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0 .  Holm-Hansen, V .  Moses N. G .  Pon, P. B. Sogo and 
G.  ~ o l l i A * *  

Photosynthesis ,  t h e  process  whereby a l l  green p l an t s  de r ive  t h e i r  
e n e r a  f o r  l i f e  and thus  u l t i m a t e l y  make poss ib l e  t h e  ex is tence  of animal 
l i f e  on e a r t h ,  i s  commonly s c h e m t i z e d  a s  a pho to ly t i c  d i s s o c i a t i o n  of 
water molecules coupled wi th  t h e  reduct ion  of f r e e  carbon dioxide from 
t h e  atmosphere ( ~ i g u r e  1). The complex s e r i e s  of r eac t ions  occurr ing  
during t h i s  conversion of l i g h t  energy i n t o  bound chemical energy remnin- 
ed l a r g e l y  unknown u n t i l  about 1945 because of t h e  l a c k  of any s u i t a b l e  
means o f  fo l lowing  t h e  rap id  chemical t ransformat ions .  Since t h a t  t ime, 
however, t h e  a v a i l a b i l i t y  of pile-produced carbon-14, a long-l ived rad io-  
a c t i v e  i so tope ,  has made it poss ib l e  a c t u a l l y  t o  fo l low the  p a t h  of carbon 
atoms from t h e  s t a t e  of f r e e  carbon dioxide through the  extremely rap id  
r e a c t i o n s  l e a d i n g  t o  carbohydrates such a s  glucose and sucrose.  A f u l l  
d e s c r i p t i o n  of  t h e  experimental d e t a i l s  o f  t h i s  method and t h e  r e s u l t s  
have been reviewed. 

PRIMARY QUANTUM CONVERSION 

One of t he  most fundamental unsolved problems i n  photosynthesis  i n -  
volves the means whereby chlorophyll  converts  t he  electromagnet ic  enerGy 
of an absorbed photon i n t o  the  chemical p o t e n t i a l  necessary -LO reduce c a r -  
bon ( C H ~  of F igure  1) and t o  ox id i ze  water  t o  molecular oxygen 

( [02 ,- , 
+ 0'. ?Figure 1 ) .  A p o s s i b l e  approach t o  t l l i s  quest ion 

cons is tL ,  of p h y s i c a l  messurements of  t ~ i e  e a r l y  changes induced by l i g h t  
i n  intac-L pl :&nt  makerial. '  With t h i s  i n  mind, we have begun an inves t iga -  
t i on  of t L , e  l igh t - induced  e l e c t r o n  s p i n  resonance (ESR)~ absorpt ion (as n 
r e s u l t  of unpaired e l e c t r o n s ) ,  and the  delayed l i g h t  emission4 and d i -  
e l e c t r i c  l o s s  e f f e c t s  of i s o l a t e d  spinach ch lo rop la s t s .  These s t u d i e s  
ha%e re7:e~led a s e r i e s  of temperature-dependent luminescences (with l i f e -  
t i n e s  r::n(;ing from a t e n t h  of a second LO many seconds) which appear t o  
l:aire counterpar t s  i n  t h e  decay of the  unpaired sp ins  ( see  Table I ) .  
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Figure 1, Suggested cyclic scheme For relationships in photosynthesis. 





Althourh promising r e s u l t s  have been obtained from t h e  d i e l e c t r i c  
l o s s  measurements, a more q u a n t i t a t i v e  s tudy  i s  necessary t o  r e l a t e  t h i s  
e f f e c t  t o  prmtosynthesis .  The r i s e  time f o r  t h e  prouuction of a t  l e a s t  p a r t  
of t h e  unpaired e&ectrons i s  independent of t h e  temperature over  t h e  range 
from 2 5 ' ~  t o  -140 C .  A luminescence with a l i f e t i m e  of a f e w  mi l l i seconds  
has a l s o  been observed wilich i s  temperature-independent over t h i s  same 
range.  Both t h e  s p i n  resonnnce and the  luminescences a r e  exc i ted  by l i g h t  
absorbed by ch lorophyl l  and the  luminescence a t  both room temperature and 

0 
a t  -85 C i s  a r e s u l t  o f  the t r a n s i t i o n  between the  f i r s t  exc i t ed  s i n g l e t  
s t a t e  and the  ground s t a t e  of chlorophyll .5 Furthermore, drying t h e  ch loro-  
p l a s t s  causes t h e  luminescence t o  disappear and r e s u l t s  i n  the  appearance 
of a l a r g e  nondecaying sp in  resonance s i g n a l  and endows the  clfioroplasts 
with the  p rope r ty  of  thermoluminescence. 

