i s  over 95% a l m i n e  i n  the 

dark f i x a  t ior is  by Chlorel la .  Dark f i x a t i o n  by Scencde smua and photosynthet ic  

f i x a t i o n s  by both a lgac  produced l c s s  than  1.5% a l a n i m  i n  t h i s  f r a c t i o n .  Se lec t ive  

e l u t i o n  of  t h s  anion exchangc r e s i n  gave tvo fractions, Thb f a c t  t h a t  111-A 
b 

(amr-ionlun h$ro;:idc. ~ l u a t e )  vras r c a d i l y  r c n r k r d  r c s l s t a n t  t o  ammonia e l u t i o n  by 
b 

cvaporat ion of  thc c l u a t G  i n  the  prLscnce of a i r  suggcstsd t h a t  t h i s  radioact ive  

pro.'uct vas  a reduced form of t h a t  obiained i n  111-8 (sodium hydroxide eluate) . -  

Th< r a e i o a c t i v e  subs tmcs  i n  f r a c t i o n  111-B of thc  t e n  minute pre-i l lumlnatad 

Scer~ed~srnus rras  i d e n t i f i e d  a s  phosphoglyceric ac id ,  Hydrolysis by b o l l i n g  1 N 

hydrochloric  a c i d  gave r adAosc t ivs  g lyce r i c  a c i d  which 1x3s a d s o r b ~ d  on the anion 

exchange r o s i n  and c lu ted  with ammonium hydroxide. The g lyce r i c  a c i d  was iden t i -  

f i e d  by preparing pbronio~ht;.nacylglycera t e  P-hich va s c r y s t a l l i z e d  t o  cons tsn t  

s p e c i f i c  activity, Solv tn t  2 i s t r i b u t i o n  of thi; d ~ r l v a t i v s  a s  ~~€11 3s thc  f r e e  

a c i d  grtve d i s t r i b u t i o n  c o c f f i c i c n t  s identical vritll those: of authentic s~ecirriens. 
t 

The radioact ive  s u ~ s t a ~ c t s  i n  P rzc t ion  111-B forxed during thc t h i r t y  secon6 

$ photosynthesis i n  Scened~smus vTcre l ikcv i sc  shorn t o  be morc thsn  80% phospho- 

ir*. 
g l y c ~ i ~ i c  ..cid. F rac t ion  1 1 1 - A ,  2 f t ~ r  sir oxid,tion i n  9 ~ 1 n o n i  m s  fourid t o  

c o n t a i n  ovcr 90;: phosphog1yct;ric ac id  and qpproxial:ito.3y four  pLr c m t  sugar 



Table I1 

EISW.IB\TIOIJ OF IN ALGAE 

Alga 

r r e - i l h i m i n ~ t i o n  time 

Fixat ion time 

0 c F i e ,  c.p.m. x 10- 6 

I Ether cxt rac tsble  a c i d s  
I 

? I1 Cntionic ( h i n o  acids)  

I11 A. Anionic, ~mnonia e lu table  d 

I11 & Anionic. Not amonla elutablee 

I V  Reutrnl  Substances (Sugars) 

~ h l o r e i l ~ ~  

60 minutes 

1 minuto dsrk  

5ccricde snus b 

10 minute 

1 mlnute dark 

.?7 100% 

-12 12% 

138 39% 

.041 4.2% 

4 42% 

.0013 0.1% 

Chlore 11s 

Photosynthesizing 

30 seconds l i g h t C  

3 -1 100% 

-078 2.5% 

.& 14% 

1.19 38% 

1.13 36% 

.14 4.5% 

Scenedesmus 

Fhotosynthesizing 

30 sccands l i g h t C  

6.2 look 

.44 10% 

.68 11% 

2.75 44% 

1.47 2 7% 

.29 h -7% 

a) Chlorel la  pyrenoic?os3, one day old cultures.  b) Scenedesmus D-3, to.0 dsy old  cultures.  c )  Cells r3pidly  
pho tosyn th~s iz ing  etrc g i v ~ n  r sd~oac t iv r -  c,rbon,tc: ,ncl s h s k ~ n  u n t i l  rcnovid froni the l i g h t  btsms ~ n d  i n s t a n t l y  C: 
ki i l ed .  d) ndsorbbd on Iluolite k-3 and e l u t d  with 1.5 N ammonium hydroxide. e )  Eluted ~ i t h  so2ium hydroxide 
fo l loning t h ~  prtvious vnmonio clution. 8 

