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THE PATH OF CARBON IN PHOTOSYNTHESIS, XVII.
PHOSPHORUS COMPOUNDS AS INTERMEDIATES

IN PHOTOSYNTHESIS®

Jo Go Buchanan, J. A, Bassham?*‘ A, A, Benson,
D. F, Bradley, M, Calvxn, L. L Daus, M. Goodman,
.P M Hayes, V. He Lynch, L. T. Norris and.

A. T, Wllson

:Radiation Laboratory and Department of Chemistry

University of California, Berkeley

Studies of carbon dioxide fixation in green plants using the 014 isotope
have shown that in very shért times phosphpglyéeric acid.contains most of the
radioactivity.l’g’3 The tracer is present almost entirely in the carboxyl
| group°4 The importance of organic phosphates in ﬁhe subsequent metabolism cf
phosphoglyceric acid can be seen from the accompanying photographse

Figures (1) and (2) show radioautographs of a photosynthetic experiment

with Scenedesmus. Figure (1) indicates the compounds containing P32 ufter
exposure to radiocactive phosphate for twenty hours, whereas Figure (2) is a

photograph of the same chromatogram showing the carbon-labeled compounds

# The work described in this paper was sponsored by the U, S. Atomic
Energy Commission. ,

#%  Lt,, USNR, Office of Naval Research Unit No. 0n59 University of
Callfornla, Berkeley. The opinions containsd Ierein are the private
ones of the writer and are not to be consitrued zs official o raflect=
ing the views of the Navy Department or the naval services ai largee.
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after five minuteahdn raddoaotive COzovaany of»thegphoephates alsc contain
a carbon label. e V_ . B . : _: |

Even after sixty seconds.pﬁotosynthesia\by,Chlorellag by far the major
part of the radioactivity is in the fora of ohOSphates'(Figure (3).

Since the_dieooyery‘of radioaotlve phoephoglyoeric'acid as a primary
carboxylatlondproduots‘oor attention has been direeted towards the path by
which the radiocarboo beoomes eonyerted into‘the variouetoell constituents.

The effect of numerous external factors on the total fixatiOn and on
the fixation pattern, as shown by radioautographs of the two=d1men81onal
paper chromatograms, has been 1nvest;gatedo< Before these results could be

satisfactorily interpreted, it was essential that‘each radioactive spot on

the chromatograms could be identified; and much of our work has been directed

" to this endy

The identification of small quaﬁtities of radiosctive compounds has
réquired the use of new techniques, the most important of which 18 the. paper
chromatography of the unknown compound together with-nonéradioactive carrier,
CompletetGOinoidence of the radioautograph and.the spot7produced by a color
reactiOn of the carrier is strong evidence for the identity of the twoo The
effect of‘different chemical treatoents or ehzymes on the Re values. of unknown
" compound and carrier provides further confirmation. Ion exchange chromatography,

solveot‘diétribdtioﬁ, cOQorYStalliéation of derivative89 determination of radio-
-act1v1ty dlstrlbutlon among ind1v1dual carbon atoms in fully labeled compounds
and the value of 014/?32 ratios in doub&y labeled eompounds have all been
used to characterlze-and identify unknown radioactive areas. -

The separation and 1dent1flcat10n of the organlc phosphates whioh are

among the early products of photosynthe51s w1ll now be desorlbedo h
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(1) Phogpggglyceric Acid -~ Garriér~f;ee :adioaétiye phésphoglyceric
acid has been isolated from Scéhedesmus whichvhad photqsyntheéized fdr'fivé
seconds in 0140202 The yield of crystalline 5ariuﬁ salt contained.one;
third of the total radioactivity fixed by the allgaeo It was direétly §9mw :“A
pared with authentic barium=3-phosphoglycerate and the two shown to be
identical in phosphorus analysis,'elution chargcteristicsAfrom Dowex A;l. B
resin, and the molybdate-enhancement of molecular rotation. Hydrolysis a
gives radioactive glyceric acid identical with an authentic specimeno