The above observat ions haee been i n t e r p r e t e d  i n  terms of t h e  theo ry  
proposed by Katz6 and by Bradley and ca lv in7  which involves t h e  formation 
of e l ec t rons  and holes  i n  the  conduction bands of an a g p e g a t e  of chloro-  
p h y l l  molecules. A schcma-cic r ep re sen ta t ion  of these  bands i s  shown i n  
F igure  2 .  L ight  i s  absorbed t o  produce t h e  t r c n s i t i o n  from the  ground 
s t a t e  band of an  aggregate  of chlorophyll  molecules t o  the f i r s t  e x c i t e d  
s i n g l e t  s i a t e  band. S i n g l e t  s t a t e  exci tons may then undergo one of t h r e e  
competing procec ,,es: 

(1) They may decay t o  t h e  ground s t a t e  v i a  f luorescence emission 
(7 l 10-' set). 

( 2 )  They may ion ize  v i t h  the  formation of e l ec t rons  a n d  holes  
i n  conduction bands (7 L s e c )  . Calcula t ions  hzve shown 
t h a t  such a l iYe t ime  would permit  t he  exc i ton  t o  migrate  over  
from 100-1000 molecules.  

( 3 )  They may cross  over i n  a r a d i a t i o n l e s s  t r a n s i t i o n  i n t o  t h e  
t r i p l e t  s t a t e  i n  times us siiort  a s  10- l2  sec .  

Inzsmuch e s  t h e  band width w i l l  be p ropor t iona l  t o  t he  square o f  
t h e  t r a n s i t i o n  p r o b a b i l i t y  f o r  t h e  ground s t a t e  t o  e2c i t ed  s t a t e  t r a n s i -  
t ion , '  t h e  exc i t ed  s i n g l e t  s t a t e  w i l l  be much broader  tnan  the correspond- 
i ng  t r i p l e t  s t a t e .  Thus, there may be a good d e a l  of over lap  between t h e  
e n e r a  l e v e l s  of t hese  two s i a ~ e s .  It i s  necessary t o  p o s t u l a i e  such 
over lap  i n  o rde r  t o  provide a r e l a t i v e l y  temperature-independent pathway 
between t h e  s t a t e s  t o  acoount f o r  the i n a b i l i t y  t o  observe t r i p l e t  s t a t e  

0 
emission, even a t  -70 C .  

If the  t r i p l e t  staze conversion i s  important i n  ch lo rop la s t s ,  
i o n i z a t i o n  i n t o  the conduciion bands may occur  From t h i s  s t a t e .  The e l e c -  
t rons  a n d  holes  i n  t h e  c o n d u c ~ i o n  band w i l l  migra te  and u l t ima te ly  be 
t rapped  a t  suit& i e  p o i n t s  i n  t h e  l a t t i c e .  CAi;rncter is t ic  l i f e t i m e s  of  
0 .01  LO C . 1  second have been observed i n  m n y  types  of ex-perinerLts on 
p h o i o > ~ ~ i h ~  ~ i c  m a t e r i a l s .  3 ~ 4 ,  7~10  According t o  tile p re sen t  hypotnc-sis, 
t!iis would represen",ne time required t o  f i l l  t h e  e l ec t ron  and hole  t r a p s .  
If' i o n i z a t i o n  otcurc from zhtl sing2 e t  s t 2 k  ; t h i s  time constant  may be 
Idcc t i f ' i ed  the l i f e ~ i m e  of one of the charge c a r r i e r s  i n  t he  conduction 
b w a .  Tile hypo t~ iea i c  of such a. i on& c a r r i e r  l i f ec ime  has i o m  support i n  
cjtAr cy..  ems , f o r  example, i n  ge-rmmiun:, where the i n  ~ r i n s i c   LO^+ l i fc tLme 
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Figure 2. Prapoasd schcame, for various photochemical prooesssa in photoeynthesis. 





% F :;iain reason f o r  d i i s  choice was tkii  chi^ i so tope  ki s ;L I I L E I ~  

r - : i i  ,vrt cross  -.;E c t i o n  f o r  pro tons ,  y i e l d i n g  F18 b:i t h e  rcac-,ion 
0 F ~ "  has a i m l f - l i r e  of 1 .a hours and emits posixrons of 

- - 
( - 1 1  Y , ,  of' od? KcV. Ca icu l~ i t i ons  showed t i m i  0 . 1  t o  1 pg of 018 could. 

ar  ;i; be oetec ied  by r a d i o a c t i v i t y  measurements of I?lE i f  a 4 14eV pro- 
ton Lc.arn of  1 t o  1 0  pa was al loved t o  h i t  t n e  oxygen t a q c t  f o r  a few 
x r  . A f t e r  one hour a ~ i n g  i n  a bombarded sample of organic  ma &r id  
coni :~ in ine  enriched 0''. i n t e r f e r i n g  r a d i o a c t i v i t y  from carbon, n i t r o t t n  
w G  ot l ic r  o x y ~ c n  i so topes  -ria:; n e ~ l i g i l u l e  i f  protons of an energy of obou, 
1, ] I  V %:(Ire u s ~ d  f o r  tile bonibardrncnt. A q u a l i t a t i v e  ant t iysis  of ~ i i e  0i:ygefi 
~ i ~ i c l ,  i; i n c o q o r n t e d  i n  a lgae  Grown i n  ~~ ' - en r i c l r ec i  w a t t r  f o r  sho r t  pe r iod r  
r ~ f  iinie w:is a"viempted. 

