
Lawrence Berkeley National Laboratory
LBL Publications

Title
The Path of Carbon in Photosynthesis. XVI. Kinetic Relationships of the Intermediates in 
Steady State Photosynthesis

Permalink
https://escholarship.org/uc/item/0fp592hh

Authors
Benson, A A
Kawaguchi, S
Hayes, P
et al.

Publication Date
1952-06-01

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/0fp592hh
https://escholarship.org/uc/item/0fp592hh#author
https://escholarship.org
http://www.cdlib.org/


·' ! 
f 

' I : 

I> 

>w 
.J 
w 
~ 
~ 
w 
m 
I 
<( 

z 
0:: 
0 
LL 
.J 
<( 
u 
LL 
0 

>-
1--
(f) 
0:: 
w 
> 
z 
:J 

TWO-WEEK LOAN COPY 

This is a Library Circulating Copy 
which may be borrowed for two weeks. 
For a personal retention copy, call 
Tech. Info. Diuision, Ext. 5545 

I 

\ 

UCRL- ~t>o8 REV, ·--

RADIATION LABORATORY 



, UCRL-1658 Revised 
Unclassified-Chemistry Distribution 

UNIVERSITY OF CALIFORNIA 

Radiation Laboratory 

Contract Noo W-7405-eng-48 

THE PATH OF CARBON IN PHOTOSYNTHESIS., XVI., 

KINETIC REIATIONSHIPS. OF THE INTERMEDIATES IN STEADY STATE 

PHOTOSYNTHESIS 

Ao Ao Benson, S, Kawaguchi, Po Hayes and Mo Calvin 

June 5, 1952 

Berkeleyp California 



. . 
- .2- UCRI,..l658 

Revised 

THE PATH OF G.ARBON IN PHOTOSYNTHESISo XVIo 

KINETIC RELATIONSHIPS OF THE INTERMEDIATES IN STEADY STATE 

PHOTOSYNTHESIS 

Ao Ao Benson» So Kawaguchi9 Po Hayes and Mo Calvin 

Radiation Laboratory and Department of Chemistry 

University of California~ Berkeley1 

ABSTRACT 

A kinetic study of the accumulation of cl4 in the intermediates of 

steady state photos.ynthesis in c14o2 provides information regarding the 

sequence of reactions involvedo The work described applied the radio= 

~hromatographic technique for analysis of the labeled early productso The 

·simultaneous carboxylation reaction resulting in malic acid as well as 

phosphoglycerate is demonstrated in experiments at high light intensityo 

A comparison of radioactivities in a number of phosphorylated sugars as 
' ' 

a function of time reveals concurrent s,ynthesis of fructose and sedohep= 

tulose ph9sphates followed b,y that of ribulose phosphates and later b,y 

that of glucose phosphateso The possibility that the cleavage of C 4 
compounds to c2 carbon dioxide acceptors may involve c

7 
and c5 sugars 

and evidence for this mechanism is presentedo 

(1) The work described in this paper is sponsored b.1 the Uo So Atomic 
Energy Commissiono 
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The path of carbo~ in photosynthesis begins with a small number of 

carboXiVlation reactions., A direct. approach to the nature and sequence of 

subsequent reactions :r.equires an observation of the rates of transfer of 

labeled carbon atoms f;r<;>m carbon, dioxide to the suc.cessive intermediates of 

phytosynthesiso The complexity .of the i~ter-relationships among the various 

intermediate compounds increases .considerably as one examines successive 

steps ... Some of the inter~ediates can undergo transformation into two or 

more alternative products and thus provide points of branching in the syn= 

the tic sequence o Since some of these products may in their turn be involved 

in the initial synthetic reactions, cycles will appear, and the steady state 

·. becomes a rather delicately balanced network of interrelated and interdea-

pendent reactions, a change in 8IJY one of which must result in some change 

in most of the others.,. 