‘(2)« Hexose Monophosphates = During the first few seconds of photo=

synthesis, a characteristic radioactive area appéars oﬁ the chromatogram
below the phoséhoglyceric acid. Treatment of the compounds iﬁ this areé_ |
with phosphatase yields several other compounds with the properiiésJof\gééars;
These éugars have been identified by co~chromatogrgphy asvglucose, fructoée N
and mannose. Thé glucosé and fructose phosphates afe stable to»ﬁjld acid -
hydrolysis and, when run in &rbutanol/picric acid/water as soi&ent; co»chroma;
' tograph with glucosenémphosphate gnd frgctos§=6=phosphate, respectively. Thé
mannoée phésphate is likewise stable to mild acid hydrolysis and is probably
identical with the mannose phosphate isclated from the hexose mcn§phpsphates -
of yeast, i.e., the 6=phosphateo5 | -

On many of the tWo»dimensional chromatograms, the hexose phoéphaté aresa
is divided'into two distinct halvesov The left~hand spots on tféatment witﬁ
phoéﬁhatase, gives fructose, mannose and a trace of glucose. Thé rigﬁtmhané
Spot; on similar treétment,'gives glucose and a heptose éugar, éedoheptuloseg
which 1s discussed in the following section, | “

The quanti‘by of radiosctive mannose phoéphate is considerabiy .h-igher ih
the algae, Ghlorella-énd Scegedesmus, than in the leaves of the»hiéheg ﬁlants

€o8oy SOy bean, sugar beet and barleyo6
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'

- (3) Sedoheptulose Phosphate = The "hexose monophosphate" ares was

found to glve, on treatment with phosphatase, a sugar which was’ not 1denti-
cal w1th any of the common hexoseso This sugar has been shown to be sedom
heptulose (Qfaltroheptulose)o. 8 The evidence for its structure can be
summarizeds ' | '» ‘

(a) i‘The'radioactiﬁe spot co=chromatographs ﬁith authentic sedo=
heptuloseo \ |

(v) Treatment with l N hydrochlorio acid at 100° for five minutes
gives a radioactive compound whlch co=chromatographs w;th authentic Sed0= |
heptulosano The equillbrlum value of the ratio of the two radioactive areas
after acld treatment 15 about 4 1, the value obtalned for sedoheptulose and
sedoheptulosano | | : :

(e) Perlodate oxidation of the uniformly labeled sugar gives the
theofetieal quantities of radioactive formic acid and formaldehydeo Simiiar :
treatment of the acid transformatlon product glves the theoretioal amount
of formic acid and no formaldelyde. o

(d) The hydrogenation produot oo=chromatographs with sedoheptitol
and on perlodate oxidatlon ylelds the theoretlcal amount of formaldehyde.
and formic acid. / - | |

From the chromatographic éoordinates of the phoephate9 it is probably
a honophoephateo The location of the phosphofyl group haS'hot been, estab-
lishedg but in view of its relative stability towards ac1d9 it 1s probabky

not on the Cl or 62 hydroxylso , ‘
' Robison, Macfarlane and Tazelaar9 isolated a heptulose phosphate from

a yeast juice fermentation. We have been ableg through the oourteey of

Drso M. G. Macfarlane and Jdo Baddiley9 to examine conoentrates of this estero
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It behaves ghromgtggraphically in the same way as the radioactive seéoheptulose
rphquhate, and gives a heptulose on treatment with phosphatase which is readily
AvegnvgrﬁedAto an anhydride by acide ThéABf values Qflthese_products ére{idgntiw
_ cal with those of authentic sedoheptulose and SGQODLpuu&Oﬁﬁno

(4) Pentose Monophosphate and Dlphosphate = When th e lowestumoving

radioactlve spot (in both solvents) is treated w1th phosphatase, i% Xg com-
verted mainly into a sugar which has the chromafagraphlc propertles of a
pentcse° The sugar has been identified as rlbuloseos’;o It co-chromato-
graphs with ribulose, and on epimerization in pyridine gives ribose and
arabinqse. The 2,4rdinit30phenylosazoné crystallizesﬂwitg that‘of Qrarabinoéea
Catalytic reductién yields a compound which co=chromatographs wiﬁh ribitol,.
When the original phosphate is allowed to om‘dize in the air, ohosphovlycerie
and phosphoglycolic acids are formed. A determination of the PIA/TVZ ratio A
in the compound saturated with P32 and 014 indicates that the compoand is
diphosphate. - It is concluded on this evidence that the unknown compound is .
ribulcse-1,5~diphosphate. _

When the diphosphate area is treated with phosphatase, varying small
amounts of gluccse, frucﬁbse and manhose are produced.

