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MEASTJiEMENT OF PHOSPHOROUs~CARBON RATIOS .. 

. IN SOME PHOTOSYNooSis INTERMEDIATEs 
'+ • ~-.' • • •• 

_4.o_Ao l3e!1Son _ 

Radi~ti~n ·:Laboratory. 

Unlver~~ty of california 

* Berkeley9 California 
____ !_ :__:._ • 

The .majority .of: .the early ~p,t.el'lllediates. of- .carbon dioxide fixation by . . . . - . . . . . ' 

plants _and .. microorganisms now-appear. to_ be pllp_~pho:cylat_ed derivatives of 

hydroxy acids -and, .sugars o - · The ·earliest intermediate which is observed in 

steady state photosynthesis was identified as phosphogl.J:c.eric acid by its 

adsorbtion properties on ion ~nge resins_ and ,isolated as the c:rystal-
. . . . ·. . . . . . . ~ 

line ·pari-qm_ ~alt by. Calv~n and ~p-w0rkers o Subsequent compounds in the 

syn1;4etic,$equence _leading to sucrose were _shown to .have the chromatographic 
1 

properties or several of the . he;ose phosphates, involved ill g:J,ycolysis •. 

Hydrolysis of chromatographically isola~ed phosphate esters by phos-
I 

pha~ase · prf3parations and- chromatography of the products indicated that two 
• . . • ,. • • . . ,' t 

major· phosphates were not, derivatives of expected trioses or hexoses. The 
• •. ' . ' • .,. ' ' . . ' ' • ~ • '• . . . .' I . . 

experiment~ reP9rted in this paper provided part . of . the evidence used in the 
:-,' 

identif~c~tio~ of these as r~bulose 19 5~phosphate ~nd sedoheptulose monophos-
. . .' . : .... - ' . 

phateo .. 
I . 

S4lce the ~ugarS. :w~re unidentifie~it wa~ suspected -~t. a_determina-

tion of the ratio of carbon to phosphore~ in their phosphates should give 
•. e .' :' •. '. . ., ,. ' 

cl:qes. t.o_ their natureo. T.he clo.se relationship .. of the c?romatogra.phic. 

(*) The work described in this .paper was sponsored by the U., ·S. Atomic 
Energy Commissiob.o 
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coordinates of sedoheptulose monophosphate with those of lal()'Wil monophosphates 

and of ribulose diphosphate with the ~o'Wil diphosphates practically estab­

lished the number of phosphate groups per molecule. _It should be pointed 

out that the method used is particularly applicable for unkno~m phosphate 

esters isolated in microgram quantities or less by two-dimensional paper 

chromatography.· 

When the photosynthetic intermediates of a plant are equilibrated with 

both radiophosphate and radiocarbon, j:.he ratios of c14 to p32 in the sepa­

rated phosphate esters provide evidence for their composition. Such ratios 

were determined in Scenedesmus and compared with that of phosphoglyceric 

acid from the same experiment for which the ratio is three. The·ratio for 

any simple compound should be a simple fraction of that for· phosphoglycerate c. 

. 14 
Before complete C · equilipration With a rese:rrvoir of an intermediate,· the 

ratio is a measure of the completeness of such equilibration. A summary of 

the results of preliminary experiments of this type described below provides 

information required for more pre,cise determinations. 

EKperimental.Part 

The green alga~ pcenedesmus (1 gram of cells in 100 ml. of suspensionh 

was eqUilibrated wi t1. 1-2 me. of radio phosphate during 20 hours at moderate· 

light intensity with adequate carbon dioxide. The light intensity was 
' . . . . 

raised to 2,000 foot candles for twenty minutes. The suspension was quickly 

centrifuged and resuspended in water with the same illumination. c14o
2 

was· 

introduced and circulated vigorously through the the solution with a rubber 

tubing pump of small volume2 for periods of five and thii:ty-five minutes 

after which the algae were rapidly killed in five volumes of boiling ethanol. 

The cells were filtered from the solution and re-extracted with 10% ethanol. 
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The total _extract ws concentrated and the eitract of 10...25 mmo3 of fresh cells 
•• '• <·.. .• 1 . I · . 

. was chroniatographed on oxali~ ac;id~washed Wha.tman Noo 1 filter papsri. The 

;:·· ph~~Phate. estei>s are. readily s~para~ed into· three. major ~reas$) phosphoglycerate, 

hexose monophosphates. and the C~pPunds with chroma-tographic properties ()f the '.. . . . . . .. . . --~- . ·.· . . -i4 . . . . . . 
hexose diphosphates o It was k:g.IOWll from the C labeled hydrolysis products 

that the phosPhoglycerate, 'glucose monophosphl\te and the diphosphate compound 

were quite pure while fructose monophosphate is difficUltly se~ated from 

the phosphate of a sugar with chromatographic. properties almost identical to 

those of sorboseo 

The doubly labeled compoUilds whose.positions theradiograms defined 

were eluied and appropriate aqtivi11ies were counted on 3 Cillo discso .The ?
32 

radi~ctivity· was determined by superimposing\ a 12o5 mgo/Gm2 al.uminum absor-
. . 

ber upon the sampleo The absorber was .calibrated 'With pure radiophosphate 

and f'ound to absorb 3% or the p32 ~adiation and ~7% of' the c14 radiationo 

-Hence, ·the P32 radiation could be calculated and subtracted f'rom the total 

c14 plus p32 activities to give c14 radioactivity aloneo 

Since the P32 activity in the chromatogr~ms was in+tially too high'} 

it was· allowed to decay until P
32 

a11d c14 in pho~phoglycerate were ~pprorl= 
mately equalo At this time the me?surements which involve differences 

I . . 

