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STUDIES 

M. Calvin and J. A.  assh ham#* 
Radiation Laboratory and ljepartment of Chemistry 

University of California 

Berkeley, C ~ l i f o r n i a  

The net  reaction of photosynthesis i s  usually writ ten as 

If we were to m i t e  - d e r  the arrow all the other elements essent ial  t o  the 

various s teps fn the photosynthetic reaction, we would have t o  include phos- 

phorus:, nitrogen, sulfur and a number of metal ions, Of these, phosphorus f s 

thought to enter  i n t o  photosynthesis as a reactant i n  a number af the steps 

fnvolvzd i n  the reduction of carbon dioxide t o  organic compomds, The present 

discussion w i l l .  be con.fined t o  the use of isotopic oxygen, hydrogen, @ar?xn 

Ira ayi$ fnvestfgation of the mechanism of photosynthesis, one of the f b s t  

questions that one would want t o  answer i s  whether the oxygen evolved i n  photo- 

synthesis comes instantaneously from the carbon dioxide, the water or bo%bo 

These various poss ib i l f t iea  are shown i n  the equations below, 

The work described i n  t h i s  paper was sponsored by the Uo S o  Atomic 
Energy C o d s s i o n o  

(**) Ltmn USm9 Office of Naval Research Unit No. One, University of 
California, Berkeleyo The opinions contained herein are  the psivats 
ones of the writer and are not t o  be construed as o f f i c i a l  or ref- 
lec t ing  the views of the Navy Department or the naval service &% 
Imge 



Table I 

ISOTOPIC RATIO IN QXYGW EVOLVED IN PHOTQSYNTHESIS BY CHL0R;ELLAa 

(AFTER ROEEN, RANDALL, hAlBN BND I IPDE)~ 

Substrate 

Tim bet.ween 
dfsso%vfng 

KHC03 + M2C03 
and start of 
Q2 collection, 

m i n o  

a The v o l m  of evolved ozygen was l a rge  eompmed with the amount of 
a%mospheric oxygen present at the hgf -wing  of *he experimenL 

b Calculated values. 



the carbonate and b i c ~ r b o n a t e ~  Therefore, only reactfor, (c)  or  (eP 1, in 

which t he  evolved oxygen or ig ina tes  i n  the w a t e ~ ,  can be correct ,  

There i s  another question regarding the  photochemical evolution of 

oxygen during photosynthesis which can be answered by the  use of i sotopic  

oxygen, Wwburg and co-workers, using the  manometric method, followed the  

oxygen evolution by Chlorella while a l t e rna t ing  shor t  periods of illmillla- 

t i o n  (down t o  one minute) with equally shor t  periods of darknesse6 Under 

these conditions, apparent quantum e f f i c i enc i e s  appoaching one molecule 

of oxygen evolved per quantum of l i g h t  absorbed were observed, These 

workers proposed t ha t  i n  continuous photosynthesis, one molecrile of oxygen 

i s  ac tua l l y  being produced f o r  each quantum of l i g h t  abo rbed  but 2.63 t o  

314 of t h i s  oxygen i s  re-absorbed i n  a light-enhanced back reac t ion  so t h a t  

the n e t  observed eff ic iency is  one molecule of oqygen evolved per f o u r  p n t a  

absorbed. 

This p roposd  presumes t h a t  there  i s  a rapid  equilibrium between the 

measured oxygen gas and the  oxygen within the  c e l l  w a l l ;  otherwise, the 

slcpes of the  curves of oxygen evolved versus time during the  one-minute 

hateaaw&Ls, upon which the  conclusions a r e  based, are rnear~ingless, 

If these proposals and assumptions a r e  cor rec t  and i f  the  gaseous 

;qrgen i n  contact  with the  c e l l  suspension is labeled with o~~~ then the  

rate of en t ry  of 018 i n t o  the  water and i n to  the  organic compounds wi th in  

the c e l l  should be g e a t l y  enhanced i n  the l i g h t  as compared with t h i s  rate 

8 i n  the  dorkOrl Brown, Nier and Van Norman have performed j u s t  such an 

experiment and found no light-enhanced increase i n  t he  r a t e  of disagpemance 

3f 0'' from the  gas phase. 