Pentoses are also liberate& when a radiocactive area to the left of the
hexose monophosphates_ié hydrolyﬁad by phosphataseolo- We have recently besn
~able to separate this area into two gpotsg one of which gives’ ribose end the
other ribulose on hydrolysis (Figures (4) and;(i)). In all prohabdlity,
these are monophosphates. )

(5) Iriose Phosphates - To the lef%t of the pentose monophosphate

srea there is a radicactive gpot which yields dihydroxyacetone o phospha=

tase treatment. Co-chromatography of the bydrolysis product with
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dihydrbxyacetone, detected by the yellow color it gives with the aniline
trichloroacetate Spray, Shdws‘completé coincidence of ‘color ‘and rédioabtivit&
(figuré:(é)); Experiments todemonstrate the presénce of 3-phosphoglyceralde-
hyde have besn inconclusive, due probably to the difficﬁlty of chromatographing
this compound or its hydrolysis prddﬁétQQ iThé‘tribéé'phbéphateAéquilibfium is,
in’éﬁj éaéé; strongly in favor of phoéﬁhédiﬁydfoj&&cetone; ' »

(6) Phosggog;zcolié Agi ‘< A charaéteristi¢ radioactive spot appears
above that due to phosphoglyceric acid on chromatograms of Cl4- gnd,faza -
contaihing metabolites. It is’hydrolyzed by phosphatasé td give glycolic“
acid, identified by co-chromstography with an authentic-sampléo'

(7) - Phosphopyruvic Acid - Authentic phosphopyru&ic acid has the -same

Rf velues as a radioactive spot in the standard solvents. Acid hydrolysis of
the radicactive spot gives pyruvic acid, identified by»ité“distribution'coefé
ficientglﬁét&éen ether and water, its volatility and the formation of a 2,4~
dinitrobhenylhydrézone which'co-cryétallizea with that from'pyfuv:lcv'acid;2
The same'épot appears on chromatograms of metabolites labeled with P2, The
Action of phosphétase on the carbon-labeled compound caﬁse§ volatilization
of the radiocactivity. - - |

(8) Sucrose Phosphate -~ When & hexose monophosphate area from sugar

beet was hydrolyzed with an invertaseéfree phosphatase preparation, a com-
pound was formed which had the chromatographic coordinates of sucrose. It
was shown to be sucrose by co-chromatography, and by enzymatic hydrolysis
to glucose and fructose, identified by coedh:omatograpbyo

The hexose monophosphate area from another chromatogram of the same
photosynthetic experiment was réchromatographed‘invgebutancl/picfic acid/
water andlgave,'besides other radioactive sugar phosphates, a slow-moving

radioactive spot. This was freed from pieric acid and free sugars by one-
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dimensiondl chromatography in phenol and treated with phosphatase. Chroma-
tography in two dimensions gave a radiocactive spot in the same position as
sucrose. When the other spots from the piéric_acid chromatogram were treated
in the same way, no sucrose was producede.

Although the occurrence of a phosphate of sucrose has been poétulated :
by several worke;s, we believe that this is the first direct evidence of its
presence in plants. or other plént sources so far examingd, algae appear’to
contain no detectable sucrose phosphate under our conditions, end other leaves
contain much less than sugar beet.

From the position of the compound on paper chromatograms, it is probably
a monophosphate, but we have, as yet, no evidencé as to the location of the
phosphate group in the molecule.

_ (9) Nucleotidest - On all chromatograms from pleats which have been
allowed to photosynthesize in 01402 for periods»of longer than thirty seconds
there is a spot which appears beiow the hexose mongphosphate area. ZRarly
work had shown that it conteins glucose, easily liberated by acid hydrolysis.
In our earlier publications it has been named ﬁUnknown,Glucose Phosphate®.

It has now been shown that when phOSphatasé acts on the spot, glucose, mannose
and galactose are formed, identified by co-chromatography. These three sugars
possess the major part of the carboh radioactivity, the giucose being the
Jlargest single repository for the radiocactivity.

