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PHOSPHORUS AND PHOTOSYNTHESIS 1, 

DIFFWEEJCES IN THE LIGHT AND D M  I N C O R  

HBATIOM OF RBnIOPHOSPRgTE 

M, Goodman, Do ED Bradley and M, Calvin 

Radiation Iaboratory and Department of Chemistry . 

University of California 

Berkeley, California 

Abstract 

The distribution of radioactivity in metabolites of pho-bosynthetic 

algae exposed to K A ~ P ~ ~ Q ~  in light and dark has been determined by paper 

chromatography and ~adioautography~ The large relative increase of 

adenosine triphosphate in the dark and of 3-phosphoglyeeric acid in the 

light is discussed in relation to tihe mechanism of phosphorylation of 

photosynthetic intermediateso Evidence is given indicating that adenosine 

triphosphate is the first isolable product formed from inorganic phosphate, 

and that uridine diphosphate glucose and adenosine diphosphate are active 

in phosphate metabolismo 

(1) The u> rk described in this paper was sponso~ed by the U, S Atomic 
Energy Comiesiono 



Sinee the mjority of significant photosynthetic intermediates are 

p h ~ s p h o ~ l a t e d , ~ ~ ~ ~ ~ ~ ~  o m  might expect that there would be differences in 

the steady-state distribution of phosphate among intermediate metabolites 

in green plants depending on whether they are photosynthesizing or merely 

respiringo Furthermore, there might be differences in the relative rates 

at which entering phosphate is dist~ibuted among these same intermediates. 

lopU that have heretofore been However, fractionation methods 9 9 9 8 

employed in such studies have not permitted mch chemical characteriaation 

of the fractionso In addition, some of the procedures used, ieee, strong 

acid extractions,6p7s881091' produce irreversible chemical changes in the 

materials 

We have, therefore, initiated a series of investigations of short-time 

radiophosphate assimilations using pper chromatography to separate the 

intermediates, followed by radioautography in conjunction with co-chromhtography 

to locate and identify themo This method permits the simultaneous analysis 

for a greater number of specific campounds with less chemicd change than 

any tecMque previously emplayed, 
12 

Experimental Procedure 

Algae (Scenede sms obliquus ) were grown under controlleh conditions, 13,u 

centrifuged from the growth medium, and resuspended as a 1;$ by volnme stas- 

apparatus shown in Figure lo 

In the light experiments,'' the vessel was illuminated bg two General 

Electric photospots No, RSE placed at 32 em, from the vessel, so as to give 

11,000 foot candles on each side, as measured with a Weston Photocell. 



Water-cooled glass in f~a - red  absorbing f i l t e r s  were placed between the lamps 

a d  the vessel t o  prevent overheating of the l a t h ? ,  The temperature therein 

was controlled bg a surrounding water jacket a t  23O Co In the thirty-second 

experiments two General Electr ic  Reflector Spots (300 watt) were substituted 

for  the photospots, reducing the l i g h t  intensity t o  6,000 foot  s m d l . e ~ ~  

In  the dark experiments the water jauket was f i l l e d  with a black ink 

solution which effectively excluded all l i g h t  from the vesselo The l i g h t  

in tens i ty  on the outside of the jacket was l e s s  than 7 foot candleso 

In all l i g h t  experiments the algae were preillwdnated f o r  th i r ty  minutes 

with a stream of air bubbling th~ough the suspension, I n  all dark experiments, 

the illumination was stopped a f t e r  f i f t een  minutes and the suspension ke& in 

the dark with air bubbling through for  an additEonal f i f t een  minutes t o  stop 
" 

all residual  photosynthetic ac t iv i ty0l3  A t  the end of the adaptation period, 

the bubbler was removed and radiophosphate was rapidly added, The amount of 

carrier-free s2 added as %f04 varied from 0 J  t o  0.75 millicuries depend- 

ing on the  experimentb The air  bubbler w a s  then immediately reinserted i n  

the vessel t o  aid i n  nxki.ngo 

Thirty-second experiments, - After the orthophosphate was added and 

the bubbler re inserkd,  the algae were allowed t o  remain i n  contact with the 

radiophosphate i n  l i g h t  or dark for  approximately 30 seconds, The suspensing 

medium was then rapidly f i l t e r e d  through a large, fine sintered glass f i l t e r  

funnelo The algae, which remained on the f i l t e r ,  were k i l led  by the rap%d 

addition of boiling absolute e t ~ o l o 1 5  The t ine  of the e w r i m e a t  w s s  