Etlianol e x t r a c t s  of tlzf algae vcre made, t h e  e x t r a c t  was conccntmzed 
:m(i c t i , -~m~tographed i n  one dimension, u s ing  butmol-propionic  ac i  d-water 
solxr,nt.  In orcier t o  avoid an impossibly high background r e s u l t i n g  from 
~ ~ r % ~ a r n l l y - o c c u r r i n g  ol" i n  t i l ~  f i l t e r  paper ,  the  s p o t s  were t r a n s f e r r e d  
oni,o :: tnntalum sk~eez by c e r r a t i i i ~  oni e d ~ e  of t h e  one-dimensimal  chrom2"- 
toi:r:m anfi e l u t i n g  ~1.e  ;pots sidew:,ys o f f  i h e  paper oc to  a heated s t r i p  of 
pure ientalum. Tlle pcittern of  t;le c!irornato[;ram on t h e  fianer was thus  niain- 
t r A i 1 l r  d ns a s e r i e s  of drops dr ied  onto tile metal s t r i p .  A con t ro l  experi-  
ms.11 t o  Les t  t h e  r e l i a b i l i t y  01' i i i is  t ra i lsf  e r r i n g  method, using a ch romto -  
;;ram of cl*-labeled subsl,nnces, showxi t h a t  ilie p a t t e r n  oi' the  chromato,rram 
could t e  reproduced i n  t h i s  way on t!lc metal .  Tile tanialum s t r i p ,  about 
10" long ,  2" wide and 0.001;"  hick, w a s  used a s  7 ; n ~  Earget, being clar;?peci 
i n  n l iolder  i n  which A c  n ~ t t a l  s t r i p  w a s  held a s  a c y l i n d r r .  T1:e t a r g e t  
; t r i p  w a s  r o t a t e d  i n  f r o n t  of 'dip proton beam, while i n ~ i d e  the  c y l i n d r i -  
c a l  strip a jet of a i r  wzs d i r ec t ed  a t  t h e  t a r g e t  p o i n t  f o r  cool ino.  The 
pro- on beam w a s  col l imated i n t o  ii c ros s - sec t iona l  a r e& of j /bT1 x 171:". 
The t oxn l  uornbnrdment time was two hours with ! .5 + 0.2 MeV proton;. The - 
a v t - r ~ g e  c u r r e n t  dur ing  -chis -,ime w35 '2.75 pa. The target wus r o t a t e d  i n  
froriL of z11~  beam at 163 rpm; as the  l e n g t h  of t h e  t a r g e t  was zbout 10" 
and ?;he width of t h e  beam 1/11",  c a d i  s p o t  was exposed t o  t he  beam f o r  2 

teal of t h r e e  minutes.  



To t e s t  t he  s e n s i t i v i t y  of t h e  ole  a n a l y s i s ,  Chi-orella was grown f o r  
2-1/2 dhys i n  018-enriched water .  The a lgae  were washed twice with d i s t i l l e d  
water &nu f'ive samples were e v a p o r a ~ e d  a s  spots  on the  a r ea  of t h e  t a r g e t  
shee t .  Tlie amounts of t h t  a lgae  i n  t h e  d i f f e r e n t  spo t s  were 85,15,7.5,4 and 
2 .3  pg and the amounts of 018 were 5 ,1 ,0 .5 ,0 .2  and 0 . 1  pg, r e spec t ive ly .  A 
con t ro l  s:mple of a lgae ,  no t  t r e e t e d  wi th  018, was s i m i l a r l y  evaporated onto  
the  t a r g e t  shee t ;  t h e  amounts of a lgae  i n  t h e  th ree  spo t s  produced were 
40,4 and 2 pg. A f t e r  bombardment and radioautography, t he  s p o t  conta in ing  
2 pg of a lgae  and 0 . 1  wg of 0'' could s t i l l  be de tec ted  a g a i n s t  the  back- 
ground. The radioautographs of  t h e  un t r ea t ed  a lgae  show t h a t  40 pg gave 
r i s e  t o  a very  s l i g h t  dark spot ;  t h i s  was probably due t o  t h e  F~~ formed 
from t h e  0.276 of 018 i n  t he  ord inary  oxygen of the a lgae .  The radioauto-  
graphs of t h e  two smal le r  amounts of a lgae  showed no dark  spo t  a t  a l l .  
The method thus  appears t o  have the  necessary  s e n s i t i v i t y  and s p e c i f i c i t y  
f o r  t h i s  s o r t  of t r a c e r  study.16 