~ When working with plants which had,photosynthesized for some time in
01402 (five-ten minutes) it was found that phoéphatase—treatment of the unkrown
spot gave, in addition; radioactive uridihe ard radioactive inosine. The
uridine was identified by co-chromatography, the inosine by ite Rp value in
tﬁree solvents and by its acid hydroiysis_to hypozanthine and ribose. The
ribose was identified by co-chromstography and the hypoxanthine ty identity of

Ry values in three solvents with an authentic sample.
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VAoid'hy&%di&éis of*theiofiéihaiﬂsﬁoﬁkéa&e'adeniné;‘identifiéd‘by*the
u.v. absorpticn’spectrum and R value; adenosine-5'sphosphate, identified
by the ﬁ;vo‘ébéofption_spéotruﬁfand Rf]vaiue"in'ﬁfbutahol/boriobacid/water;"
ufidine»5'-phosphate,videntified by Rf Vaioe$; WeVo spécﬁrum‘and-reactivitj
towafds,sodiuﬁ periodate. The inosine in the phoSphatase=tréatéd'product
ariées‘oy eofzymaticldeamination° A sample'of adeﬁosine Wés'deaminéﬁéd;
when subgected to the same condltlons, to give inosine.

When the original compound was extracted from a two-dimen51onal chro-
matogram and subjected to rechromatography, at least eight spots appeared
on the ohromatogramo of these, five have been identified. They areo>
(i) élucoSe; (ii) galactose; (iii) mannose;‘(iv) adenosine=5“=ph05phate;

(v) uridine~5'~phosphate. “
o 'df the rémaiﬁder there are, besides the ofiginal‘compoﬁhdp two other
radioactive spots. On treatment with phosphétase; the latter each give

glucoée and galacﬁose; One spot moves in the hexose moﬁophosphate area,
.ahd tﬁe other moveé nearly as far as the free sugars in both phonol’and butanol/
propionio acid. There is evidence thot the fast-moving spot is a mixture of
.qyolic phosphates of glucoso and galactose. When it is treated with a phos-
'phatase preéarotion for a short length of time, gluoose9 galaotose and a épot

in fﬁe hexose'monophosphate oreavére proouoeds while some of the original
remains unhydrolyzed., | .

When the origiﬁél'compound produced dﬁringlphotosfhthesis is alloweq to
docompose slowly on a dried chromatogram, the faébwmoving phosphate'is the
first dEoompoSitioh product to be forﬁedo We believe, therefore, that the
two unkﬁoWn decompositioh products are (a) the 192=oyolio pHOSphates‘of glu-

oose and galaotose and (b) the 2=ph03phates of glucose and galaotose 12,13
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When the originél unknown compound is chromatographed in ethanol/
ammonium acetate at pH 7;5,13 the main radicactive spot moves at the same
Ry as uridine diphosphate gluéose,*** and gives uridine, glucose and galac=~
tose, as weil as traces of other s&éérs, on phosphatase treatment. Another
" spot on the ethanol/ammonium acetate chromatogram absorbs strongly in the
U.Vey has the same Rf'as adenose triphosphate; and gives adenoéine on treat-
ment with "Polidase." ,i

For these reasoﬁs, we believe that the original spot contains at least
_four different compounds: (i) uridine diphOSphate glucose; (ii) uridine
diphospﬁate galactose; (iii) adenosine triphosphate; and (iv)»a compound
giving mermose on hydrolysis. '

One significant observation with regard to the mannose is that when
thg*original spot decomposes, mannose does not appear in either the '"cyclie
phosphate" or the "2-phosphate" regions of the chromatogram° If the mannose
1s present orlglnally in a nucleotide structure of the UDPG type, and if the
conflguratlon at the glycosidic center is the same as in the other compounds
of this group,,then this behavior can be explainedo ‘Mannose differs from
glucosé.and galactose in the configuration of the hydroxyl group at 02, and
cannot, therefore, form an alpha l,2~cyclié phosphateovAA mannose-nucleotide
structure would decompose to give free mannose., The observation of Leloir
'and.‘Cabibl4 that yeast contains a compound which yiélds'mannose,_guanine and
phosphate on hydrolysis is of great interest in this connéctionu‘