measured from the addition of the radfophospbte until. t h e  ethanol was added 

(k L seeo) ,  The hilling sglution was f i l t e r e d  off and collected i n  a second 



flasko $@ bo3,Ifng ethanol was slowly added t o  the dead algae and f i l t e red  

in to  the same f lasko T h i s  w a s  followed by a hot 2@ ethanol extzaction of 

the c e l l  hulks, which were then discardedo 

The combined extracts  were concentrated uuder vacuo a t  room temperature - 
t o  200 do a7.4quots of these concentrates were placed on Whatmann Noo I f i l t e r  

in phenol saturated with water and butanol/propionic a c i d h a t e r  solvents 

(standard solvents) Radiograms were taken of the dried papers with Eastman 

Kodak "NoSc~een" X-ray film,3 and the tracer-containing compounds on the 

chromatog~am located by placing the X-ray film over guide marks on the paper 

and counting the ac t iv i ty  through the %ray fflm. k based on t o t a l  organic ~ 3 ~ -  

ac t iv i ty  were calculated, duplicate papers giving values with an average devia- 

t ion  of * l o o ,  Absolub amounts of ac t iv i ty  fixed were not used in t h i s  work@ 

In the longer t e r n  experiments the exogenous radiophosphate was f i l t e red  from 

the c e l l s  through a e e l i t e  f i l t e r  pad, which was thereafter washed with 100 nile 

of water %o aid the removal of the exogenous radiophosphate from the algaeo 6 

Aliquots of the combined extracts,  obtained as above, and of the resuspended 

c e l l  hulks were counted on aluminum plates.13 In a l l  counting a thin mica- 

windowed, helium-filled, Scot t  G e i g e r - b l l e r  tube was used.l3 

In %he one-how experiments, the algae were exposed f o r  sixty minutes i n  

the light, wit21 a re1atfvel.y BIWU amount of radiophosphate (approximatel$ 0.25 

m r ~ l l i c u ~ i e s )  a t  whhh % h e  a sample was W e n ,  The l i g h t  was then turned off 

and after an additional f i f t e e n  minutes i n  the dark, mother sample was removed., 

In  a separate experiment the l i g h t  and dark conditions were reversedo 

Identif.ka.t;lionss 8 ~ 0 % ~  which were suspected of b e b g  sugar monophosphates 

(HMP), 3-phosploglyceric aci6 (168), and orthophosphate (oP), from the i r  Rf 



v d u e s  in the standard s 0 l v e n t s 3 9 4 8 ~ ~  were cut out, eluted, and resun s e p  

ratelg- i n  a solvent consisting of 2 gmo pfcric  acid, 80 nil, - bbutanoP, 20 mhO 

water (picr ie  w i d  s o l v e z d ~ d ,  one-dimensionally w i t h  100 microg~ams of autheri- 

t i c  e m f  e r s  of OB, %A, f~uetoee-&phosphate (F-6-P), and glucose-&phosphate 

G -  After radf oautog~aphy the paper was sp~ayed fo r  phosphate and the 

charaeterihstfc blue color developed wLth an ul t ravio le t  l i g h t  and in temif ied  

with %so 179'* &act ~oiacidenee of looation and shape of the radioactive spot 

and the phosphate spot was c o n ~ i d e ~ e d  neeessa~y and suff icient  prosf of iden- 

t i t y .  

The nutAeot5.de areas were UewLse eluted and rechPomatographed with 

carr ier  adenosine trf phosphate (ATPI , adenoeim-5 8-phospha%e ( W ) ,  midine 

diphosghate glucose (DDH;),~~ and uridine diphosphate (wp) lS  in 7.5 vol. 

95% ethanol and 3 801. molar ammonium acetate solvent 020 Samples were also 

subJeeted t o  seven-minute hydrolysis i n  Z7. kat 100" C o  mad rerug i n  the 

standard solvents w i t h  m i e r  PMP, uridined"-phosphate ( ~ 1 , ~ ~  anl ribose- 

5u-phosphate0 In tihe case of ATE', W, U n E ,  BnP a9d lJi4.P e=e$ ~obcfderiee of 

radioactivity with u l t ravio le t  absorptive spots of the carrier, observed by 

viewing the absorption of ul~ad@Xs?% light the @bom&etogkam, was %&el 

as proof 0% iderati%yo 21. 