This paper constitutes a report .. Qf an extension of an experimental. 

quantitative kinetic analys:is of th~s .complex system., Although ulti:inately 

it should be possible to describe such·a system more ·or less. rigorously in 

terms of the rate of passage of carbon into and through the multitude of 

compounds {and pa:rticular parts or atom positions in compounds) of which it 

is part.\) it seems somewhat premat~e·to tcy and do so in precise algebraic 

terms now when we ar~just ~ginning to discoYe:r the nature of what it is 

we wish to describe,.nor is thl.s necessary in order to recognize a number of 

rather strai.ghtforward kinetic relationships which one is likely to encounter .. 

Some of the more common of these elements which are to be expected ~ 

be described schematically in the following w~ in which at least four essen= 

tial kinetic e~ements are..represented~ 
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(1) The simple conseciutive sequence having a precursor=product relationship 

would be· represented by the· ·trahsformations A-7B ~Co 

(.2) The branching sequence·would'be represented by the transformations 

B~C and C ~D and/or Eo' · · 

(3) The cyclic system in which a product also plays a part in the production 

of its prectirsor may be represented· in the sequence B~C ~E and part or all 

of E serving 9 in turn» as a contributory source· for Bo 

(4) In a highly organized chemical system9 such as the intact cellj) there is 

very likely to be more than·one reservoir of·a compound serving more than one 

purposeo This is represented in the diagram by the two'reservoirs for ~he co~ 

pound B.i> the second being represented by B1 o BR JDB,y'very well not be in the 

direct sequence of intermediates preceeditlg C9 ~d the rate of equilibration 

between B and B u may have· any relation' to ·the rates of; the other ·reactionso 

The technique of our kinetic ex:Periment presumably'' corresponds to a steady 

state system in which the mass concentration in each of tne ~onip.ounds remains 

constanto Just how closely we have approached this idealized situation in the 

present experimental arrangement remains yet to be determined in view of the 

rather large fluctuations ill C02 concentration just prior to and during the 

run., (See experimental parto )' A ~umber of· siinple kinetic consequences between 

compounds related as above may be immediateiy set dowrio2 

(.2) These considerations are strictly applicable only to indivi!i.ual caJ."bon atoms 
within each compoundo A number of attempts at expressing turnover rates more 
generally have been made; Do Bo Zilversmit, Co Entenman and Mo Co Fishler 9 
Jo Gen., Pbysiolo.!J ~.9 3.25 (1943)~ Ho Branson9 Bullo Matho Biop~So 9 ~ 159 
(J.'946),l) 95) 93 (1947). 

" -
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Into the first member of this system (in this case A corresponds to car-
. \ ':,, 

bon dioxide) at a time t = 0 is inserted the labeled atom. The measurements 
., 

then consist in the determination of the rate of appearance of the labeled 

atom in all successive compounds and atomic positions. From the nature of 

these appearance curves arid the various compounds concerned it should be 

possible to determine their place in the complex synthetic system which must 

exist in the cello 

It is worth mentioning at this point that the method of determining 

precursor-product relation which depends upon the relationship between the 

specific activity of the two suspected materials is not unequivocally appli

cable in the highly organized system of the intact cell, although it has been 

quite successful in its application for simpler reactions which might be studied 

in isolated enzymatic systems) The reason for this is the very likely occur

rence of such reservoirs as represented b.1 ar. The specific activity as usually 

determined (counts/mine/mg. of compound) is ~ot necessarily significant in estab

lishing a precursor-product relationship when the compound is isolated from a 

complete organism as it is in the present experiments. There msy be a number of 

different sources for aqy particular compound and these sources may be more or 

less isolated kinetically, not in equilibrium with each other, so that although 

the specific activity of a particular precursor in a certain isolated region of 

the organism might be very highl' it would not appear that way when that compound 

is isolated from the whole organism·and thus diluted by the inert (non-radioactive) 

reservoirs from other sources. 