In comparative experiments, it has been found that soy bean and sugar

beet leaves contain little or no-radioactive mannose, while the algae,

- #*#% Yo gre indebted to Drs. L. F. Leloir and H, M, Kalckar for specimens
of UDFG, to Dr. J. T. Park for a sample of uridine=5'-diphosphate and
to Dr. W, E, Cohn for a sample of uridine=5'-phosphate.
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Scenedesmus and Chlorella, give rise to mannose derivatives in both the

hexose monophosphate and nucleotide areas of the chromatogram. -

KINETICS. _

' The second part -of the main-problem has been-to find out the actual .
mechanisms by which carbon dioxide becomes reduced. We know what are the:
main radioactive compounds appearing during short periods of photosynthesis
in the presence of 014020 It remains to find how they &re interrelated. When
algaé,?undergoing,photosynthesis in a'steady state, are given a sample of
01%02, it is clear that the labeled carbon will pass through a sequence of:
intermediates beﬁween 002 and the ultimate products of plan£ synthesis. It
will, of course, take time for ‘the carbon to reach'and saturate each of these
“‘intermediates.. Furthermore, since practically all of these'compounds con=
. tain more than one carbon atom, the overall rate of appearancé of radiocactivity
-in all of the carbon atoms must be'the.sum of the rates .of appearance iﬁ each
. oneo. Thus, the experiment to be performed consigts.in stOpping the photo-

' , and analyzing thé products

2
with respect to the distribution of radioactivity (l) emong the compounds and

synthesis after suitable periods of contact with 6140

(2) among the carbon atoms in each compoundd6 A wide variety of steady states
depending on the effect of external variables, e.gs, light intensity9,002 pres=
sure, temperature and pH, and the ‘effect of inhibitors on (1) and (2) are
examined.
'Isdtppes other than those of carbonicanwbe used in these.studies; Experi=

ments have been initiated to study the rapidity with which labeled phosphate

is ipco:porated into algae. In sixty seconds the:e is appreciablé incorﬁoration,
both in the light and in the dgrﬁ; and the comppunds in which the label is found
are mainly those which the carbon experiments have shown to be early products

of photosynthesis. . (See Figure (7)),
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| Ih the work to find out the first‘staole rOduction.product of_carbon
d10x1de, algae were allowed to photosyntheﬁlze for very short periods in
0140 : Phosphoglycerlc acid was found to contain most of the radioact1v1ty.
.Th;s compound was throlyzed to glycerlc acld, and the label in each posi-
tion determined by degradatlon with perlodateQA_ It can be seen from Table -1
that the carboxyl group is the first to become labeled, followed by the G~

and ﬁ-carbons, which are equally labeledo1

Table 1

Distribution of Radiocerbon in Phosphoglyceric Acid
and Hexose Labeled Durlng Photosynthe51s

Condltlons
Compound -
Preillum. 4 Seco PS v
2 MinJ.Dark | Fhotosynthesis 15 Sec. PS5 | 60 Sec. BS
) GOOH ) 96.0 . 8700 49 44 !
e CH(OH) | = 2.6 6.5 | .25- | 30
B CHOH 147 68 - | 26 | 25
Hexose C, S 52
(from 354 B _ _
su=- '02’5 . o 25
crose) : - v ‘

When the sucrose is 1solated from short-te"m photosynthetic experlments,
and’the radloactlve hexose obtained from it are degradad, carbon atoms 354
are found to be most active (Table 1). Tne other carhon atoms are equally
labeledo This, together with the fact that in the fO;ﬁat¢Wu of SURrOse and |

fructose moiety becomes labelea before the glucose, indicates that sucrose
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is formed by a reversal of the normal glycolytlc pathWayo Since sucrose is
‘the flrst free sugar to become radloactlve it appears that neither free glup
cose nor free fructose ig dlrectly 1nvolved in suerose synth951so The actual
step by which sucrose is formed is somethlng of a mysteryo The sucrose=form1ng
enzyme from Pseudomonas saccharophilg catalyzes the reactlon 8,19
Sucrose + inorganic phosphate.<___aegyglucose-l=phosphate + Qrfructose
So far it has not been possible to 1solate a s1mllar enzyme from green plantso19
It is of interest to speculate as to the role of the UBPGlucose and
UDPGalactose which have now been found in green plants, UDPGalaotose has
hitherto been found only in yeasts which have been galaciose=adaptedo It
appears that ie_grﬁenfplants iﬁ'§ig9é§é_;ﬁ,ge}a9tose'f?r@atiée from glucose. .
Leloir is of the opinion thgi UDPG has some other function than the inter-
conver31on of galactose and glucoseo14 We belleve that these compotinds may
well be 1nvolved 1n the synthesis of polysaccharldes in the plant, functlonlng
in a manner s1m11ar to that of glucosealaphosphate in -the numerous phosphory—-
lase reactions, ° In partlcular, we would like to suggest that it may be- 1nvolved
in sucrose synthes1s, hy the follow1ng series of reactions (Flgure (8))
In Flgure (9) the labeling of the unknown glucose phosphate (malnly UDEGlucose
and UDPGalactose) is more rapld than that of sucrose, and this would agree w1th
the mechanlsm gust proposed. Recent work by Putman and Hassidl6 gives furtherj
support‘for the idea that only'phosphorylated‘derivatiues of:giucose'and frucé:
tose are 1nvolved 1n ~sucrose synthe81s in higher plantsol It has been found that
1n sucrose synthes1s from labeled glucose 1n 1eaf punches, no free fructose is
formed, although the sucrose becomes equally labeled in both the glucose and