Phosphdihydroqaee%one ( PDU w a s  identf f f ed e~&romatoe;k~ap&y with 

the corresponding area fro= a ewbon-labled c h ~ o m a t o ~ a m ~  The resulting 

single spot containing both s2 and C~ ac t iv i ty  was phosphatased and rechro- 

matographed, the earha aetiviQ' e ~ r r e s p ~ n d i n g  %Q carrier dw&sqaee tone  

while the phosphorus went t o  QPo P h o s p h o e n o l ~ ~ @  acid was identified 

eolely by i t s  Rf value i n  the standard solven%so 3 



In  the exchange experiments, U923 5 x 10~'~ moles of carrier-free radio- 

phosphate were added t o  500 micrograms of authentic samples of =A, G-6-P, 

F-6-P, AMP, ATP, phosphoglyeol, and glycerol-phosphate, i n  a t o t a l  volume of 

0,5 ml, The Mtial pH of %he solutions was approximately 3 and the solutions 

were kept a t  room temperature for  app~oximatefy 312 hours, samples being drawn 

out and chromatographed in the p i e ~ i c  acid solvent a t  appropia te  intervalso 

ATP and glycerol-phosphate seem t o  have hydrolyzed under these conditions. 

Results 

Compounds f sola%eds The radioactivity on the chromatogpama ( ~ i g u r e  2) 

was separated into a t  leas% 10 d i s t i n c t  areas, consisting of OP, Pa, W ,  

sugar diphosphates (DIP), W e e  nwleot ide asea8, and @, mu, and PEfA, 

I n  the &opt time experiments, nucleotide area I was shown t o  consist  

of nearly 100% ATP, while nwleoti.de area I1 consisted principally of UDPG.~  

Bydrolysis shows most of the ac t iv i ty  i n  the two t e rm ina l  phosphate groups 

sf ATP anel. in the phosphate adjacent t o  the glucose of U D S ,  

Mucleotide area 111 gave AM? a d  ribose-5 8-phwphate upon hydrolysis and 

exhibited Rf values intermediate between ATP a& AMP0 It i s  therefore 

considered to be adenosine-diphosphata ( u p )  024 

The HMP mea  w a s  eh~wn t o  contain F-6-P, G-6-P, G-1-P and an W d e n t i -  

f$ed spot which had the ehpomatograpki~ characteristics of ei ther  nuumose-6- 

phosphate (M-6-P ) or sedoheptulose phosphate (SP) o4,l5 

There 5s evidence of l ab i l e  combinations of both',OP and J%A which par- 
4 

ti- daoompsse in $he b u ~ o ~ / ~ r o ~ i o n i ~ / w a t e i -  direction, 'giving r i s e  t o  a 

spt of OF' and of =A d i s t b e t l y  separated from the normal OP and A 

reasomble exphmi-tioa is -that this phenomnon i s  caused by %be presence of 



1,3-diphosphoglyceric acid (DIP;IA), but at present9 we are unable to rule out 

all other possible interpretationsa 

Total. incorporation, soluble and fnsoluble fractions: As it was necessary 

to use carrier-free radiophosphate to obtain measurable mounts of radioactivity 

in the various intermediates, unavoidable isotopic dilution at such coneentram 

tions (_lom5 Md - with iaaaetive phosphate was highly probable, Under these con- 

dftions, total incorporation rates cannot be significanto 

An appreciable amount of activity (20-4@ of the total activity fixed) 

pendined in the cells after extraction with ethanol and water. 6,bl Work is 

in progrees to fractioxmte these iasolubles which presumably contain meta- 

phosphates, phosphoLLpids, phosphoproteins, aed nucleic acids. 6911 

lack of information about this f'raction may cast some doubt an the validity 

of a kinetie study. However, since many of' the intermediates previously 

~hown to be important in metabolism are soluble under the ~onditions used93d&5 

a9 iravestfgatfon ~f the relative rates of incorporation of phosphate i n to  

these compounds fe of considerable interesto 

Kine tic EI 

Thirtpsecond experiments (series IT): The purpose of this series 

was to determine the first isolable intermediate in phosphate metabolism, 6 

If there is but one mechanism for the uptake of phosphate, the first comp& 

formed should contain 10@ of the incorporated radiophosphate as the exposure 

time approaches aero, The results of the short time experiments are given 

in. Table 1, 
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Table 1 

1 %  of total activity in organic compounds 1 
Gompound . . 