0, 
Cn - 



phosphate, It thus  appeared t h a t  the major o r i g i n s i  companent of F rac t ion  IIbA 

vhich gave r l s e  t o  the  phosphoglyccric ac id  n r l s  ?-phosphoglycrraldehyde. A sub- 

sequent expr imef i t  w i t h  Scened~smus (photosynthesizing f o r  30 scconds) demonstrat- 
b 

ed t h a t  such i s  a c t u a l l y  the  case.  The 3-phosyhoglycerald~hyds vi3S convsrtsd t o  

methylglyox: 1 by the  m~thod  of Bser and Fischer  (14) .  The methylglyoxsl 2,4- 

dinitrophenyloscizol~e was found t o  posses 53% of t h e  t o t a l  f ixed  cL4. I n  s e ~ s r s t e  

c -x~i r in icnts ,  f r a c t i o n  I V  has becn s h o w  t o  be glucose and f ruc tose  i n  almost equal  

amounts. 

I n  addit,on t o  the 3bove d ~ s c r ~ b e d  i d e n t i f i c r t i o n  itork, a c ~ r t s i n  amount 

of dcgrsciation has bccn p t r forn~cd on s ~ v s r 3 1  of the  i d e n t i f i e d  comp5;undsb Perhaps 

the  most i l l umina t ing  of t h e s i  r e s u l t s  ,s the  d i s t r i b u t i o n  of c14 found i n  the 

htxose f r , c t i o n  f o r  a numbcx of d i f f e r m t  pr6pers.tions (15). I n  the glucose 

obtained from the  d i r k  f l x a t i o n  i n  pc.-il luminated. C h l o r i l l a  2nd from thci 30 ssccpnd 

photosynthesis of Scenedesinus, t h e n  vas contained from 7 5 4 0 %  of the  radioact ive  
ur 

carbon i n  the  3 and 4 pos i t ions ,  the  mmaindcr being found i n  the  1 ,2  apd 5,6 

posi t ions .  I n  glucose obtained from bar ley  shoots  which hsli been photosynthesiz- 

i n g  f o r  one hour i n  c1402, the  d i s t r i b u t i o n  was 61% i n  the 3,4 p o s i t i o n ,  24% i n  

t h e  2,5 ~ o s i t i o n  and 15% i n  the  1,6. I n  glucose obt:iined from ba r l ey  s h i c h  had 

been photosynthesizing f o r  t t n  hours,  the distribution va; 37% i n  3 ,4 ,  36% i n  

2 ,5 and 27% i n  1,6. I n  viev. of the presence of such largt.  zmounts of radioact ive  

t i r i o s ~ ,  pkiosyl.ste and yhosphoglyccric ocld i n  the  very s h o r t  photosyntht t ic  e x p ~ r i -  

nicnts (30 stcon&) s s  vrcll a s  i n  the dirk f i x . . t i o n ,  i t  can b i  t3kcn a s  f a i r l y  

c e r t a i n  t h a t  t h t  htxos& syn thes i s  ~ r o c c e d s  by 3 r e v c r c s l  of the usual  g lyco ly t i c  

s p l i t  of f ruc tose  diphosph2tc :and t h c r d o r t  some ~ s t h  must be found by vihich the 

r a d i o a c t i v i t y  ai?pt:;rs f i r s t  i n  the  nwnb~r  1 csrbon atoms of th6 3 carpon compounds 

Y and gradually spreads l n t o  thc numbcr 2 and then the  n m b ~ r  3 c x b o n  zitom of t'ne 

t:rlosc: bhospha t e  and thc phosphogiyccric ac id .  b s i m i l v r  v_trla t i o n  of the  d i s t r i -  
b - C C  . . .  

- t l 4 ) .  t. Beer and H. 0. L. F i sche r ,  J .  Biol. Chond, 150, 223 (1943). 

(15). S. kronoff ,  H. A. Barkt r ,  and M. Oalvin, J. Biol .  Chem., B, 459 (1947). 