The above experiments provide information regarding the o r ig in  of the 

evolved oxygen bsst tell us l i t t l e  of the Potemed%ates involved i n  t he  trans- 

9 formation of water t o  okgygen and hydrogen, Dosough and Calvin have inves- 

t iga ted  %he possible increase i n  018 (in the  form of epoxides) i n  xanthophyll 

pigments during photosynthesiso Chhorella were suspended i n  water containing 

h;% ~'%enriched oqgen ,  Bicarbonate w a s  added t o  the suspension which w a s  

divided i n t o  two equal p o ~ t i . 0 ~ ~ ~  One port ion uas allowed t o  photosynthesize 

i n  the l i g h t  while the other  por t ion was kept i n  t he  darko Gas exchange was 

followed with  a Warburg apparatuso Mtsr f ive  hows the d g a e  were een t r i -  

fuged and k i l l e d o  The xantksoghyPls were pa r t i a l l y  pur i f ied by extract ion 

a d  chromatography9 t h e i r  oxygen was eomerted t o  CQ and the  l a t t e r  was 

andpied wf t h  a mass speetrographo The r e s u l t s  w e  shown i n  Table I1 

Tabbe 119 

ISOTQPIC EAT10 IN Oil iGED FOUND IN .XAXTHQPHU 



The investigators were l imited by the f ac t  t h a t  they had only  50 m l o  of 

labeled water and the 018 concentration was only 4%. Isolation of the 

f w a n  and epoxide carotenoids gave about 5 mg* of these compounds together 

with an equal amount of s teroidso Further purif icat ion would have reduced 

the amount of material t o  a point where enough would not be l e f t  fo r  mass 

spekograph ic  analysiso Therefore, the impure sample had t o  be used which 

resul ted i n  an estimated tenfold d i lu t ion  of the 0" sa t ha t  the expected 

increase of 018 content of the carotenoids i n  the l i g h t  would be a t  most 

0 ~ 4 %  as compared with a normal content of OO2$, The accuracy of the mass- 

spectrographic method i s  suf f ic ien t  t o  allow one to  say tha t  the analyzed 

sample from the l i g h t  exposed algae actually contained more 018 than tha t  

from the "dark" algae i n  t h i s  one experiment but no fur ther  conclusions ere 

ju s t i f i ed  a t  present, The r e su l t s  do suggest t ha t  the experiment would be 

worth repeating with higher 018 enrichment of the water and a la rger  quantity 

of  algae, 

Hydr oaen 

Another way i n  which one might study the decomposition of water during 

photosynthesis and perhaps the t ransfer  of hydrogen t o  other molecules Is 

found i n  the use of isotopic hydrogen. Two such isotopes are available: 

deuterium, H?, a s table  isotope; and tritium, s, an emitter of low energy 

P bj par t ic les ,  Since these isotopes d i f f e r  i n  mass from M by a factor o" 

2 and 3 respectively, there is  a poss ib i l i ty  f o r  a much greater difference 

i n  the ~ e a c t i o n  and diffusion r a t e s  among these isotopes than would be 

expected among isotopes of higher atomic weight (such as 016 and 018 or 

and ld23, 
I n  19& Norris, Ruben and &lenl0 studied the photospathesis of 

Ghlorella i n  water containing tritium, These workers found no incorporation 



of tritium into  chlorophyll during photosynthesis. In 194.8, Calvin and 

~ r o n o f f l '  performed similar experiments with deuterium but again the resul t s  

were negative. Although these r e su l t s  may mean tha t  chlorophyll does not 

serve a s  a reversible hydrogen donor, they could be explained i n  a number 

of other ways. For example, the chlorophyll hydrogen involved i n  photo- 

synthesis might be an enoliaable hydrogen which would exchange with water 

hydrogen thus giving the same resul t  i n  the dark as i n  the l ight .  

Another possfbi l i ty  i s  tha t  the chlorophyll extracted from plants is 

the oxidized form of the redox couple involved i n  the photochemical hydrogen 

t ransfer  so tha t  no labeling would be observed even i f  the reduced form i n  

the plant does become labeled. Since one reduced form of chlorophyll, 3,4- 

dikqdrochlorophyll or bacteriochlorophy~'2 can be isolated from photo- 

synthetic bacteria, it might be profitable t o  repeat the labeled hydrogen 

experiments with these organsims . 
C arbon 

By far the greater par t  of the t ~ a c e r  studies of photosynthesis have 

been carried out with isotopic carbon. I n  I939 Ruben and co-workers 13 

11 reported the resul t s  of d a k  f ixat ion of earban dioxide labeled with C 

Earidence was found fo r  the incorporation of carbon dioxide via carbolrylation 

reactions, This type of carbon f ixa t ion  is now known t o  be characteristic 

of +&e incorporation of carbon dioxide by cer ta in  reversible reactions of 

respirat ion which are  qui te  similar fo r  both photoqmthetic and non- 

photosynthetic t issue. The short halflife of C~ placed a severe l imitation 

on the type of experiments tha t  could be carr ied out with th is  isotope. The 

hereased avai labi l i ty  of CU a f t e r  1945 made possible more elaborate experi- 