3% seeb d u k  29 see, light 

DIP areal U.4 1 39.2 I 

Because of the relatively large amount of radioactive OP on the chromatograms 

~f thEs series, the percentages given ape not as aemrate as in the longer 

term experiments, and. in pticul~b~" the DIP area is likely to be abnormally 

high becmuse of streakbg of the large amount of radioactive OP presento 

However, we m y  conclude that in the dark ATP seems to be the fimt isolable 

compound,26 whereas in the light no single intermediate assumes such prominence, 

with the possible exception of some very labile compound,27 ioe. DIEGA, eta. 

The more even distribution of ac%ivi%y among the fractions in the light indi- 

cates a more rapid turnover rate than fn the dark,l0sl1 in agreement with 

previous ~bseseatfons~ It is sf interest to note %hat in tMrty seconds d l  

of the intermediates cubserved in one-hour exposures are present, necessitating 

even shorter expowe ttbkes %o dfffe~an%iate among them with regard to the* 

order of qparance~ 

One to twenty-five minute experiments (Series I and 11) r These experi- 
0 

ments differed from. the above in that exogenous phosphate was washed from the 

cells -before ki l l ing ,  whereas b the thfpw second experimen%s, time did not 



se r i e s  gave more accurate values .for ac t iv i ty  i n  the organic compoundso The 

resu l t s  are  given i n  Figures 3-5 0 

In  the dark, ATP continues t o  show the character is t ics  of a phaq 

product, while KA is the most slowly labeled ~ e a e m o i r ~  In photosynthesizing 

algae, however, FGA becomes labeled very r a p i m ,  w h i l e  ATE' is not a s  prominent 

a s  i n  the derko28 After a couple of minutes, with the  exception of the above 

compomds, most of the intermediates a re  essent ial ly  t he  same i n  l i g h t  and 

dark, T h i s  does no% indicate tlmt the steady s t a t e  reservoir concentra+tions 

of these intermediates are ident ica l  i~ both l i g h t  Baad dark .since we have no 

specific ac t iv i ty  data, No effor t  was made t o  obtain such data because of the 

possibi l i ty  of multiple reservoirs of the same compound located at different 

s i t e s  within the c e l l  and temporally separated from each other.*r15 

I n  connection w i t h  the W area it might be pointed out that the r a t io  

of ac t iv i ty  hi the  three major components i s  the same within cowitfng errors 

f m of the s i x  p&rts ( S e d e s  I I) i n  l i g h t  and dark, as shown in Table 11, 

These percentages indicate that there i s  ei ther  a very rapid equilibrium 

between the hexose phosphates in %he plant or tha t  phosphate i s  being heor -  

p r a t e d  i n t o  the monophosphate reservoirs  a t  pkaportfond rates,  which i f  so 

would ru le  out their consewtfve formt ion ,  The agreemen% between our valuets 

and the equilibrium values29 suggests that the former mechanism i s  operating 

and i n  ~ d i t f o r n  t ha t  the unknown spot i s  mostly mannose-&phosphateo Ion 

exchange studies give evidence fo r  the presence o f  G-1-P (approximately 6%) 

in t h i s  I-MP apea,aO 



Table I1 

Fractionation of HMP area 
$ of HMP ac t iv i ty  

Dmk Dark Dark Light Light Light 
C ompound 2 mino 11 mino 26 mino 2 mino 11 m i n o  26 mino slein29 

One-hour experiments (Series 1.1): In  t h i s  series algae were exposed t o  

less radiophosphate fo r  longer periods. Since the  ac t iv i ty  fixed was the same 

i n  seventy-five minutes a s  i n  sixby minutes, it was evident that  incorporation 

had ceased at l e a s t  by one hour and that the amount of radiophosphate within 

the c e l l  was t i m e - f n v a r i ~ t ~  Presumably, the specific ac t iv i ty  of all actively 

participating reservoirs is  the same by this time, and the 8 values  able 111) 

for  the ser ies  are p~oportfonal  t o  reservoir s izeso  

Table I11 

Relative Reservoir Sizes  

60 mino light 60 min. l i g h t  60 min. dark 60 mino dark 
+ + 

15 mino dark 15 l i g h t  

HMP 7 02 

ATP 1.7~6 



Exchange experiments: A question might be raised as t o  whether the 

observed dis tr ibut ion of ac t iv i ty  corresponds t o  that existing within the 

organism immediately preceding the killing, 6& Certainly, highly lab i le  

phosphates such as acyl phosphates would never be observed on paper 31 y 32 

except insofar as they might be a source of OP, The observed act ivi ty i n  OP 

(approximately 3C$ of the t o t a l  on the chromatogram) cannot be significant 

since the intrac-ellular OP is combined with a variable amount of exogenous 

and adsorbed 0zp6 and at  present it i s  impossible t o  different iate  among 

them. 