Carotenoid P a r t i c i p a t i o n  i n  Oxygen Trans fe r  

Using a completely d i f f e r e n t  technique,  some progress  has been made 
i n  a s tudy o f  t he  b iosyn thes i s  of t h e  photosynthe%ic pigments, w i t h  p a r t i -  
c u l a r  emphasis on t h e  r o l e ,  if any, of carotenoids f o r  oxygen t r a n s f e r  wi th-  
i n  t he  photosynthe t ic  mechanism. The a lgae  were incubated i n  t h e  presence 
of r ad ioac t ive  carbon d iox ide ,  both i n  t h e  l i g h t  and i n  t h e  dark, f o r  vary- 
i n g  amounts of t ime. Column chromatography, us ing  polyethylene,  c e l l u l o s e  
o r  magnesium oxide a s  adsorbents ,  was used f o r  t h e  sepa ra t ion  o f  t h e  p ig-  
ments; t h e i r  concent ra t ion  was determined spec t roscop ica l ly .  Fu r the r  separ -  
a t i o n  of each f r a c t i o n  was achieved by two-dimensional paper  chromatography 
wi th  s u i t a b l e  so lven t s .  

It was found t h a t  ch lorophyl l  a became r ad ioac t ive  considerably 
f a s t e r  than ch lorophyl l  b .  From the  dgta  obtained,  it  would appear t h a t  
t h e  pe th  of carbon throuzn the  caro tenoids  of t h e  a lgae  i s  a s  fo l lows:  

cl* w Q-carotene xanthophyl xanth h y l l  
? I. ____j ? L - e p o x S  

@-carotene v io laxanth in  & 
antheraxanthin 

Most of t h e  pigment concent ra t ions  showed l i t t l e  d i f f e r ence  between 
the l i g h t - t r e a t e d  and t h e  dark- t rea ted  a l g a e .  However, t h e r e  was a mrked  
increase  i n  t h e  concent ra t ion  of v io laxanth in  i n  the dark,  which i s  rever -  
sed i n  t he  l i g h t ,  sugges t ing  t h a t  v io laxanth in  may be involved i n  the  
t r a n s f e r  of oxygen. A s i m i l a r  r e s u l t  was observed by D.  I. Sapoznikov.17 

Photosynthesis  involves two main processes :  t h e  p h o t o l y t i c  s p l i t t i n g  
of water ,  followed by the  u c i l i z a t i o n  of t h e  z c t i v e  hydrogen so produced t o  
reduce t h e  incoming carbon dioxide,  w i th  t h e  concomi-cant r e l e e s e  of mole- 
c u l a r  oxygen. Work has now been s t a r t e d  i n  t h i s  l abo ra to ry  t o  i n v e s t i g a t e  
t he  pathways of  hydrogen i n  photosyntnc; is  . 





Tlii; work i s  s t i l l  i n  t h e  prel iminary s t aeec  , but iiir r e s u l t s  30 

f;r h 4 v r  ~hown t h a t  t r i t i u m  i s  Incorporated i n t o  n nurn~er of cocpound; i n  
-tr( course  of t h ree  minute::; thcse suhstancec clpi je~r  LO b.- tile s*.me ol:c,, 

;nose c o n ~ a i n i n g  c14 a f t e r  tne c e l l s  art. exposed t o  c1"02,  thou^!^ w e  
r < l z ~ i - ~ i  d i s t r i b u t i o n  of t l c t i v i i i e s  i s  qu i t e  different with ~i-ie two -~rt,-er. 
s u l r  tances . 

A p o s i t i v e  confirmation o f  t h e  na ture  of tile substances incor . i ;orat ic i  
tri tiurn from water i s  still i n  progress ,  bu t  t h t r e  i s  , never t l~e l r . s s ,  good 
rFaC;oll f o r  supposing t h a t  l a b e l  appears i n  tile amino ac ids  glutamic acid, 
u s p a r ~ i c  a c i d .  ulaninc arid serine plus glycine ( the  l a x t e r  two amino a c i d s  
a r e  no, we l l  reparated by the  ci.rornatographic t e c h n i ~ u e s  i n  use f o r  t l i i s  
,rorl.;), i n  t n e  organic  acid; g lyco l i c  acid,  malic ac ld :  c i t r i c  ac id :  furn-tr- 
i c  ac i0  and succ in i c  a c i d ,  m d  i n  phosphoenolpyruvic a c i d ,  phospho~l j ic i ' r i c  
ac id  (PGA) the suear  rnonopho:,p:lntes ana d iphospia tes  , and poss ib ly  a l s o  lin 
ur id inc  d ip i~o~phog lucose .  