ments 



In the early 

carbon dioxide by 

9 UCRL1861 

experiments with c14, the dark fLxation of radioactive 

algae was studied, It soon became apparent that the incor- 

poration of carbon dioxide in the dark by algae was greatly dependent on the 

previous condition of light or dark, the uptake of carbon dioxide being 

twenty times as much in the dark immediately after illumination as in the 

dark without preillumination. JA 

The processes of photosynthesis are indicated schematically in Figwe k o  

The left half of this diagram represents the absorption of light by chloro- 

phyll and the transfer of this energy, resulting in the photolysfs of water 

and the formation of oxygen end hydrogen, the latter in the form of some 

unknown reducing agent which acts as either a hydrogen carrier or an electron 

donor, The overall reaction for this process may be written 

2H2b + light > 4 [H] + o2 
chlorophyll 

The right portion of the diagram represents the reduction of c a ~ b ~ n  

dioxide to carbowhate or other organic end products of photosynthesis 

through a number of unspecified intermediateso The net reaction for this 

process can be written 

co, + 4C47 6~203 + %O 

The separation of the process of photolysis of water from the reduction 

of carbon dioxide is based on several. kinds of evidence incluuing the result 

of studies of the origin of the evolved oxygen dresdy discussed, Further 

evidence for this separation was found in the enhznced carbon dioxide dark 

fixation following pre-illumination, In order to show that the latter effect 

was similar to the reduction of carbon during photosynthesis, it was neces- 

sary to compare the intermeiriate products formed in the two cases and this 

in turn involves labeling, analysis and identification of compounds A, B, C, 



.too i n  Figure 1.15 When t h i s  comparison was made, usin& the techniques 

tha t  w i l l  be described l a t e r ,  the products formed were found to  be quite 

similar f o r  photosynthesis and preil lumhated dark f ixat ion and very dif- 

ferent  f o r  non-preilluninated dark f ixat ion,  

It soon became clear  tha t  f o r  the many experiments which would be 

required, it would be necessary t o  have available i n  the laboratory a 

eonstant source of plant material with properties which would vary as 

l i t t l e  as possible from time t o  time, FOP t h i s  purpose, the conditions 

of growth would have to  be eas i ly  reproducibleo These requirements ape 

best sa t i s f ied  by the unicellular algae, such as  Chlorella and Scenedesmuso - 
I n  our laboratory, these algae are gro-m i n  f lasks  mounted on a shaker and 

immersed i n  a thermostated bath and illuminated from below. The suspension 

of algae is  withdrawn every other clay, 1% of the volume being l e f t  in the 

f lask  a s  an fnocculum t o  which f resh  inorganic n ~ t r i e n t  solution is added, 

The growing algae are aerated with carbon dioxide-enriched a i r .  We have, i n  

effect ,  continuous cul tures  which have been m f n t d n e d  f o r  four months or 

more. The harvested algae are  centrifuged, washed and resuspended in a f l a t  

i l luninat ion vessel,  shown in F i g w e  2 ,  A atre- of cmbon dioxide-enriched 

air i s  bubbled though  the suspension during i l l w i n a t i o n  u n t i l  the algae 

reach a steady state sf photos j~nthes is~  A t  the s t a r t  of a normal plioto- 

synthesis experiment, a sui-babie m o u n t  of ~ L l a b e l e d  sodium bicarbonate i s  

injected in to  the suspension w d  photosynthesis i s  allowed t o  proceed f o r  a 

prpede%effmined number of seconds, a f t e r  which the l u g e  stopcock at  the bottom 

of the f lask  i s  opened and the algae run rapi5ly in to  boiling ethanol t o  s top 

enzymatic react ionso 

In  the case of preiUumhation experiments, the procedure i s  the same 

except tha t  a t  the mment of in jec t ing  the radiocarbon, the suspension is 

placed i n  the dark, 



I f  a study of carbon reduction as a function of time is being made ( in  

e i ther  l i g h t  or dark) aliquots of the suspension are allowed t o  pun from the  

f lask  in to  the alcohol a t  measured time intervalso I n  some experiments, 

leaves of higher plants, such as soy bean or barley, a re  used, i n  which case 

a flat illumination vessel with a detachable face i s  used, A t  the start of 

the experiment, labeled carbon dioxide i s  admitted t o  the chamber and a f t e r  

the exposure the reaction i s  stopped by removing the face of the vessel and 

plunging the l ea f  in to  alcoholo 

After the plants have been k i l l ed  and e x t ~ a e t e d  by 80% alcohol in 

water and then by 2@ alcohol i n  water, the radioactivity incorporated in to  

non-volatile compounds is determined by removing a small aliquot of the 

extracted material and mounting on zn aluminum plate  f o r  counting with a 

Geiger-Muller counter, The insoluble material  i s  resuspended and s M l a r l y  

counted, It was found tha t  i n  shor t  periods of photosynthesis nearly a l l  

the fixed radiocarbon i s  i n  the soluble ex t rac t  as is seen i n  Figure 3, 

The analysis of the radioactive compounds can then be carried out,  

Preliminary fract ionat ion of the products of carbon dioxide f ixat ion fndi- 

eated a very complex pattern even i n  rather  short  periods of photosynthesis. 