To t e s t  the poss ib i l i ty  of non-enzymatic exchange between radioactive 

OP and the inactive organic phosphates, small amounts of radiophosphate were 

incubated with re la t ive ly  la rge  amounts of selected organic phosphates, present 

in algal extracts  and stable  t o  chromatographyo 
- 

Table IV 

Non-enzymatic exchange i n  two weeks (312 h o u ~ s )  

Activity org. P/ 
Activilx OP 

eoncentration org , P,! Fraction 
Concentration QP fsotopie equilibration - 

!j04 x l$ < 300  x l r 5  

3.8 x 2.3 < 305 x 10-5 

ATP (unstable under conditions used) 

From Table IV, it i s  evident tha t  no appreciable exchange of this t y p  has 

occurred 



b o t h e r  exchange experbent  involved the addition of radiophosphate to  

non-radioactive a lga l  ex t rac t  within one second a f t e r  the ki l l ing operation, 

Chromatography showed but one spot, which was  OFo I n  addition, the possi- 

b i l i t y  of slow exchange among the organic phosphates not involving OP was 

checked, by rechromatographing ident ica l  aliquot8 of an extract one month 

af te r  the experiment (the a lga l  extracts  were kept frozen during the period) 

and redetermining the dis t r ibut ion of radioactivity.  The differences observed 

were not greater than those observed between ident ical  samples chromatographed 

a t  the same time, rul ing out t h i s  type of exchange, The possibil i ty of very 

rapidly equilibrating exchange of t h i s  type still  remains, E~llr~nnatic non- 

metabolic exchange pr ior  t o  or during the k i l l i ng  operation could not be 

checked, 

Discussion 

An analyeis of the information which can be obtained fYom percentage 

appearance curves is  a prime requisi te  t o  sound interpretat ion of the resu l t s ,  

The f i r s t  piece of information is  t h a t  i n  the long-term ser ies  the percentage 

values are proportional t o  reservoir s izes  Additional information may be 

deduced from the shapes of the curves i n  shorter timeso These curves may be 

misleading i f  they are confused with t o t a l  a c t i v i t y  appearance c m e s .  The 

behavior of the s lope  of each curve i s  indicative of the position and function 

of the compound i n  a metabolic pattern, 

A zero s l o p  fo r  a particulas compound indicates tha t  the ac t iv i ty  i s  . 

being incorporated in to  the pcservoir a t  a r a t e  ~ o p o r t i o n a l  t o  the t o t a l  

organic incorporation r a t e  (ToIR), This does not mean tha t  the t o t a l  ac t iv i ty  

i n  t ho  reservoi r  is time fn.garimt, If there is more than one path or mechanism 

fo r  the entrant% of ortho phosphate in to  metabolism, the ra tes  of entrance in to  



this p % h  a s $  be prapm%%aml to TQBEb, A general -my Sn which t h i s  may 

miare f s t h e  f o k l ~ w i ~ : :  The rssesvair is in rap2 d equ$lfbriuan wf %h ezk 

btermed2atte:s h b e e n .  itq and the entkgz~ca p"fEk, =hd %he emkxYm@@ fs %he 

rate sie%ermh",g step, Fa%hermare, %he s-mcfffe a&fvi%y 0% the ressrvoir 

dneorporation of phosphate in%ol p h s f ~ s p A $ l e t k  jbn%~rndLatee probably proceeds 

via ~ ~ ~ ~ 7 9 ~ ~ 9 3 3  In a s n t ~ a s $  $Q ATF ad ;FE;A the distributfon sf adfaaaetivity 

among the other in$e~med%a%ea; seem 

The rapid fabeling of U'DEG s B ~ w s  that  2% is pd):ctfaeEy hpartiefptfng %a 

phosphate metabolfam in gpaead p I a t ~ ,  b o n g  %he p3st~h.ted f u o t i o n ~  of U D R  

ie fts r o l e  aa: a m-gaetsr LQ I ~ ~ ~ ~ Q Q B V ~ P B L O B  of glucose and g~%aCtoseo493~935 

The fact tihat %he heabase nanoph~~pkaatss appear $3 be Sn rapid equilibrim, 



together with the fa& tha t  t ha t  is s h m l b e o u s l y  Pabeled with them, aug- 

gests  t h a t  it might be involved i n  other hexose intereonversions, namely among 

glucose, fructose, and mannose, as well a s  i n  the synthesis of polysaccharides .4 