While c e l l s  incorpora te  cl* from c1402 dur ing  piloto;ynthesis f'or 
s h o r t  periocic, mainly i n t o  the  sugar  pl~ospnaies  and i n t o  sucrose ( these  
A ~ , w o  groups of substances f r e q u e n t l y  account,  & t e r  t n r e e  minutes, f o r  7; 
t o  5,s of t h e  t o t a l  I sbe l ed  subs-cances presen-c i n  the e thanol  and irate-r 

e x t r a c t s  of the c e l l s ) ,  i r i t i w n  i? found a f t e r  t h r e e  minuxes l a r g e l y  i n  
glutamic,  n smi r t i c  and mcllic a c i d s ,  and a lan ine ,  which togetha-  contain 
: L h ~ ~ ~  ~j$ of tile so lub le  t r j  Lium f ixed  (excluding g l y c o l i c  acid --  sce 
below). The amount i n  th12 sugar pilosphates i s  very much smal le r  (::bout 
~ $ 5 )  2nd none appears i n  sucrose .  M ~ s t  s i g n i f i c a n t  i s  t h e  amount appenring 
In  g l y c o l i c  a c i d .  Trii:, subst;ince i , c  q u i t e  v o l a t i l e ,  y e t  even a f t e r  m e  c e l l  
e:c;rac-, .!:id been evriporated t o  dryness f o u r  t imes,  g l y c o l i c  ac id  rem:t:'ns 
-11% most r ad ioac t ive  s p o t  on The chm matogram. I, seems pmbablc  trlet t i l e  
o - ~ c r ~ ~ ~ l e l r . i n & j  g r e a t e s t  q u m t i t y  of t r s c e r  i s  incorporated in,,o g lyco l i c  
3 2 i G .  Tlir s i g n i f  i canc t  oP ~ n i s  i s  n o t  J t i  known. TL i s  i s  a prellrnincry con- 
clu,-on a- t o  t h e  p a t t e r n  of tritiuri incorpora i ion  and a  f i n a l  conclu t ion  
L; d c p t m e n t  on t h e  c o n f i r m a t i o ~  of tile i d e n t i t y  of the compounus i rAvo lvw.  

i i i ; !s~u[ '~ i~rrt-;  .ImUntS of trtzcer a r e  ncorporcted i n  the lisit tk.3 i n  t k ~ c  
I n~T,c:-t!~cier,s con,iilt=rcttle :mounts aE e l s o  incorporzteii  i n  tric ci:~rl: 
(tar.:- T-L r a t e r ,  i n  propor-Liar;, ;mr, wit11 carbon) and tre i u e n t i t y  c j i  i r z r A  
~ G ~ ~ ~ c L X ~ ~  ;!I GI-lcn tritium zge, . rs  i n  t hc  li&Lt end i n  t1.e L r k  FL s ~ r ? i l : ~ r .  



Tl1.e ~ : , t e r~) r t  r z ~ f s l ;  GI ;I?r.:,t r~-3ul1.6 i; l i k r i y  t o  be  a complicated 
:;t r .  W l - i ~ t  t r i t  '+ri l i m XL: be incoq~or:, tea by genuine biochemical r e  - 

~ c t i ~ ~ i ;  i n ~ o  man;; cor:+oui?d: ulluer i n v - r c t i i ; ~ t i o n ,  it i s  a l s o  poss ib l e  t h a t  
t r i  ,;urn c.2;: o r i g i n z l l y  c n t c s  s o c ~  suostanccs by non;pecific excnange r e -  
t i t i o n ; ,  211(1, s  u b c ~  queni ly , ue relocated i n t o  nonexcimngeable p o s i t i o n s .  
Furti ler:  t r i ~ l u u n ,  incorpora "ed by a genuine biocnemical reduct ion i n t o  a 
none:. chrlng~a'ule ~ ~ o s i t  ion:  may l a t e r  be moved t o  an exc1:angez'ule one and 
hmce be lo . , t  i n  the  repeated evaporat ions.  I f  tlz. l a t t e r  a r e  not  pe r -  
f o m e a ,  it i s  probable t h a ,  m e r y  compound on t h e  paper  which contains  ex-  
ch ' i n~eab le  hydrogm atoms w i l l  show radioact ivi-cy,  wtieiher o r  no t  it had 
p l a y ~ d  any p a r t  i n  t he  metabolic r eac t ions  under examination. In  s p i t e  of 
a l l  t he se  d i f f i c u l t i e s ,  it seems l i k e l y  t h a t  t he  use of tritium x i 1 1  even- 
t u a l l y  enablc us t o  l e a r n  something af t he  pa th  of hydrogen, althou* n o t  
with ihc ease and completenezs which ou r  s t u d i e s  with cl" have t augh t  us 
t he  pa th  of carbon i n  photosynthes is .  