Perhaps the simplest possible consequence, which is easily recognized, is 

the fact 1:,hat the appearance curves should have finite initial slopes only 

for those compounds which have no appreciable stable reservoirs 

(3) Ho G. Wood, "Advances in EnzY"mology, 11 Vol. ni, Interscience Publishers 
Inc., New York, New York (195l)o po 135; Federation Proco, 1_9 553 (1950J o 
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lying betw~en them and the initially labeled material.. All -~th~~s4 must.!) of 
_'·.' · .. ·' 

necessity~ commen~e_-wit~ a zero slope since the reservoirs lying between 
•. i \ · .. 

' 
them and ,the initially ~abeled compound J~IUSt first become labeled .. 

This ie~s to two other consequences .. First)) it. is to be-expected 

that the reservoir of a precursor will become saturated before that of its 
' ' ' 

product.. Secondly" (this is simply another mode of expression of the initial 

slope· i,dea previously described) .ll if the percentage distribution of label 

among a particularly selected group of compounds is plotted9 that one which 
.. ' . . .. 

precedes the others in time will be the one having a negative initial slope 

whereas all the others will have positive slopes and approach zero at t = 0., 

The c9:se qf a product whichll in turn~ serves as source for at least part of 

its preCtll"S.Or can' be very muCh more compleXo However 9 in its simplest aspect, 

the rate of incorporation of le,l;>el .. into · it would consist of the sum of two 
. . . ' 

rates$. naJ119ly~ that .in which the label is. first incorporated and that in 
! . . .. - ·~ . . . . . . ' 

which :the ls."l:>el is; incorporated. into . its precursor., Particular examples of 
' ' •' ,\-~ ~. . . . : •.''• , :· I . : ·; -t.~· ., ··:' , 

these cases. will appear in the disc~~iono 
•• • • ; • ;. ! ~ • • • • '· •• ., • ': ;, ·, ._ •• 

,· 

The results of previous investigations-of this laboratory4b and recently 
. ~ . ~~-., . ·. ': . :~; ~' ~ . ,. -. ' .. 

those crt othe~ laborator~es5 demonstrated that a predominant carboxylation 
,: ·.. ' - .·.··.· .·· : .• '",. ·. .. ·.· . . 

- . . . 

reacti9n in photosynth~slS. results in. the formation of c3 compounds with 

carbo~l,;,labeled . ph~sphoglycerate probably being the first prpductQ Analysis . 

of the iat~r·p~oduct~ in separ~teexperfments 'demonstrated the probability 

(4)(a) Ao Ao &nson5J et al~,,.Jo. Anlo Chemo Socol' ~9 1710 (1950)o 
(b) Mo Calvin 21 ~ ito;-Symposia for the Society of Experimental Biology, 

·(Great Britain))) 59 284' (195l)o · · · · 
(c) Ho Gaf:fron~ Eo Wo Fager and L., W .. Rosenberg9 Symposia for the Society 

of EXperimental Biology ·· (Great Britain)~ ill 262 (1951) o . · 

Ho Gaffron and Eo W., Fager9 Amlo Rev., Plfmt P~iolo5J ~l! 87 (1951)., 
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of a sequence of reactions similar~ .in the reverse order» to those known in 

glycolysis o · ·A major problem .has been the source of the c2 carbon dioxide · 

acceptor··requi:red for phosphoglycerate synthesis o Several years ago the 
. 6 

results of work in this laboratory suggested that the source of tlle carbon 

dioxide lay in the C4 compounds related to malic acido While a c4 in·~·,;J:= 

mediate is not essential to such a cycle7 the simultaneous and rapid for= 

mation of malic acid in steady state photosynthesis suggests that its c4 

precursors may be involved in the process of c2 synthesiso The results 

herein reported seem to implicate c7 and c
5 

compounds as well in this 

E3Perimental Part 

· Algaeo ~ Scenedes:mua £:3 grown· continuously in a shating apparatus8 were 

harvested daily whereb,r a crop of 2=2o5 cco of packed cells was obtained 

from one liter of mediumo There is a correlation between the age of the 

cells and the size of the ribulose diphosphate reservoiro Two-day cells 

had only 10-50% as much as one=d~ old cells in each of the six experiments 

analyzedo9 

The algae were centrifuged quickly.!> washed once with deionized water 

and resuspended at a concentration of 2 ceo of cells per 200 mU,o of water 

in a water jacketed ~ircular illumination vessel with plane sides 1 cmo aparto 

(6) Mo Calvin and Ao Ao Benson.~~ Science, 107» 476 (1948),; Science~ 1059 

648 (1947)o . - . 