FortuaateJy, a method which had been developed by Consden, Gordon and Y l a p t b  16 

%or the analysis of amino acids proved a p p l i c ~ b l e  t o  the analysis of the 

poduets of carbon dioxide f ixat ion,  This method, two-dimensional paper 

ehromatographjr, w a s  combined with radioautograpky t o  give a relat ively simple 

and complete method of separating and detecting the ~ ~ ~ - 1 a b e l e d  productso 

The extracts  a re  combined and concentrated t o  a small volumeo An aliquot 

of t h i s  material i s  then run onto a small area i n  the corner of a large 

square sheet of f i l t e r  paper and dr ied with an a i r  stram, The cfuPomatsgra 



i s  then developed i n  the usual w d 7  giving .a two-dimensional distribution 

of dl the extractable, soEuble compomds from the plant except for  those 

which were vo la t i l e  or ustable under the eonditLons of a.ndysiso 

A sheet sf X-ray film i s  then placed i n  con-baet with the @hromtogram, 

The C~ in the labeled eompomds emits bets  part ic les  which expose the film 

a% the positions of the mmpounds, I n  t h i s  w a y  we are able t o  locate pre- 

c i se ly  those esmpaurads i n  which we a re  interested, A radioautograph of 

the carbon f ixat ion produets of s ixty seconds photosynthesis by ChloreUl 

is, shorn i n  Figme 4, This photopaphie f f h  corresponds to s chromato~am 

on which the origin is  near the lower s igh t  corner, The f i r s t  solvent 

used t o  develop the c h o m t o g r m  was phenol-water, ruining from r igh t  t o  

l e f t ,  and the second solvent was butand-propionic acfd-water, - k g  

bottom t o  top, 

Af%er the analysis of the extract  bj. paper ehomatography ana detee- 

%ion of the radioactive eompo~~~ds by the  raciioautsgauaph, the nexb majoz 

problem is  the ident if icat ion of these c o m p ' ~ 1 ~ d s ~  

The f i r s t  s tep  in i d e ~ ~ f y i n g  +,he con;p~'mds corresponding t o  darkened 

areas of the X-rw f ib ,  (ggspots""ais %o estsblf sh the position of a n m  

br. of known coapsun6is 9.n the p a r t i c d a r  cbomatsgraphfc system used, 

This is usua%ly acaom~llshed %y chmmatsgsa~ing h o w  zlaslCabled c o m p o ~ s  

on the paper ehornatJagam by meas ~f suitable chemicd s p x y  t e s t s o  These 

chem5.ed sprays (which a r e  sometims fallowed ky heating of the paper or 

other development methods) cause a color t o  develop with  the compound, thus 

&Pewing it t o  be seen, Usudly, different  classes of eompo-ids ~equiffe 

different spray t e s t s o  For example, amins acids are detected wfth ninhydrin 

18,k9 
sprsy,L6 phosphates with ammonium molybdatc, ketoses wi%h naphthorecor- 

c i n o ~ ' ~  and aldoses with aniline hydrogen phttdate ,21 Carboxy1.k acids 



A 

often can be located by means of a pH inhioator sprayoL2 Occasionally, 

when synthetically labeled radioactive compounds are available, they ape 

chromatographed and detected by means of the i r  raciioactivity, 

a f t e r  the gositions of a number of compounds have been determined i n  

a given solvent system, a map i s  prepared of these positions, 

The second step i n  identifying a new compound is t o  conpare i t s  

chromatographic position with tha t  of the cornporncis on the map, Such a 

comparison often provides an excellent clue as t o  the nature of the eorii- 

poundo Further ident if icat ion depends on a number of observatiom i n  

which the compound i s  eluted from the paper, treated @hemically and the 

resul t ing material chromatogr.s.phed a second time t o  determine whether or 

not the supposed chemical transformation has taicen place i n  the radio- 

active compound, 

FOP final identification, the unknown raiiioaetive material i s  tho- 

matographed together with an authentic sample of the suspected substanee 

and complete coincidence of the radioactivity, as aefined by the spot on 

the X-ray film, with the known material, as defined by some colored or 

otherwise v is ib le  product, i s  observed, This type of eo=-chromatogram, when 