UG-9 b5. butiorl of radiocarbon il. alnnine Lprtading.  fl.on! tht nu: , ! t~r  i c l rban  3 % ~  l n t o  the 

o ther  t,v!o has n l so  bc e:i found. It ~s 1,ea , o n ~ b l t  t o  sul-yosc th. i t  the s l s n i n e  d i s t r i -  

but ion  i s  a n  index of the d i s t r i b u t i o n  i n  ryruvic  acid and thc problem therefore  
+'w 

becomes th:tt of determining the  p t ! i  from csrbon dioxidc t o  ~ y r u v i c  s c i d  v~hich 

6 aould give t h i s  d l a r a c t c z i s t l c  d i s t r i b u t i o n ,  So f s r  wt. hsvb b 6 ~ n  3b16 t o  account 

f o r  the ba jo r  f r a c t i o n  of the  r ad ioac t ive  c,rboxylic 3c ids  formed i n  terms of only 

t h e  4 carbon ac ids .  If there  i s  any a c o n i t i c  o r  k ~ t o g l u t s r i c  ~ c i d  a t  a l l ,  it is 

smal l  I n  amount. ?'ie a r e ,  t h s r e f o r s ,  l s d  t o  the  sup;os i t ion  t h a t  the t h r t c  carbon 

cdli,!poun.is a r e  I roducc;d th'rough t h e  four  csrbon d icarboxyl ic  sc ids ,  Furthtrinori, 

the a c c ~ y t o r s  f o r  the  one o r  mori: carboxylat ion r e ~ c t i o n s  vhich t2ke place must no t  

only be continuously regenersted,  but they must be rsgeners tsd  i n  such a manner 

a s  t o  con ta in  a  gr=idunlly i~ c r m s i n g  amount of i s o t o p i c  c ~ r b o n ,  r ~ l a t i v c l g  r ap id ly  

alyroaching t h e  i s o t o l i c  concent ra t ion  of the  c3rbon dioxide i t s e l f .  A l l  t h i s  can 

be achieved, ~ 5 t h  c u r r e n t l y  used r t a c t i o n s ,  only by the prcsence of vhat  i s  e f fec -  

t i v e l y  a  C2-C1 hddit ion.  l':e a r c  t h t r t f o r e  l e d  t o  the  r c i t c r - i t i o n  of a scheme a l -  

r e scy  proposed t o  d s s c r i b ~  the  pa th  of the  c ~ r b o n  atoms. 

It should be r c s l i z r d  t h s t  these a r e  a l l  enzymatic r c s c t i o n s  and t h e  p r t c i s e  form 

of the r e a c t i o n  species  i s  not  spec i f i ed .  For example t h c  reductive e3rboxylat ion 

of a c e t a t t  through pyruvate t,o ~ , h o s ~ ; h o g l y c ~ r i c  ac ld  could conceivcbly proceed by 

t h e  f o l l o a i n g  s t eps ,  



7:ith tl-is a s  3 :-orking hypothesis ,  s p t c i f i c  t c s t s  a r c  a l r eady  undcr way. 

'I'hus, vhen csrboxyl--lzbcled s c e t a t r  i s f t d  t o  & r e  -illurnins> ted C h l o r ~ l l a  f o r  a  

5 minute pcrlod i n  thc  dgrk,  the  i s o h t t d  a l s n ~ n e  con t s ins  about 35% of i t s  

r a d i o a c t i v i t y  no t  i n  the  curboxyl group. The Fresence of c14 i n  the carboxyl 

group of the  ulanine e x l d  be due t o  the  oxidat ive  metsbolism of some of the 

a c e t a t e  through the  t r l c3 rboxy l i c  cycle i n  the m n n e r  a l ready fwnilisr i n  animal 

t i s s u k s  ~ ind  y e a s t s  (16-18) o r  by thcdi r t -c t  o x i d j t i v s  cou$ing of two ucota tcs  t o  

succin2,tt .  Also the  suCcinic 5c id  i s o h t e d  from pre-illuminated Chlore l la  a f t e r  , 

14 dark f i x h t i o n  of C O2 s h b ~ o d  2.5% o f . t h e  r a d i o a c t i v i t y  i n  the mcthylene g r o u p ,  

vthile the  ' succ in ic  ac id  from the  aforementioned 2 hour ~ h o t o s y n t h e s i z i n g  bar ley  

e x p e r b e n t  had 37% i n  the me thylene groups. !" 

L 
The amount of r a d i o a c t i v i t y  found i n  any com~ound or  csrbon atom i n  a 

b .  

s p e c i f i c  compound will dbpend upon the size of i t s  s c t i v e l y  funct ioning r e s e r v o i r  

and the r e l a t i v e  r a t e s  of a l l  t he  r e s c t i o n s  L a d i n g  t o  m d  from t h s t  r e s e r v o i r  

under any s p e c i f i c  s c t  of exparimcntal condittions. 