(7) Eo Wo Fager, Jo Lo Rosenberg and Ho Gaffron~ Federation Proco 9 2~ 
535 {1950)o . 

(8) Ao Ao Benson» ~ ~oll 11Photosynthesis in Plants 9 n Chapter 19!) Iowa 
State College Press» Ames 9 Iowa (1949)~ ppo 381=40lo 

(9) Ao Ao Benson9 et.,alo, Jo Biolo Chemo 9 1969 703 (J.952)o 
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This was illuminated from both, sides with 300 Wo reflector spot lights with 

most of the infrared absorbed b.r water~cooled absorbent glass plateso After 

20....30 minutes photosynthesis with ·Lt$ carbon dioxide-in-air.~~ the gas bubbled 

through the suspension was changed to air for five minuteso One mg., of 

potassium dibydrogen phosphate was added two minutes before t = 0 as buffer 

for the NaHC14o3 to be added at t = Oo 

The temperature measured in the algal suspension was controlled by that 

of the circulating water in the water jacketo 

Time series e.x.Eerimentso ~ Immediately before adding 100 f.I-Co of NaHG14o3 

(9% c14) the gas circulating system was ©losed whereby air was recirculated 

from the top of the vessel to the bottom using a rubber tubing pump10 of 

relatively small volumeo At t = 0 radiobica:rbonate in Oo5 mlo was injected 

into the solution and vigorous stirring accomplished b,y the rapid gas circu

lationo During the first five seconds a small U-tube containing 200f.I-Co of 

c14o2 previously closed off b,y an appropriate stol?cock was opened to the 

circulating systemo Circulation of this gas was continued throughout the 

experimento 

Samples of the algae were withdrawn at five-second intervals through 

an 8 mm.. stopcock at the bottom of the illumination vessel into Erlenmeyer 

flasks containing approximately four volumes of boiling ethanolo 

Determination of total fixation curveso - The SO% ethanol suspensions of 

algae were filtered with Celite and the solids re=extracted with hot 10% 

ethanolo Aliquot portions of the extracts were taken immediately for colori

metric·chlorophyll determinationo From a standard curve prepared for extracts 

of similar batches of algae~ the amount of algae taken in each sample was 

Jo Wo Weigl and Do Stallings9 Revo Scio Instruments» 21. 395 (1950)o 
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determinedo The curves in Figures 1 and 2 were obtained from these values 

and the activity measured b,y direct counting of the initial ethanol sus-

pensions and of the final extractso 

Chromatography of alg§l extractso = Each extract was concentrated to 1-2 mle 

and recounted using micro pipettes to redetermine the amount of extract 

equivalentto that from 10 mmo3 of fresh cellso The appropriate volume 0f 

extract was placed at the origin of oxalic acid=washed Whatman Noo 1 paper 

and deve~oped in the longer direction first with freshly distilled phenol 

solutions containing 29% deionized watero The second solvent was butanol= 

propionic acid=watero4a Radiograms of these chromatograms required 7-30 

days exposure to ~astman "Ne=Screen11 X=ray filmo 

Enzymatic hydrolysis and recb;omatography of radioactive hexose phosphate 

~o ~ In most instances extracts of sc·ened·esmus give two well~separated 

radioactive areas, each of which contained hexose monophosphateso9 The sum 

total of both areas is hereafter in this paper designated the HMP area 

(hexose monophosphate area)o The faster movin~ region in both solvents has . 
been called the FMP area (fr1fctose monophosphate area) simply because upon 

hydrolysis the dominant hexose found here is fructose~ while the slower 

moving region has been called the GMP area (glucose monophosphate area) for 

a similar reasono In all cases at least one other labeled sugar is found in 

the hydrolysates of each of these areasoll 

(11) In the GMP area the additional radioactive sugar is predominantly sedo
heptulose 9 while that in the FMP area seems to be predominantly mannose o 

