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The Path of Carbon i n  Fhotosynthesis,  11. Amino ~ c i d s  

by 

i5. Steplia, A. A. Benson and M. Calvin 

From the ?Zidiation La'aora t o r y ,  Department of 
Chemistry and Division of F l a n t  Nu t r i t i on ,  
iJliiversit,y of  Ca l i fo rn ia ,  Berkeley, ~ . l i l i f o r n i a "  ' 

Abstract  

14 The r a d i o a c t i m  arnlrA3 a c i ? ~  synthesized from C O2 by green a lgae  

both I n  the  l i g h t  and i n  the  dark a f t e r  GO2-free pre i l luminat lon  have been 

separated an2 i d e n t i f l e d  using paper chromatography and radioautography. The 

radioactive amino ac ids  ic?e~,ti;ied were a s p a r t i c  a c i d ,  a l an iae  and smaller  

amounts of 3- and &-carbon antino ac ids .  This f ind lng  a s  well  a s  the  t o t a l  

tibscnce of r c .6 ioac t~ve  g1-u' BDLC ac id  sub, t a n t i a t e s  the  mechanism f o r  reduc- 

t l o n  of C02 p r e v ~ o u s l y  ~ o s t u l a t e c !  by members or' t h l s  laboratory.  

* This paper i s  baaed on r o r k  rerformed under con t rac t  Eo To. K-7405-Eng-48 
i;rith the  ht0nj.c Energy Commi.;sion i n  connect,ion v r t h  the RaCia t i o n  Labora- 
t o r y ,  Vnivers i ty  of Cdl i forn ia ,  Berkeley, C- l i forn ia .  

l o r  pul)licatS.on i n  Science, 



TIiE PATH OF CmBOH IN E HOTOSYNTHZSIS. 11. AM"li10 ACIDS 

Tg, Stepka, A. K .  Benson and M. Calvin 

Frcm the  Radiat ion Laboratory, Department of 
Chemistry and Divis ion  of P l a n t  Nu t r i t i on ,  * 
Universi ty of Ca l i fo rn ia ,  Berkeley, Ca l i fo rn ia  

The amino a c i d  c o n s t i t u t e n t  of t h e  green a lgae  Chlore l la  pyrenoidosa 

an? kericdesims 3-2 hsve b t m  e:,.amined a f t e r  e q o s u r e  t o  c1402 us ing  the  

cetiiod of paper chromatography. bTdt  o ~ l j -  hsve the  f r ee  amino a c i d s  been 

i d e n t i f i e d  , but t h e  rac-iioaeti\e members of the  g r o q  have been ascer ta ined .  

The nethods used i n  t h e t e  expcriaients have Seen previously described 

(1,2) an? involve the prepara t ion  of f i l t e r  paper chromatograms of whole c e l l  

e x t r a c t s  ($07; ethanol)  o r  of amino ac i?  mixtures obtained by a d s o q  t i o n  on 

c a t i o n  exchange resins from t h e  p lan t  e x t r a c t s ,  (3).  The paper chromatograms 

of the  radioactive ammo a c i d s  were e i t h e r  scanned a l t h  a Geiger counter  o r  

- 

1, Fink,  R, Ad. and Fink, K. ,  Lcience, 107, 253 (1348) 

2, Cent, C ,  L , ,  Stepka, 7. and S t e ~ a r d ,  F. C . ,  Nature 100, 682 (1947) 

3. Calv in ,  R!, and Benson, A. il., Science, J.07, 476 (1948) 

* This p a p u  i s  based on ~ ~ o r k  pt;rf~IYned under c ~ n t r a c t  No. 1-7405-Eng-48 
v i t h  the  ,:tornic Lnergy Comr;iission i n  connection v i t h  the Radiat ion Laboraa 
to ry ,  Universi ty df C:,lif o rn ia  , Berkeley, Cal i forn ia .  