THE PATH OF CARBON I N  PHOTOSYNTHESIS 

The essence of t h e  experimental procedure employed i n  c14 t r a c e r  
s t u d i e s  i s  t o  maintain p l a n t  ma te r i a l ,  e i t h e r  a n  a l g a  o r  a  l ea f  from a 
higher p l a n t ,  i n  con t ro l l ed ,  constar t  condi t ions under which phozosyr-t-Lhesis 
i: a l l o i e d  t o  cont inue i n  t h e  presence of carbon-14 f o r  varying l eng ths  
of ~ i m e .  The c e l l s  a r e  then k i l l e d  r ap id ly  and ?;he so luble  components are 
ex t r ac t ed ,  end a s s imi l a t ed  r ad ioac t ive  carbon i s  analyzed by means of 
cl-romatographic s eps ra t ion  of t h e  so lub le  components of the  p l a n t  ma-cerial .  
::oL only i s  it de temined  which compounds conta in  zhe carbon-lk,  b u ~  by 
dt t , rnuat ion of these  i s o l a t e d  compounds it can be C&termined e x a c t l y  which 
carbon atoms 1:itliin tile molccule liave become l abe l ed .  

Bj* v a r i a t i o n  i n  onc o r  more of  the  experimental condi t ions ,  such as 
l ig. l t  i n t e n s i t y ,  temperature,  C 0 2  concentrat ion,  l eng th  of exposure t o  
~ ~ ~ 0 ~ .  e t c . ,  it has poss ib l e  io  s tuuy  the  i n t e r r e l a t i o n s h i p s  of many of 
,!I< ~ u r p e c t e d  it~termedialtec i~ ivo lved  i n  the  pho'iosynthe'cic f i x a t i o n  of 
ciiruon d ioxide .  The f i r s t  s ta l l le  coqound in-coht.iic11 c'" was f ixed  xias 
seci1 t o  be t l ie xnree-carbon s u c x  a c i d ,  j-phosphoglyceric ac id  (PGA) . 
!h i s  compound is thcn  reduced t o  t r i o s e  phosphate, two molecules of which 
comr~iiic by a r eve r se  a ldolase  r e a c t i o n ,  TO for111 i ruct0r ;e  diphosphnte. 
From f r u c t o s e  dipnosphate ,  f  ruc iose  monophospkbe i s  formed by the  l o s s  01' 
n p h o ~ p h ~ . t f  group, and glucose phosphate pro duced by t he  a c t i o n  of phospilo- 
f1ucoi:;omerase. Sucrose.  s-curcll 2nd o t h ~ r  polysaccllarides a r e  b u i l t  up f rox  
u n i t s  of glucose formed i n  tiAs way from carbon d ioxide .  





Figure 3, The Photosynthetic carbon cycle. 
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Figure 4. The mrboxydismuta.se reaction. 
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C ) n e  zs~~i:ci of' the x : ac t ions  undergone Vy carbon in pho?;cs)r:~tii.-s.is: . -  - 
I.;!~LCIL di::;erves f u r t h e r  c a r e f u l  examination is whether o r  no t  ;li~:rc e:.;i:;t; 
::olcc, ' : i c t i .~e '  organic coaplex of C02 wiiicll might serve as tle :;uirstr:itt 
Cc:. ilit:  crzrl~oxyl.atioi-i of r i bu lose  diphosphate ,  i n  much Liie same fasiiiorl 
as ':i!cJ,-,ive ' a c e t a t e  i s  t runs fe r r ed  by a c e t y l  Cc~enqme A. There i s  solne 
r,vldencc i n d i c a t i n g  that tile enzytmtic  car tmylat ion of r ibu lose  dipiiosphz-LE 
Lo yield I'GA may no t  be rap id  enough LO :iccoun-i, for t he  requ5.st.d r a t e  fin 
ti le i n  i:r::~t p lant ,  if f r e e  C 0 2 ,  o r  an inorganic species  ikiereof , i s  tllr 
ac-ci~:.~:. :.;u'ustrate for t h i s  r eac t ion .  Tnus, on the  bas is  oi' i n  v i t r o  c-n- 

, . -- z;.n;:z c: -- ,e:;is,, Weissbsch, F t a ~ . ~ ~  and ~ o n ~ ~  have repor ted  t h a , ,  t i ! ~  ~ u r n -  -- 
oTv,cr r n - t e  i ' o r  inis reac-~iol i  i s  slower than would be required i n  tile i n t a c t  
; , l : i r : t ,  nssurninc i;llaii t i i c  c-stimiltes for t he  t o t a l  enzymc concent ra t ion  a rc  
: i : i  r r e .  Also , ~ a c k e r " ~  has reported t h e  unusual.ly iligh 
v i i u c  0:' li,-' for t h e  1 4 i c h n i . l . i ~  cons tan t  ol' t h e  C02 s u b s t r a t e .  