fructose portions. Conversely, when labeled fructose is used9 ne free 1abeled

glucose appears, whllevthe sucrose is uniformly labeled.
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It is possible that compounds of the UDPG type could be concerned in
the transformation of sugars and their subsequent 1ncorporation 1nto polyb
'saccharides. Uridine diphosphate would thus serve as a carbon carrier 1n”
the same way that the pyridine nucleotides and flaVin nucleotides are involved
in hydrogen transport, the adenylic ac1d system in phosphate transfer and
coenzyme A 1n the transfer of acyl groupso There is already some cvadeuce for
the ex1stence of other members of the uridine diphosphate group 13, 17

The early kinetic and degradative experiments indicated that the path
of carbon in photosynthes1s 1nvolved a primary carboxylation to give phospho-
glyceric ac1d whose conversion to sucrose was essentially a reversal of gly-
coly51s° More refined kinetlc data have fully supported this workoé. In the
ideal experiment described above, if the rate of appearance of a radioactive
compound is plotted against time, only those compounds which have no appre--
ciable stable reservoirs lying between them and the 0140 should show a
‘finite slope at zero time. In other words, if the percentage dlstribution
of 014 amongst a group of compounds is plotted against time, the earliest-
labeled compounds w1ll show a negative slope, and the reserv01r of a pre-
cursor will become saturated before that of its producto | |

Phosphoglycerlc acld (Figures (lO) (11)) has a finite slope at zero
tlme and is also the flrst product to beoome saturatedo Phosphoenol pfruvic
acid, on the other hand, although it apparently has a finite slope at zero
“time, does not become saturated untll after phosphoglyceric ac1d (Figure
(ll)) It is poss1ble that phosphoenol pvruv1c acid has an 1n1tial zero..
slope, followed tv rapid equillbratlon W1th phosphoglycerir ac1de |

The rapid labeling of malic acid (Flgure (lO)) mibht 1nd1cate that it,

too, is a primary carboxylatiou producte This can, however, be accounted
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for by cons1der1ng that malic acid is in. rapld equllibrlum with a compound
-arlsing by carboxylation of a 03 compound derlved from phosphoglyceric acid.
Degradatlon experiments on the radioactlve mallc ac1d produced durlng short-
'term photosynthesis are in progress. The malonate-lnhibltlon experlments '
of Bassham et al.4 make it unllkely that malic acld is directly concerned“}"v
in photosynthetic carbon dioxide reduction. o '
From the foreg01ng work, it seems that 602 reacts w1th a 02 compound
to give phosphoglycerlc acld. The nature and the origln of this compound
are thebnext duestions which must be answered. 'The new kinetio data lead‘
to the concluszon that sedoheptulose phosphate and rlbulose dlphosphate are
concerned 1n the early stages of 002 flxatlon. The early labellng, and the
fact that neither sugar is stereochemlcally related to glucose whlle belng
related to each other, suggests that these compounds may be concerned in
the regeneratlon of the 02 acceptor for carbon diox1de. o |