' ,e have fomd I n  Scenedes;nus the f a l l o r  ing  amino s c i d s  l i s t e d  i n  the 

order  of decreasmg r e l a t i v e  i n t e n s i t y  of ninhydrin color  on the  chrometogram: 

g lu tan ic  a c i d ,  llunknovntlt, a l a n i n e ,  se r inc  , a rg in ine  , val ine  , r s p a r t i c  ac id ,  

l e i ~ c i n e  s , phenylalanine , t y ros ine ,  >\-aminobutyric ac id  (?) , l y s i n e  , 
<' + ,.. -alanine , threonine , glycine and prol ine . The radioact ive  nmino acids  

photosynthesized by Sctntdesmus from C1402 i n  10 seconds (3) , include pee-riiin- 

a n t l y  a s p a r t i c  acid*" a i t h  somewhat l e s s  a l an ine ,  Other r ad ioac t ive  amino a c i d s  

synthesized under these condi t ions  and detcc tcd  by radioautography included 

aspmagine ,  se r  ine  , ,,/. -alanine end phenyl a lanine  , 

!;hen the anano ac ids  synthesized i n  tha dark (1-minute) 

by p-eillurnincrtcd (10-minute) Scenedesmug v-€re saparateci the  ~ recominan t  r.ac2i.o- 

actlvt:  poCi,uct P a s  a sp3~t j . c  L I C ~ C !  v i t h  sor~ieuhat l e s s  labeled  s l an ine  , Y-adio- 

ac t lvc  phenp?alanine is  synt,hes,zc2 i n  much smuller amount. 

The a n a l y s i s  of Ch io re l l s  i s  no t  yb t  a s  complete a s  f o r  S c e n e d s s ,  

"!i~ Tollowing 2 m ~ n  . acici; helve been fowd i n  Chlore l lz  ex t rac t s :  gluthmic 
.. 

~ c i l ,  ~ G U C ~ U L S ,  a l an ins  , t s l i n e  , glycinc,  and ,/-' -0lanine. --- Chlor t l l a  r hich 

14 hare bcen a l l o m d  t o  pho3osynthssiae v i t h  C O2 f o r  70 secands form a pre- 

dominant amourit of radioact ive  a s p a r t i c  ac id  with almo t a s  inuch alanine.  
,. 

hlinor radioact ive  p r o d ~ ~ c t s  lnclude /:! -alanink and ser ine .  Dark ( 1-mlnute) 

14 C G2 f i x a t i o n  by prciiluminn t t d  (60-minute) Chlore l la  yia l d s  l a r g e l y  radioa 

ac t ive  clanirie. 

----- - 

f 
I d e n t i c a l  15 th  Spot 823 of Cent, S t & ~ k a  and S t w a r < ,  and very probdbly the 
s;me com~uund reported 8s (b) ~ 5 t h  chromdtograms of 5. c o l i  d iges t :  
Yolson, n., Nature 161, 351 (1048) 

rC". Due t o  the  yellow color  of t h i s  m n h y i r ~ n  spo t ,  it i s  not ~ o s s i b l e  t o  corn- 
a r e  i t s  int6nsit.y. 

* h s p s r t i c  ac id  may bc; a s  high a s  75% accordirig t o  crs -crys ta l l iza t ion  assax. 
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I n  a l l  psper  chrom~tograms the  glutamic ac i?  ninhydrin spo t  P ~ S  

s t r o n g l y  cv idcnt .  I n  no case YS any r a d i o a c t i v i t y  found co inc ident  with t h i s  

spot ,  I n  c a s e s  r7here glutarnine s a s  present  no corresponZing r a d ~ o s c t i v i t y  

vr2s observed. 

"us it a p p e u s  t k 3 t  i n  both d3rk r z d u ~ t i o n  of 61402 and ~ h o t o s y n t h e -  

s is ,  t h e  same p a t t o r n  of m L o a c t i v i t y  i n  t he  m i n o  a c i d s  occurs.  I n  both 

cases ,  t he  amino a c i d s  which hsvc Seen i d e n t i f i z d  corrcspon2 t o  %lie 3- 2nd 

4 - c ~ r b o n  amino zc ids .  This  i s  i n  accord v:i+uh the  t e n t a t i v e  scheme ~ r o p o s e d  

e r i r l i e r  (3) v~hich i n f e r r e d  t h a t  the  3-carbon amino a c i d s ,  a h n i n e ,  s e r i n t  

snd ,fl-clanini; hzve t k i r  o r i g i n  i n  pylwvic acl:! i l d  t he  4-csrbon ones h ~ v e  

the o r i g i n  cf t h c i r  c ~ * b o u  ske lv tons  i n  o x ~ l a c e t i c  s c id .  The p o s i t i v e  clettr- 

lacr,at,ion of t h t  sbstrics of r ~ - l i o 2 c t i v G  ;;lut~n?ic aciC i s  t o  b~ L k e n  a s  evir 

h - c c  a ~ z i n s t  t h t  p r t i c i p t i o n  of  tP& t r i c w b o x y l i c  ~ c i C !  cycle  i n  the  anabol ic  