If the re  e x i s t s  any -~r iz i~s l ' e r r ing  m~zchanim f o r  ' a c t i v e  ' C02 it 
r:;i,--i:-. Lc ctxpccted bhn t when G I ~  pho4;osyri~iietic cycle  i s  i n h i b i i ~ d ,  then 
nisxs:l 'r;c-;ll .:e ' GO2 niight be a v a i l a b l e  f or. o-Liner. carboxylnt ion r e sc t ions  . 
7 1. i:: i:i.i,(-,1-~.;-lifi~ t o  note  iiirt when ihe yhotosgmthetic up'iake of CO;, in 

3 r 
:I!: 3 1 p  such :.is Chl~!rell:~ is iriiifiitec5 b;. heavy water (~~0);" mucL norc 
r::;.il.iiL:; i?ir;il u::u:;l 4 s  f'0~1113 i n  c i t r u l l i n c - ;  wi-iicii can a r i s e  from o n i t k i n e  

z > ::;: ;.:iy~)o:::.-l:.-tion rmd ac!rii:::-;ion. LQletiler 0 r not  ";?is coniec ture  fi::~; any 
~ ~ : ! . i c ? I t . .  1-es;:.in; t ~ ,  'ue jf2cI-i . 



I: ~ ; c ; J ' T  t e  ;~ :p j~b . ; td  ,LIL< .JIC;'L ' V I O U ~ ~  be  a C ~ I ' ,  ,:'~l form of' ' ttCti7je' 
C~I;, w!l.icn coulu tie u ~ e c i  f o r  m?;; of t r l t  h:.if-aozm o r  c.ore carooxylntion 
1 - e ~ ~ ~  l b n ~  I I L I ~ C I ~  :,re linodn t o  occur.  1Io~;evcr. mod t of &e;e c;l 'soxyl~tions 
can occs r  cquc311y e z s l l y  ~n d.c  l i g h t  o r  i n  t h e  dark, :!nile h i ~ z n c r ,  -- e t  31.24 

ob?trinci: ividcnce s u & ~ c s z i n ( :  kit ~ r i  ' z c t i  e'  CC)2 was formed i n  ',ne l i g h t  
;ncl riot l r i  the dark.  It is  t n e r f f o r e  poss ib l ?  t::sL t,ii:, l a b i l e  compoma 
infcrr tc l  bj. Metzner, et e l .  i s  not  c. c e n t r a l  form ava i l ab l e  f o r  one of a  -- 
nur,tier of luncLions, b u i  may be a  l a r g  pool  of t h e  uns tab le  +%k,eto a c i d  
men;ioncd e a r l i e r .  Fol loving  OUT usual  techniques of e x t r a c t  ior, and 
cnr~rnzto[;r;~phy, no more than  a minute t r a c e  of t h i s  p-keto ac id  hcis been 
u t ec t ed ,  bu t  it h a s ,  a s  one woulu expect on chemical grounds, been found 
L LO be a very uns tab le  compound, anu f a r  l a r g e r  amounts of i-L may be pre-  
s e n i  i n  tllc l i ~ i n g  c e l l .  This would account f o r  t he  formation of ' a c t i v e '  
C02 i n  tile l i g h t  bu t  no t  i n  t h e  dark,  a s   he presence of t he  f3-keto ac id  
wo~dd be dependent on t h e  pool  of r ibu lose  diphosphate and t h i s ,  i n  t u r n ,  
i s  lmo~.rn t o  be formed IJY a l ight-dependent  r e e c t i o n .  1 