There is a grow1ng body of evidence that rlbose phosphate and rlbulose

phosphate can undergo sc1831on to give a 02 and a 63 fragment.zo Lactobacillus

pentoacet ggs will ferment arab:.nose-l-G14 to glve laetlc ac1d together with _
acetlc acid labeled exclusively in the methyl group.zl Slmllar results have H
been reported for _ggjg;gg;llgg pgntgsgg 22 There 1s ev1dence, too, that
rlbulose phosphate and sedoheptulose phosphate are enzymlcally 1nterconver— _
t:.ble.23 24 |
It appears, then, that sedoheptulose phosphate may be converted suc~
eess1vely to r{bulose dlphosphate and to trlose phosphate w1th the 11bera=
- tion of 02 fragments which are themselves, or may be converted to, the CO2
acceptor. The sedoheptulose phosphate 1tself could arlse by an aldolase
reaction between triose phosphate and a tetrose, presumably erythrose, pro-
duced by reductlon of & secondary carboxylatlon product. The operatlon of

this cycle may be as illustrated in Figure (12).
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The C4 secondary carbcxylation product would be in rapid equilibrium
with malic acide In confirmation of this scheme it has been found that
when fhe'sedoheptulose phosphate from short term experiments is degraded
(by periodaté oxidation of the sedoheptulosanlderivéd from it), the 04
atom is more radiocactive than for a uniform&y labeied compound.(Table 2);‘

The data in Table 3_afe a striking indication of the rapidity.with

‘which the sedoheptulose phosphate becomes 1ébeled3. | |

Other schemes involving a C —'>C5'—-> 03 ——>C7 cycle are, of

7
course, possible, as well as one involving the 05 or 07 compounds as reser-
voirs of reactive G, fragments. The ﬁecessity of a second carboxylation
reaction for fhe production of a 04 compound can be obviated by a

Cé-—€>04_+ C, reaction, the C, thep‘entering into the Gy cycle as in :
Figare (12). (ef. Gaffron et»a1o3)o” A
: The exact nature of the Cz.fraghent is, as yet, unknown,
For an understanding of the'resuité of kinetié'experiments, it is
necessary to know the steédy state concentrations of several key metabolites,

and the way in which these are affected by the variables just mentioned. In

preliminary experiments using Scenedesmug grown in radioactive phosphate

£

ﬁbuffer, it appears that variations in light intehsity énd 002 pressure have

a profound effect on the relative quantities of organic phosphates in the cell,
‘These results afe now being directéd towards the aesign of kinetic experiments
whose conditions will conform more exaétly to the study of the path of carbon

during steady state photosynthesis.
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Table 2

Degradation of Sedoheptulosan

" Percentage of Radioactivity in c,

Semple | % Activity Noo of ‘Expts.
_,CalCo' for - . E S
Equal Labeling 1443 -
5 Min, Soy Bean | 14 2
20 Sec. Soy Bean él': _ 1
10 Sgce qu Bean 28 . _ 3
Table 3 |

10 Second Photosynthesis Soy Bean.

Percentage Radiocactivities (C14)

Cbmpbund :'Pércéht |
-Phééphqglycefic aci§ - | 32»%'
_gSedqheptulosevphésphétgh | 24
_.Fructpsé_phoéphatg. 19
‘T:iose.quspbate 5 ; ‘8
_Glucose»phquhate _  6
Pentose phosphate ‘5 :
Diphosphates 4
Phosphoenol pyruvate 3
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CAPTIONS TO FIGURES

s .
i : _
1 = Radiogram of extraect of Scenedesmus grown for 20 hours in radio-

activé_péosphate and allowed to photosynthesize for 5 minutes in
GlAOé; A sheet of exposed film was used to filter out the C1%
radiation. | |

2 = Radiogram of same e#tract as in Figure l.- The exposure was made

 after the phosphorus radiation had decayed.

3 = Radiogram of cold alcohol extract of Chlorella which had photo—
synthesized for 60 seconds in 01402.

4 = Ldentification of ribose monophosphate.

5 « Identification of ribulose monophosphate.

6 - Phosphodihydroxyacetone identification.

7 - Radiograms of _gg;ggg§mg§ exposed to radloactlve phosphate for
one minute. Light and dark.

8 = Scheme for sucrose synthesis from phosphorylated intermediates.

9 - 0140 fixation in the sugar'phosphates and sucrose during photo-

synthesis by Scenedesmns at 15° G, 6

0 - 0140 fixation in the major solublegcompounds during pnotosynthe31s

by Scenedesmg at 15° G.©

- 0140 fixation in 02 and Cy-compounds during photosyn thesis by

Scenedesmus at 15° Coé . , ' |

12 = Proposed carbon cycle for regeneration of two-carhon CUp asceptor.
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