In sugar beet, soy bean and barley there is very little mannosee These 
two sugars are not well separated either as free sugars or as phosphates 
by the paper chromatographic m~thods here usedo They are most readily 
distinguished by the ease with which the heptose is converted to the 
heptoaanhydride·in dilute acid 9 a ~reatment which·leaves the mannose 
unchangedo 
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After counting the "indi-vidual radioactive areas, they were eluted and 

hydrolyzed ~ith 100 y of Polidase (Schwarz) for three d~so9 The hydroly-

sates were rechromatographed on Whatman Nool paper and developed as far as 

possible in both solventso Radioactivity in each of the three sugars was 

determined by direct counting of the areas defined by darkened areas o·;. the 

radiogram viewed under the paper on a standard X...r~ illuminator o The 

radioactivities observed on the chromatograms of the hydro~sates approached 

but did not equal those of the original monophosphate areas due to mechani

calmd adsorption losseso Hence, the percentage of each sugar in the hydro~~ 

sate was determined and the original amo~nt in each phosphate was determined 

using this fraction and the total activity in the phosphate areao Hydrolysates 

of the 20° experiment were prepared from the separated fructose and glucose 

mon'ophosphate areaso Those of the 15° experiment were of the total of both 

areaso The formation. of sedoheptulose at very short times was investigated 

at two points, 10 seconds and 20 seconds, in the 2° experimento These times 

appear to co:r:respond to tines less than 5seconds of photosynthesis at room 

temperature o 

Radioactivit;y determination in chromatographically" separated compoundso = 

The r~ioactive areas defined by the radiogram aligned with radioactive ink 

spots on corners of the paper were counted directly with 5o5=6 cmo diameter.~~ 

1o2-lo4 mgo/cmo ~ca window Geiger Mueller tubeso4a Large areas were counted 

in sman section$ while small sharply defined spot~ were counted similarly" so 
' ' •. u 

that geometric or coincidence errors would be relatively constanto The latter 

(12) Separate eXperiments have demonstrated that this method can give reprodu
cible values to within 5% on different papers and independent amounts of 
carrier addedo 
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type of errors were avoided by r~stricting the particular .amount of activity 

counted at one time to valUes giving negligible coincidence. error., Radio-

·activities recorded in the curves for. individual compounds are those measured 

on paper and have been· standardized for a constant counter efficiency., Since 

·counting of c14 o:n such chromatograms corresponds to about one=third ·t.he values 

obtained b.1 direct plating, the actual radioactivities fixed in each compound 

are three times greater than recordedo 

The points used for the curves for photosynthesis at 15° represent a 

weighted average of the radioactivities measured on each of three sets of 

chromatogramso Where Undue diffusion or incomplete separation of a particular 

area was ipvolved, the value for its radioactivity was given less weighto 

Results 

The rates of fixation of c14 at 2° and 15° are shown in Figures 1 and 2., 

The products insoluble in_both 10% and 80% ethanol diminish to zero at short 

times., The' _cU.rve :in Figure· 2 shows the effect of decrease in carbon dioxide 

pressure upon the rate of its ass:imilationo The apparent linearity of the 

curve after 4 minutes13 in this particular experiment as well as in a dup-

licate suggests that a saturation value of a carboxylation reaction may have 

been reached. whereafter the other reactions continue at 40% of the initial rate 

until the carbon dioxide is practically consumedo The effect of this decrease 

in assimilation rate is a general decrease in the amount of radiocarbon in 

most of the soluble intermediates involvedo 

(13) The app~ent difference between this obseryation and the usually 
plotted photosynthetic rate dependence upon co2 pressure may be 
largely a matter of scale<i 
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The algal extracts were chromatographed two-dimensiona.lly4a, whereupon 

the phosph~rylated products were separated into several.major areas, phos

phog],.ycerate, phosphQpyruvate, ribulose diphosphate a...'1d an as yet llllidenti-