The ~ r t c i s t  nnturc of t h e  reducing ngcnt o r  agents  c m n o t  y c t  be s t a t e d ,  

nor can VG say ~ ~ h i c h  of the  reducing q u i v ~ l e n t s  requi red  by the o p e r l t i o n  of the 

cyclc  had t h c i r  o r i g i n  i n  t h t  photosynthet ic  r L a c t i o n .  It recoins  f o r  future 

work t o  deny, modify, confirm, o r  t x t ~ n d  the proposed scheme ~ h i c h  3 t  present  

a p p a r s  t o  us  the  most l i k e l y  p t h  of clrbon I n  photosynthesis.  

(16). V. Lorber,  N. Lifson, H ,  G. Tr~ood, J. Biol.  Chem., Ifjl, 411 (1945). 

(17). S. 'e inhouss and R. H. hl i l l ington,  J. dm. Chem. Soc., 69, 3089 (1947). 
(18).  K. Bloch, Physl ,  Rcv. 22, 574 (1947). 

( 4 )  The ~:nt.thod of succ in ic  ac id  d c g r ~ d a t i o n  is  t h j t '  of Bcnson, Bassham, and Cslvin. 

L To be published. 

( )  ?he a n a l y s i s  of algae given i n  column I of T A b le  I ,  Ref. 1, corresponds t o  f i x -  
a t i o n  under t h e  condit ions rapresented by a 30 minute poin t  on Curve A, F i g u r ~  1 of 
the  prbsent  note.  It is e n t i r e l y  ~ o s s i b l e  t h a t  t h ~  succin ic  -3cid found the re in ,  
vhich vras e n t i r e l y  carboxyl lnbbled ,  may hsve bctn f o r m ~ d  i n  l x g e  p r t  by reve r s i -  
b i l i t y  of the  Kood-Kerkman r w c t  ion .  

-1aas.- 



Figure 1 

P3rk F i x l t i o n  Ratc of clLo2 by 2-dcy old Scrnidssrnus 

Curvt a - C t l l s  krpt i n  the  d ~ r k  f o r  1 hour i n  4% C02-N2 3nd then  f lushed 
with h d i u m  f o r  2b mmutts .  

Curve R - S ~ m t  c t l l s  3 s  f o r  curve A following a 10 minutt ixposure t o  
l i g h t  (2 x 17,060 lux) continuing t h ~  r,pid f lush ing  w ~ t h  helium. 

Both curvcs vcre obtained by t z k h g  3 l i q u o t s  from the  main bntch of c e l l s  
and exposing thtm t o  c1402 i n  the dzrk f o r  t h r  time p ~ r i o d  indica ted .  
The concent ra t ion  of c e l l s  i n  thc  l a g e  v e s s e l  sss 1 cc. of packed c e l l s  
i n  60 cc,  of n u t r i e n t  s o l u t i o n  pH 6.2. The volume of the da rk  f i x s t i o n  

t v t s s t l s  and the  amount of  c1402 i n  thtm 7.3s such t h r t  the p a r t i a l  p r t s -  14 sure  of C O2 PRS l e s s  than  .2 rm.Fig. 



Figure 2 

Bf fec t  of Pr.6-il.lumination upon 1 Minute dark Fixs t i o n  (Scsnedesmus) 

The absc i s sa  r e ~ r e s e n t ~ s  t h e  time which the  c e l l s  spent  i n  the v ~ r i o u s  
cond i t ions  of light and d3rk a s  indics tcd ,  p r i o r  t o  the rtmoval of an 
a l i q u o t  t o  b~ t t s t ~ d  f o r  d -zk  f i x i n g  z b i l i t y  by 3 one minute exposure 
t o  rafiionctivc C02 i n  the  clhrk. The time i n t e r v a l  b e t w s n  thc  r m o v a l  
of t h t  n l i  uot  from t h i  ill-urnln-ltion v ~ ~ s s e l  snd i t s  coming i n t o  coiltact 

$L+ 
B r.' t h  the  C 402 v7ss n t v e l  more t h m  3 scconds. The o r d i m t e  r t ~ r e s i n t s  the 

C 0 fix€ d by an a l i q u o t  of t h ~  c e l l s  during a 1 minute sxposurt  t o  
14 C O2 i n  the dark ~ f t i r  the  prt  t r c a t n e n t  shovn on the, . ~ b s c i a s a .  