carefully interpreted, provides an unequivocel i d e l i t i f i c a t i ~ n  since not 

only the positions of the radioactive and colored spots must eoinoicie but 

the f i n e  i r r egu la r i t i e s  around the edge of the spot caused by the struetlipe 

s f  the paper must exactly coincide also, The Patter provi.de almost as 

unique an ident if icat ion as a fingerprint,  

Through the use of these methods of identification, a number of the 

early compounds formed during photosynthesis have beer Ldentified as show 

i n  Figure 4, The radioactivity incorporated i n  a given compound can then 



be measured bj cutting out the area of paper containing tha t  p ~ t i c u l a r  com- 

pound, as indicbted by the spot on the X - r a y  f i b ,  e lut ing the compound from 

the paper and mounting on a plate  f o r  counting, 

A f a s t e r  but s l ight ly  l e s s  a e c u a t e  method of determining radioactivity 

aonsists of counting the spot d i r ec t ly  on the paper by placing a thin-window 

Geiger tube d i rec t ly  on the spot, The fraction of the t o t a l  radioactivity of 

$he spot registered by the counter in t h i s  ease i s  about one third tha t  

obtained from a plate of the same meterial and is  f a i r l y  constant for  eU cU- 
labeled organic compoun6so 

When thfs  was done, it  was found tha t  i n  very short  times the radio- 

a c t i v i t y  is  incorporated i n  only a few compounds, The r e su l t  of 10 seconds 

incorporation of ~ ~ ~ - 1 a b e l e d  bicmbonate by i s  shown i n  F i y r e  5. 

A considerable p a r t  of what is  known about the path of carbon reduction dur- 

ing photosynthesis is indicated by t h i s  one chPomatogram, F i r s t  of all,  k t  

i s  seen tha t  nearly dL1 the radiocarbon i s  fourad i n  phosphor~lated compoundso 

T h i s  is indicative of the important ro le  phosphorus pPws i n  carbon reduction 

in photosynthesis, 

Secondly, over half the radioact ivi ty  is  found i n  one cornpound--phospho- 

glyeerfc acid, A t  5 seconds exposwe, more than 8@ of the radioactivity 

i s  found i n  I?CAo If the percentage sf tot& radioact ivi ty  found i n  E A  is 

given as a function of time of exposure, we find t ha t  i n  a series of experf- 

merats with d i f fe rea t  exposure times, t h i s  function approaches 10& at  zero 

time. Thus, KA appears t o  be the f f r s t  product of carbon dioxide reduction 

tha t  we  can see by th f s  method sf analysis, under these conditions of photo- 

synthesis. 

If we look at the other compounds tha t  are labeled i n  th f s  short time, 

we  f ind  among them a trkose phosphate, hexose monophosphates and hexose 



diphosphateso These compounds suggest the  formation of hexoses from phospho- 

glycer ic  acid v i a  t he  well-known revers ib le  react ions  of glycolysiso 

F ina l ly  we should note f o r  l a t e r  reference, the  ear ly  appearance of pentose 

and heptose phosphateso 

Having devised a means f o r  following the  incorporation of carbon dioxide 

i n t o  d i f fe ren t  compounds, it becomes equally important t o  f ind  s way of observ- 

ing the  r a t e  of l abe l ing  of individual  carbon atoms of each compoundo Thus, i f  

phosphoglyceric acid i s  formed by a carboxylation reaction,  we would hardly 

expect t h a t  the  raaiocarbon would be uniformly d i s t r ibu ted  among the  three  car- 

bon atoms of t h i s  molecule a f t e r  sho r t  exposures t o  labeled carbon dioxide, 

When a chemical degradation of g lycer ic  acid, obtained from hydrolysis of pho8- 

phoglyceric acid,  i s  car r ied  out, near ly  all the  radiocarbon i s  found i n  t h e  

mrboxyl pos i t ion  when the  period of photosynthesis with radiocarbon has been 

only 5 secondso After longer periods, more of the  t o t a l  radioact iv i ty  i s  found 

i n  the  other two posit ions.  