.· fied phosphorylated compolllld with a very labile glucose linkage o The products 

previous~ reported as hexose monophosphates were se.parated into two major 

monophosphate areas, one containing most of the glucose monophosphate and a 

sedoheptulose monophosphate, the other containing most of the fructose mono-

phosphate and a mannose monophosphateo In very short times the glucose mono-

phosphate area from barley extracts contained almost pure sedoheptulose activity 

and the fructose monophosphate area had only. fructose activityol4 The curves 

of Figure 3 show the trend observed in Scenedesmuso The rate of appearance 

of radioactivity in ribulose diphosphate in the same experiments is included 

for comparisono 

The very small amounts of glucoseand fructose diphosphates :i.n the ribu

lose diphosphate area were not determinedo The approximate rates of their 

appearance was the same as that of their monophosphate·s o The amollllts of 
. . 

ribulose monophosph~te in the Sceriedesmusused under the present condition 

was small compared·t~·that of its.dipllos~teo 
: : 

T}?.e results are reported as curves for radioactivity in individual com-

pound so The C3 compounds (Figure 4), the sugar phosphates and sucrose 

(Figure ?) and the c4 acids withglut~c added for comparison (Figure 6) 

include the ~or soluble produ~ts of t~e total fixation (Figure 2)o The 
'·· <·. 

ordinates in several cases were adjusted to 8.l.low direct comparison of 

(14) ~ an attempt to avoid ~ cp~ge in steady state conditions at the 
time of the feeding of the Cl..402; the entering stream of C02 was not 
interrupted in a 10 second soy bean experimento In this case the 
sed9heptulose contained.more.r.adioactivity than a:ny othei- single 
compound on the papero · 
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groups of curveso Figure 7.includes all the major products on the same scaleo 

In all such curves the ordinates represent radioactivity emerging from the 

paper9 which is one-third of the amount measured b.1 direct plating, and cor-
. 3 

responds in each figure to some arbitrary amount of cells (usually ~10 mmo )o 

Discussion 

The 8la.lyses described by the curves allow certain conclus.ions to be 

drawn regarding the sequence of intermediateso It is clear that the curves 

for products of carboxylation will have finite slopes at zero time while 

all others have zero slopeso It is apparent~ therefore~ that there exists 

no appreciable stable reservoir between phosphoglyceric acid and carbon 

dioxideo .·It would also appear that the possibility exists of phosphopyruvate 

being a primary producto Although its initial slope (Figure 4) appears to be 

finite, it is saturated with c14 after the phosphoglycerateo Radiograms 

from 5-second photosynthesis showed only phosphoglycerate and malic acid 

activityo · The .possibility exists that phosphopyruvate has a zero initial 

slope fol1o:wed by very rapid equilibration with phosphoglycerate a· 

Malic acid (Figure 6) apparently has a finite slope at zero timeo The 

linear fixation observed in the initial 40 seconds intersects the abcissa at 

about 3 seconds while phosphoglycerate intersects at 2 secondso It must 

be pointed qut that only infinitely fast and complete mixing of the added 

cl4o2 could yield ~urves intersecting at about zero timeo Following the 

initial linea;rii:;y, the malic acid curve increases in slope abruptly by a 

factor of about fouro This greater rate of malic acid labeling is experi

mentally ·exactly equal to that of phosphoglycerateo The first slope~ thenll 

would correspond to a simple carboxylation rate, while the greater later 

slope represents carboxylation of labe~ed c3 compounds related to and aris

ing from phosphoglycerate" This situation would correspond to the cycling 
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feedback described in our earlier diagram by the relation B__,._C ~E ~B, 