between similar· numbers are ~st _accurateo The results given in Table I 

make it clear that although precision of the measurements could be improved, 

the results serve to demonstrate the rate of equilibration of c14o2 photo­

synthe~is intermediates with the unlabeled metabolic pools as well as the 

nature of the unknown sugar phosphates o 
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Table I 

5 minute Photosynthesi 35 minute Pho_tosvnthesis 

Compound·· 
. Goncentrationi _ c14/P.3

2 
a14;PJ2 c14;PJ2 Cl4jp32 c14jP:2 

~n Scenedesmus rheoreticaJ Measured Standardized Measured StandardlZed 

Phospho­
glycerate 

Glucose 
monophos;;,···- -
phate l.~o=3M 

Fructose plus . 
sedoheptulose· *5.9xl0-4M 
mono phosphates 

Ribulose 
diphosphate 

lo35 

Oo84 
Oo92 

2.0 

(*) Scenedesmus has bee:h ob~erved in several experiments to have 55% sedoheptulose 

phosphate JJl this particular phosphate area. 

Discussion 

The results of phosphoglycerate __ and hexoses degradations in this laboratory 

have shown that both approach uniformity of labeling in ScenedeSmus after about five 

minutes of photosynthesis at high light intensity with no great differences in rateso 

The data for :five minutes of steady state photosynthesis given in Table I 7 however, 

demonstrate 'that although the 1arge phosphoglycerate reservoir rapidly approached 

saturation with c14~ this is not at all true for the_ hexose inonophosphate reservoirs 

which are only about one third as saturated. It is clear from degradation data3 

that the unif'ormity of labeling within c3 units extends into the G reservoirs 6 - . 

even though the latter are in, rapid equilibrium with large reservoirs such as t,hose 

of dextrins and starcho It is reasonable to expect that glucose phosphate radio­

activity will be the most thoroughly diluted by exchange with glucose .from 

• . 

I 
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polysaccharide reservoirso In a kinetic analysis of the incorpo~ation of 
14 . 

C into the intermediates of· ~ucrose synthesis 9 ·there exists a competition 

between int'luX ;of CJ.4,-label~ COmpounds and the dilut.ion of" this radioactivity 
. . . 

by dilution 'br exchange with 'uriJ..flbeled resert'dirso . 

The resu.i:ts ... 6r· the thi.rty.:.:rive. rilin~te c14o
2 

photo~;Ynthesis suggest ··that 

the glu~ose morioPJlo.sphat~ res~no:!,r WaS nearly-'" equll.ibrated with ·c14 a~d 
that the c14;PJ2 -~'tios ·;obabzy'' ci'otild be tiSea'·With. some' relianceo. It' 'one 

accepts the 'sys.tem' as 'only an.·'a':i)pt"oximatibn: to equilibration, 'tile glucos~' 

monophosphate ratio could have been asstllll~d 6o0 instead of choosing P'hos..:. . . -· ' 
- 1 • • - •• ' f ~: ~ ' . , . ' , • '.. .' ,, • . ' 

phoglycerate for a standatd .. · ·Then one obtains a ratio of over seven for 

sedoheptulose monophgsphat~ .and, 2<>4, for_ the ribulose diphdsphate~ 

Determination of Concent;rations,.,of Phosphorylated Metabolites in Scenedesmuso­

A Sc§Aedesmu.s suspension in nutrient solution (c14 in PS) per 100 mlo was 

equilibrated-with· 2 ~co 'r~~o. ·phosphate . d-iu;ing .-2~ 'ho14"s·. photosynthesis· with· 
9 ·~ :::..,_ ·_, ( .., • • • ' • • ":.. 

4% co2 in a,t:r at 3'j000 .r .. -c .. ·The.C1ells were killed in the ~g?t in.. boiling 
. .. \. . - . ' ' . : '. ~ ~ ~ .... ~ ,.. - . . '- ... . : .... 

ethanol and ~oroughly ex~acted with ~ot dilute. ethanol and water:,o. Aliquot 
• ..., • • ••.••. ~ • ' • ..- • • -· • • • : • • .. • • .. ' • ' • • • •. ~ , , j ; ,_ - ~ ' • ' • ~ ,. 

• l .( ' t ·• •....,. r\. f , ••. ' '· • ·• '-' ' I' • 

portions of the' concentrated extract were ·chroinatogta'phed~ . The. specific' ' 

activity of the phosphorous in the eell extract determined by total phosphorous 

determination and p32 measurement was 6., 7 x 1012 cpmo/ gram atomo The radio-

activity of the phosphoglycerate, for example~ was determined by direct 

counting of the chromatogram of extract from 1.,5 mm) o:f cells and .found to 

be 57,000 cpmo Hence, there was 8o5 x 10-9 moles of phosphoglycerate and 

the concentration in the original algae was 5o7 x lo-3 Mo _ Since several. 

P32 -labeled compounds have chromatographic coordinates close to those of" 

ribulose diphosphate~ its calculated concentration may be somewhat less 

accurateo Since the concentration of these esters is known to vary with 

condition of' the culture9 pH light intensity9 etc.,., these results may only 

be considered as typical .. 
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Summary 

The ratios of carbon to phosphorous in several phosphatylated intermediates 

of photosynthetic carbon diox;de fixation have been determined by measuring 

carbon and phosphorous radioactivity wh~n they are saturated with c14 and p
32

, 

The data obtained il'.1. these p;r:eliminary expe:riments with Scen~desmus serve as 

evidence for the identifications for sedoheptulose monophosphate and ribulose 

diphosphate and provide info~tion_regarding the degree of saturation with 
.; . . . 

a-14·rar··a·number of phosphocylated compoWlds. The concentration ·or these 

compoWlds has been .measured~ 

The methods used are particularly applicable for phosphate esters 

is olble by paper chromatography. 
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