I n  Table 111, severa l  examples of these degradations a r e  shown, From 

these  r e s u l t s  w e  f ind  support fo r  several  proposals regarding the s p x f f f e  

s teps  i n  carbon dioxide reduction, 

It appears t h a t  PGA i s  formed by a czrboxylatfon of a two carbon compound 

and t h a t  t h i s  carbon dioxide acceptor is labeled at an equal rate between the 

two posi t ionso Furthermore, t h i s  r a t e  i s  qu i t e  slow compared with the r a t e  of 

the  primary c a r b o q l a t i o n  which ind ica tes  t h a t  t he  two-carbon compound i s  no t  

formsd by a d i r e c t  coupling and reduction of two molecules of carbon dioxide, 

espec ia l ly  i n  view of the  f a c t  t h a t  no l a rge  rese rvo i r s  of labeled two-carbon 

compounds have been found a f t e r  sho r t  periods of photosynthesis with ra2ioc;*bonO23 

The possible re la t ionsh ip  of g lycol ic  acid  t o  the  two-wrbon CO acceptor i s  2 

indicated by t he  degradation datae 



L5 m a .  A) 



The agreement of the degradation for  sucrose and for  phosphoglyceric acid, 

provides fur ther  evidence f o r  the formation of hexoses b~' t he  reversible reac- 

tionsof gljrcolysis. I f  two molecules of I)GQ were reduced and condensed to  

hexose, we would expect carbons 3 and 4 of the hexose to correspond i n  label- 

ing t o  the carboxyl of the PGA and carbons 1, 2, 5 and 6 of the hexose to  cor- 

respond t o  the a and i j  carbon atoms of PGA, as indeed they doo 

These conclusions are summariaed i n  Figure 6, in which the path of carbon 

from carbon dioxide t o  hexose i s  indicated, 

There remains the problem of the regeneration of the two-carbon GO accep- 2 

to r ,  The reasons for  not believing it t o  be formed by d i rec t  coupling and 

reduction of carbon dioxide have been indicated, koreover, i n  short exposures 

of the plant t o  radioact ivi ty  (30 sec, or less ) ,  it i s  possible to  account fo r  

v i r tua l ly  all the carbon fixed (95% or more) i n  the form of soluble compounds 

which can be chromatographed and detected by radioautogaphy, Sfnee the a aild 

@ carbon atoms of FGA (and hence of the 2-carbon CQ2 acceptor) are  appreciably 

labeled i n  these short  times, t h i s  means tha t  the Go2 acceptoz i s  probably 

derived from some of the labeled eompounds tha t  a m  seen i n  these exparbentso 

I n  order t o  appraise t h i s  possibi l i ty ,  a more detailed study sf the phos- 

phates seen i n  Figure 4 i s  necessary, I f  one takes each of these eompounds or 

groups of compounds and subjects it to  a phosphatase enzyme and than chramato- 

graphs the resul t ing compounds, one obtains chromatograms of the phosphate- 

f r e e  compounds which often are  more easi ly  separated and ident i f ied than the 

or iginal  phosphates, 

Figures 79 8, 9 and 10 show such chromatogamso The hexose and heptose 

monophosphate areas from a chromatogram similar t o  tha t  seen i n  Figure 4 have 

been t reated with phosphatase and the resul t ing f ree  sugars chromtographed, 



When t h i s  i s  done f a r  d k  the phosphate e s t e r s  on the ~homatogram, there are 

found, i n  addition t o  those compounds &eedy mentioned, two sugars which do 

not have my k n ~ m  comast ion with the g l y c ~ l y s f s  schemee These are sedohep- 

% d o s e  and ~ f b u l o s e ,  seven and f i v e  carbon ketoses respectively,  Since each 

of these sug=s, f n  the  form of phosphates, becomes labeled in very shor t  times, 

cane is tempted %o assfgr, t o  them a role i n  the regeneration of 2-carbon oom- 

pounds. One such scheme which has h e n  proposedY is seen i n  Figure 11. 

I n  t h i s  scheme, f o r  each two molecules of the Cg compcund (-1, formed 

by aarbozylat%ons sf two C2 e o m d s ,  one fs used in hexose synthesis  and one i s  

fu r the r  e~~kinxy9at+ed t o  give a f o w  carbon comp~k~tad~ Thfs 64 cornpourad f a  reduced 

and condensed with a G3 tc give a G7 su,igxr which then ~plfts to Cp and a C5 

sugap, The l a t t e r  sp l i t s  t o  GT and C2, completing the  cycle. The net reac t ion  

i s  the reduction of three e a r b ~ n  dioxide no%ec%eles t o  one half  a hexose mole- 

cule f o r  each t w n  of the cyePe, The driving force which bnns t h i s  cycle 

wodd be, of ' " , O ~ S F ~ ,  the  reducing agent, famed by the  g h o t o v s i s  of water, 

which reduces; c.xrboxy%lo acids t o  d d e Q d a s  and d e o h o l s  at appropriate points. 