in which B would correspond to phosphoglycerateo C is something closely 

related to malate and E is on the path to the C2 carbon dioxide acceptoro 

Approximate equality of the rates of malic acid and phosphoglyceric 

acid labeling provide strong evidence that a c4 compound is a primary product 

in steady.state photosynthesiso The slow rate of equilibration of c14o2 with 

malic acid in the dark precludes the possibility of using this reaction to 

account for the rapid labeling of malic acid in the lighto 

The experiments on malonate inhibition15 indicated that malic acid is 

probably not directly involved as an intermediate in the regeneration of 

the c2 carbon dioxide acceptor but they do permit the participation of a 

very closely related c4 acid which normally may be in rapid equilibrium 

with malic acid and which is present in extremely low concentrationo 

The relationship of the total fixation curve in Figure 2 and those 

for phosphoglycerate and malate in Figure 7 for the same experiment should 

be pointed outo The rate of accumUlation ·of cl4 in malic acid is rela= 

tively undiminished after four minutes compared to that of the c3 compounds, 

particularly phosphoglycerateo If the linearity beyond four minutes in the 

total fixation curve (Figure 2) is at all significantl' and if one attempts 

to relate this to the phosphoglycerate and malate behavior, one comes to 

the conclusion that there are two independent carboxylation reactions hav-

ing different dependencies .on carbon dioxide partial pressureo The c2-+c3 
(phosphoglycerate) reaction saturates at a higher partial pressure than does 

the c3__,...c4 (ma;tate) reactiono The first linear component of the total 

/ 
I 

(15) Jo Ao Basshamp ~ alo, Jo Biolo Chemo~ !.§5~ 781 (1950)o 
,, . 

•. 
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fixation~ then$ would include the most rapid entry via the 02~3 r~action 

independent of carbon dioxide pressure above the saturation pointo The second 

linear portion could correspond to the slower c3~c, reaction which has 
• <4r 

become the only one independent o£ co2 partial pressure, the c2~o3 reac-

tion having become dependent on C02 partial pressure and proceeding more slowlyo 

This might be considered in terms of two adsorption isotherms controlling 

each of the independent carbon dioxide fixation reactions and in which the 

points of saturation for these two independent reactions are fairly close. 

together, with that for the c2~ 03 reaction at slightly higher pressures 

of C02o Thus one firids two regions in which the rate of carbon dioxide 

fixation i~ independent of the carbon dioxide pressure and the transition 

from the one region to the other is rather sharpo 

It is. of.interest to examine the. relationship between the sugar phos

phates which appear in the hexose monophosphate areao If one plots the 

percentage distribution ~Yf radioactivity among the sugars (glucose, fructose; 

mannose and sedoheptulose) which occ~ in this area.\1 in order to determine 

the priority of.their labeling in time, one arrives at the rather clear=cut 

result that fructoseand sedoheptulose appear to be labeled very nearly 

simultaneously, while glucose and mannose lag behind (Figure 8) o This 

simultaneous appearance would correspond to the branching point C__,...D 

in the earlier diagramso LE 
The two or more competing reactions which determine the change of 

radioactivitY in a given compound include its syzithesis from its precursor 

and the exch~ge or equilibration with, or conversion to 9 subsequent non

labeled reservoirso •. When the now rate of radiocarbon into the metabolic 

sequence d;imi~shes as described by the total fixation curve.w Figure 29 
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equilibration with unlabeled reservoirs of closely related compounds may 