Thc prime func t ion  of t he  photosynthe t ic  carbon cycle  i s  t h a t  of 
f i x i n &  anci reducing carbon dioxide t o  organic ma te r i a l  of a form which can 
be pa~sed on t o  t he  relevan+, s i t e s  i n  t he  p l h n t  f o r  use a s  a bu i ld ing  m:t- 
t c r i t .1  f o r  a l l  those hundreds o r  thousands of cons t i t uen t s  which make up 
l i v i n g  c t l l s .  The product ion of polysaccharides and sucrose from glucose 
derived from t h e  cyclc  has a l r eady  been m e n t i o n ~ d .  Another connection o f  
t h e  cycle   wit!^ f u r t h e r  s j m t l ~ c t i c  a c t i v i t i e s  i s  by t h e  conversion of PGA 
t o  p y n v i c  ac id  ( ~ i ~ u r e  5 ) .  From here,  many important reac t ions  c m  pro-  
ceed. Trarisamination y ic ld ;  a l a n i n t ;  s e r i n e ,  g l y c i n ~  and cys t ine  r r e  :iino 
'uelievcd t o  be derived from pyrui i c  ac id .  Cnrboxykt ion ,  followed by 
trzn~:,mind.~ir?n, produces a s p a r t i c  acid and lis fami ly  of ammo ac ids :  
t , i ixonin t ,  i r  o leuc ine  , mcthionine and poss ib ly  l cuc ine  . From p y n \  z i e  , 
c:>rbon czn en:er the  tricc~.-bo;;ylic :$cia cyc le ,  e l t n e r  by d e c a r b o q l a t i o n  
of p::ruv:*te LO y i e l d  aceirttc.. o r  c a r b o x y l ~ t i o n  t o  fo,m oxalact-. bate.  The 
r i ~ L t : t t f  rind oxa1:icetate can ,hen conuense t o  form c i t r a t e  m d  l a t c r  a-  
I r t t o t , l ~ ~ t : ~ ~ s t e ,  from u i? i c i~  gl~it3rn- c  t~ c id I s  der lved by transamination. 
ti!ut::mic :.cid car1 g ive  r 5 s c  tc 1-wo furth c r  amino a :ids which a r e  founc! 
in !~z.o L C  .Ln : nrg in lnc  clnc, p ro l ine .  I;) rtddl-cion, glycine and ~ l u t a m i c  
2~12 ar( L: LC: i n  i h t  s p i i i e ~ i r -  01 N-fom~lg lyc inamid ine ,  a precursor  of 
IIU(':E ic ;: 'iu; and ; l j ic inc,  k i t 1 1  sucz in ic  a c i d ,  l eads  i h m ~ g l 1  &-amino- 
lc ->d l n i c  r ziti t o   he por$~h:jrlns, c d o r o p n y l l  . cytochromes , e t c  . I n  
2'1 7 ' 1 t2 i .  c l i r r c t i on ,  PGA mhy be reduced i o  pl lospno~lycereidel~ydc a d  t r l p n  

I: '2 P:-IZCC: to ~ihydro: :yact ione pnospra t c ;  t ile l a t t e r  i s  reduced t o  glyel-ol 
11.1o. 11. A L .:I(! c conntc t ion  mace xyl- l,li A t  rou te s  'LO f a t  me~aholir,rn. 
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Figure 5. Bioegnthetic pathapa 



; ~ q ~ p l i t c i  x : i ~ 1 1  n i t rogen ,  t h e  amounts of carbon appearing i n  sucrose a r e  
r . v t i c t~ sb ly  reduced nnJ, irlste?.d, considerably l a r g e r  amounts mow up i n  
L ~ > C  :&, Arlo a c i d s ,  inc luding  glutamic ac id ,  glutamine , and solneiimes 
stir1 11 i n e ,  bnd i n  t l ' e i r  assoc ia ted  organic  a c i d s ,  mzlic ,  f m : l r i c ,  and 
i -  i s .  Cel l s  ;upplicd t r i t l .  n i t r a t e  r a t h e r  thzn armioniz show a  
, :':?:.ix-, ~l-lough l e s s  mtrrked e f f e c i ,  and  it i s  wel l  known fron: o t h e r  
r i ~ i i  Lei, ~ i ~ : ~ t  ammonia i s  much more rap id ly  ass imj la ted  than i s  n i t r a t e . 2 "  

T h i s ,  from t h e  p o i n t  of  view of a p h o ~ o s & t h e t i c  organism, t h e  
, - ~ r b o n  c:,-cle i s ,  i n  a sense ,  tile f o c a l  p o i n t ,  n ~ t  only f o r  iile i n i t i a l  
I I ~ ~ - : L I x  of . c a~%on  (one of t h e  b a s i c  r a w  materials),but i s  a l s o  n c e n t r a l  
)lrnc ,ion and connection between carbohydrate,  f a t ,  amino acid  rid p r o t e i n  
LIE :,iolizrn. Tlhe n e t  result of photosyntne t ic  a c i i v i t y  is the uptake 0;" 

c.:rr'r~o~i dioxide from the  atmosphere, i t s  reduct ion  by mcons of ',lx c n t r t T  
o t t ~  ;:it'ci from sun l igh t ,  a. nd i t s  u t i l i z n t , i o n  i n  many f a c e t s  of cn- ganic 

Lor.ynL~ic;is . 