The d s s i n g  Pi& in this scheme i s  the lack of appearance of four  carbon 

acids and sugws i n  exprhen t l s  thus fa ro  However, some malic and a s p a t i c  

acids have been fouad labeled i n  fairly shor t  t tbes  and while these  acids are 

not believed to be i r t e r m d i a t e ~ , ~ ~  they m q  w e n  be indicators  of ac tua l  i n t e r -  

mediates, Perhaps %he a a t u d  four carbon intermediates, i f  there are any, a r e  

present i n  such small concentrations that they are ao t  seen even the sensL- 

t ive  t r a c e r  method , 

One edqerimeat which fndioatcw tbt this m y  be the case was a ten-second 

exposure of  soy bean leaves t7 c*%. The d i s t r i bu t i on  of radiocarbon i n  t he  

soluble compouabds w a s  as follows: PGA-=32%, sedaheptxilose monopnosphate-2&, 

f e w  tose monophosphate-1% glucose nono2hosp.hate-6$ t r i o s e  phosphate-8%, 



pentose diphosphate and monophosphate-%, phosphoenol pyrmvic acid-%, This 

result may indicate that the four carbon carboxylation product is so rapidly 

reduced and condensed with a three carbon compound that the compound which 

actually indicates this carboxylation is sedoheptulose monophosphate, 

Other explanations of the early appearanee of sedoheptulose are quite 

conceivable, One such possibility is that the four carbon fragment arises 

from splitting of hexoee to a C2 fragment and a C4 fragment, In any event, 

further experiments in which constantly improving chromatographic methods are 

combined with more degradations and more accurate kinetie experiments, should 

help answer the question of the actual mechanism of carbon reduction in plants, 

Phosaborug 

The importance of phosphorus in the processes of carbon reduction during 

photosynthesis is apparent from the foregoing disoussion, While most of the 

tracer investigations of phosphorylated intermediates in carbon reduction 

employed c14, P~~ has served as a valuable auxiliary tool for this purpose. 

In some experiments, both c14 and pj2 were administered in the same experiment, 

The radioautographs of the chromatographed products of such an experiment are 

shown in Figures 12 and 13, In this case Scenedesmus were suspended in a solu- 

tion containing radioactive phosphate for 20 hours and then were allowed to 

photosynthesize for five minutes with c14-labeled bicarbonate before killing, 

Since tho radiophosphorus emits a beta particle with a much higher energy than 

does radiocarbon, one can place two sheets of X-ray film on the developed chro- 

matogram with the result that the film next to the paper will be exposed by the 

beta particles from both the phosphorus and carbon while the top film will be 

exposed by radiation from the phosphorus only, the cubon &%as having been 

entirely absorbed by the first film, Then if one waits until a number of half 



l i v e s  of s2 (14 days) have expired 

a racIioautograph of the carbon only 

and plaeas a fresh f i lm or; the 

i s  obtainedo By superimposing 

chromatogram, 

the two films 

we can see at once which compounds have became labeled with both tracers and 

t h i s  i n  turn indicates which carbon compounds a r e  phosph~rylated~ 

If an experiment i s  carried out i n  which the plants are exposed to  radio- 

carbon and radiophosphorus suff icient ly long t o  saturate the soluble compounds 

i n  the  plant  with both t racers  and i f  the usual chromatographic snalysis is  

 mid outa one can then ~ouaat the carbon ac t iv i ty  and phosphorus ac t iv i ty  i n  

a known c~rmpoUBd~ using suitable absorbers. By comparing this r a t i o  ( P ~ ~ / c ~ ~ )  

1 12 with tth h o r n  r a t i o  of 9 /6 f a r  phosphoglyceric acid, ~ e n s o n ~ j  vas able t o  

c d a u l a t e  the $',/G~~ r a t i o  for other unknown oompomds appearing on the chro- 

matogram by measuring the ~32/~14 r a t i o  f a r  these c o m p o ~ s ~  

The use sf tracer  phosphorus i s  &so applicable t o  phosphate compounds 

which are not labeled by carbon during phot~syrzthessis~ Several studies with 

radiophospho~~~% and photasptkro?tfe organisms have h e n  p e ~ f o m e d ~  In  most 

cases, the fractionation of the products has b a n  accomplished by means of 

cxcractions. Arunoff and ~ s l v i n ' ~  found no d i rec t  corssction between gross 

formations of organic phosphsms oompoaaaads -d phot~syntkresis or photochemical 

~eductfsns  whm &hey s r p w &  6 k 1 ~ 9 r f U ~  to a solutfon of radiophosphate i n  the 

l i g h t  and f n the darko  ama an,^^ and Sirnocis and s rube,^^ working with various 

orgm-ism8 and condi%isns of exposure a d  s x t ~ a c & i o n  found some differences 

between the content of cer tain fract ions a f t e r  exposure to t racer  phoa- 

phoras i n  the  l i g h t  and that of these fractions i n  the darko 

Just as f r ~  the case of the studies with rd iomrbon,  a much more satfa- 

faatory method of studying the labeling of cornp~xmds with t r ace r  phosphorus 

during photosynthesis in the l i gh t  and i n  the d z k  i s  t o  be fo-iid i n  the use 