overtake it and the reservoirs of in~ermediat.es along the synthetic sequence 

most closely related to these unlabeled reservoirs would be observed to 

diminish most rapidly in radioactivityo The results for the longer periods 

of photos,ynthesis are included for the purpose of discussing such effect$o 

It can be seen that the curve for glucose monophosphates 9 Figures 5 and 79 

decreases very _rapidly after four minutes when the total fixation rate 

decreased, Figure 2o Fructose monophosphates do not decrease so rapidly in 

radioactivity and phosphoglycerate appears to be the last compound suffer-

ing dilutiono All three compounds are diluted presumably by the inactive 

polysaccharide reservoirs of the planto Distribution of radiocarbon within 

the c6 and c3 molecules is not affected b.1 this type of dilution since 

the cycle for regeneration of carbon dioxide acceptors does not seem to 

involve hexose synthesiso 

While complete degradation data are not yet available for the pentose 

and heptose or even for some of the simpler compounds~ and while the rela= 

t tionships between the pentoses and heptoses are not by a:ny means completely 

established, it seems worthwhile to proceed on the likely possibility that 

the heptose precedes the pentose and may be a precursor to ito We are thus 

led to the follmdng modification of our original proposal for the source 

of the c2 carbon dioxide acceptor o 

The dotted arrow leading ~om triose directly to erythronic acid would 

correspond to the reductive carbo~lation of dihydroxyacetone 

2 f!i] 

,.. . 

.•. 
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which is exactly analogous to the reductive ~carbo~lation of p,yruvic acid 

leading to malic acido The existence of enzymes capable of performing the 

latter reaction has been demonstratedo The other dotted arrow leading 

directly to erythronic acid provides a possible alternative routeol6 This 

is~ of course~ a diagrammatic chart and is intended to represent primarily 

the carbon skeletons involved rather than the precise reacting chemic~ 

specieso Furthermore the carbon skeletons here designated undoubtedly 

undergo preparativ~. rearrangements of the H and 0 atoms attached to t~em 

between the carbon changeso 

It is thus clear that both fructose and sedoheptulose can become · 

labeled simult~eously, or either one slightly ahead of the other, depend

ing upon conditionso The splitting of the four-carbon fragment into two 

c2 carbon dioxide acceptors is still essentially here, but in the present 

proposal it is done while attached to a cyclically migrating three-carbon 

pieceo While further speculation is possible,17 it seems wiser to await 

the results of more precise kinetic measurements on more rigorously con= 

trolled steady states as well as degradation studieso The data presented 

in this paper and the available information on the distribution of radio-

carbon in the products of short photosynthesis are consistent with the 

present proposalo 

(16) Wo Vishniac and So Ochoa~ Nature, 167, 768 (195l)o 

(17) Mo Calvin, The Harvey Lectures, Volo 45 (1951), in presso 
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Figure 1 - C02 fixation b,y Scenedesmus during photosynthesis at 2° Co The 

curve represents the total' fixed and there was no appreciable 

insoluble reaction product at the time interval shown., 

Figure 2 ~ C02 fixation b,y Scenedesmus during photoaynthesis at 15° Co 

Figure 3 = Radioactivity incorporated in the heptose phosphate areas and 

the ribulose diphosphate area during photosynthesis b,y Scenedesmus 

at 20° Co (10 cuommocells)., The sedoheptulose is contaminated 

with some mannose and the mannose is contaminated with some sedo-

heptulose as they are given here., 

Figure 4 = C02 fixation in the two= and three-carbon compounds during photo

synthesis·b,y.Scenedesmus at 15° Co (10 cu.,mm., cells)., 

Figure 5.:.. COz fixation in the sugar-phosphates and· sucrose during photo

synthesis 1:>y Sgenedesmus at 15° Co (10 cu.,mm.. cells)., 

Figure 6 - CO~. fixation in the four-carbon acids and glutamic acid during 

photosynthesis by. Scenedesmus at 15° C., (10 cu~mmo cells )o 

Figure 7 ~ C02 fixation in the major s~luble compounds in the same scale 

during photosynthesis b,r Scenedesmus at 15° C., (10 cuommo cells)o 

Figure 8 - Percentage distribution of fixed carbon among the sugars, glucose~ 

· f~ctose, mannose and sedoheptulose during photosynthesis b,y 

Scenedesmu.S at 15° c., The distribution of total count in the 

-heptose .area between mannose and sedoheptulose shown above was 
.. 

mB.de-.fr_o~ the· ratio of these two substances as determined in 

Figure J.; 
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