This, coanclusion is supported by the f a c t  t ha t  a mannose-eoaataining nueleotide 

has k e n  f o d  i n  this area, 4 

The rapid labeling of AIP indicates  tha t  it, too, is actively partici-  

pating in phosphate me&aboli&, There are very few metabolic reactions i n  

which the teagirfmd pbospha$e of f s ut i l ized  as an energy donoro How- 

ever, 12,36937 ATP may react  in such a way as t o  give APE' and pyrophosphate, 

a d  the atepwfse regeneration of *om the AMP and ortho phosphate would 

yield ADP labeled in %he phosphateo 

It i s  s f  i n t e re s t  $0 r e l a t e  the r e s u l t s  with the known elements of res- 

pirat ion and phofosynthesiso~ Figure 6 represents a modified respiratory and 

a photosynthetic scheme in to  which some of QW previous suggestions have been 

heorporated, Thus in the dwk a phosphoryhse reaction originating with 

sucrose and p~lysac&mfdes would bring l abe l  in to  the HMP group of compounds, 

fnc1uding U D E V  which w e  f n  rapfd reversible equilibrium w i t h  each other, 

The very sapid 9ablLng of ATP ta the dark might be brought about through 

for the possible early a p a r a e e  of D I X A  labeled first i n  the number one 

phosphateo There areB of C?QWsev other routes by which ortho phosphate may 

appear in ATPo The negative s l o p  of %he percentage appearance curve rnay be 

taken t o  indicate %ha% this reservoir i s  saturated more rapidly than any other 

SQ far observed ?g- these methadso 

The labeling of the phosphate of %CtB in the dark o c m  at an aecelera- 

%ing rate as efldenced the posf t iae  slope of the percentage curve, and this 



is  accounted for  in  such a scheme by the requirement of the prior labeling 

of ATP aod fructose 1,6-diphosphateY followed by a slow step. 

I n  the l i gh t ,  the negative slope of KW again indicates  its early satu- 

ration, but i ts  lower l eve l  suggests tha t  - the labeled high energy phosphates 

so  produced are  in  greater demand f o r  t h e i r  function i n  GO2 f ixat ion i n  photo- 

synthesis,27p28y38r39p4o leading t o  the production of R;BO This would account 

for  the rapid labeling of I'GA i n  the l i gh t ,  

Acknawledpement: The authors wish t o  express the i r  appreciation t o  
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Captions to Figures 

Fig, 1 - Experimental apparatus for exposing algae to radiophosphate, 
Fig, 2 - Radiogram of chromatogram of 10 mine dark exposure of Scenedesmus 

to radiopho~phate~ Abbreviations used are as follows: OF, ortho 

phosphate; =A, 3-phosphoglyceric acid; Hm, hexose monophosphate 

area; DIP, sugar diphosphates 3 Mucleotide I, p r e d o ~ ~  adenosine 

triphosphate; Nucle~tide 11, p~edominantly uridine diphosphate 

glucose ; Nude otide 111, adenosine diphosphate ; W, adenosine mono- 

phosphate; PDU, phosphodihydraq acetone ; mPA, phosphoenolpyru~ate~ 

Fig, 3 - 4& of adenosine triphosphate as a function of time, 8, in light; 

in darko Ordinate is the 8 of total activity in soluble organic 

campoundso Data is from series 11, 

Fig, 4 - % of 3-phosphoglyeeric acid as a funstion of time, 0, in light; 

8, in dark, Ordinate is the fa of total activity in soluble organic 

compounds, Data is from series 11, 

Fig, 5 - a, % of adenosfne monophosphate; b, $ of widine diphosphate glucose; 

c, % of hexose monophosphates; d, $ of sugar diphosphates as function 

of timeo Ordinate is the % of total. activity in soluble organic com- 

pounds. Data is from series 11, 

Figo 6 - Schematic representation ~f the relationship beween ortho phosphate 
and certain organic, phosphates, Double lines Lndieate phosphate 

transfer; dotted lines, a change in the oa rhn  skeleton; single lines, 

other types of transfs~mation~ "TCA" denotes the tricarboxylie acid 

cycle and "Light Reaction" indicates-methods of converting ortho 

phosphate to high energy phosphate in the form of ATP by means depen- 

dent upon photo-ehmicd reactions and not invo1rLng the reduction of 

602 followed by reoddation of the productso 
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