of chromatography and radioautography as methods of analysis and detection, 

Such experiments are now underway in the Berkeley laboratory*** and only pre- 

liminary results can be reported at this time. In Figme L$ we see the radio-- 

autographs of the products of one-minute fixation by Scenedesmus of ~3~ in the 

dark and in the light, The intensities of the spots are not comparable in 

these experiments but the rapid conversion of inorganic to organic phosphate 

is worth notingo In the one-minute photosynthesis experiment, 7@ of the soluble 

compounds is in the form of organic phosphates, In this experiment the algae 

were waghed three times with distilled water befo~e killing (requiring about 

15 seconds) and then killed and extracted with 8@ ethanol in water, 2@ 

ethanol in water and water The combined extracts contained 80% of the total 

fixed activity, It is hoped that through such experiments the path of phos- 

phorus in photosynthesis may be tracedo 
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Figwe 2 - Appastue  f o r  cdposing a aussprgion of algae t o  ~ 1 4 0 ~  during photo- 

synthesiso  This sqe r imen ta l  arrangement ineludes f la t  i l luminat ion 

vessel ,  f luorescent  l i g h t s ,  gas c i rcu la t ing  system and continuous 

recording sy s t e n  f o r  measuring r ad ioac t i v i t y  of G% 2" 

F i p e  3 - Comparison of C~ incorporated into d l  plan t  consti tuents during 

photosynthesis ~ 5 t h  t ha t  incorporated i n t o  soluble compoundso The 

so1ubke sompomds a r e  those extracted by 8@ ethanol in water and 

2@ ethanol in watero 

F l y k e  6, - R a d l ~ p a m  of soluble ecmpomc3.e formed during 60 seconds photo- 

ayxthesis  with Gh'$orebkao cells killed a t  end of experiment try 

8@ ethanol i n  water a t  room %e9ipe?raturpso Light in tens i ty  was 

5,000 fm% c a d l e a  from each aide  of the iUumination vesse lo  

Figure 5 - Rad20~a.m of soluble eompuniia formed d u ~ f n g  BO seconds photo- 

syxthesis with Ssenedesmuso Other a q e r i m e n t d  conditions a re  

the same as the  experiment in Figze .& 

Figure 6 - 
Figure 7 - Badiogaam of smgws ~ b t a i n e d  by phosphatase hydrous i s  of the 

" hexose monophosphate '' a rea  f ~ o n  a chromatogram of soluble eom- 

pounds famed in 4 minutes photosp thes ia  w i t h  Scenedesmuso 

Fik=e 8 - Co-@ka;Pomztography of unlabekd a x t h m t i c  s u g a s  with labeled 

sugars obtained by phospha'tase hydl-olyafs of the "ribose phosphate" 

shown i n  P igwe 

Figwe 9 - Go-ehromztograpbg of unlabeled au%bs~P,%c s u g u s  with labeled 

sugars obtained by phosphatme k.ydrolysis of the " r i b d o s e  phos- 

pha$er%how~ iz?, FIgma Lo 



Figure fO - Go-chromatography of unlabeled authentic sugars with labeled 

sugars obtained by phosphatase hydrolysis of the 'tdihydroxyacetone 

phosphatet1 shown i n  Figme A. 

Figure U. - 
Figure I2 - ~ L l a b e l e d  compounds formed during 5 minutes photosynthesis with 

CU-labeled bicarbonate with Scenedesmus which had been exposed 

t o  ~ 3 2  for  20 hours. This radiogram was obtained by exposing 

X-ray fi lm to  the chromatogram a f t e r  essentiallg. all the P~~ had 

decayed, 

Figure IJ - $'-labeled compounds found i n  the sams experiment as t h a t  des- 

cribed i n  Figure 12. This radiogram was obtained by exposing a 

sheet of X-ray film t o  the same chromatogram as i n  Figure 12 

short ly  a f t e r  the experiment w a s  p r f o m e d  and using a sheet of 

exposed film t o  f i l t e r  out the low-energy cU beta par t ic les .  

Figure L!+ - Radiogram of @2-1abeled compounds formed by 1 minute exposure 

of Seenedesm t o  ~3~-labelcsd phosphate i n  the l i g h t  and i n  the 

darko I n  each case, the Scenedesmus had been adapted t o  photo- 

synthesis i n  the l i g h t  previous t o  the experiment, The exposures 

in the two radiograms shown cannot be compared as t o  intensity,  

due t o  differences i n  experimental conditions and film exposure 

times 0 
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