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xthﬂIL KINETIC STUDILES ON ‘THE CARBO! REDUCTION CYCLEL

J.A. ilassham

The p)OLOogntuGtiC carbon reduction cycle (PG CH 3/010) was proposced in
essentially its present form about ten years azo followiry; sane seven
years of study by Calvin and coworkers, who uscd l‘C as a tracer to follow the
- path of carbon in photosynthesis. Since that time, 1t has been rather widely,
thouish not universally, accepted as belng the correct primary pathway of carbon
dloxlde reduction during photosynthesis. Studles {rom this laboratary
showed the PSCR cycle, or a cycle utilizing the same Iintermediate conpouwnds, to
ve responsible for vy far the greater part of the carbon dloxide reduction.
Utner later studlies showed that carvohydrates are not unique as sccondary prod-
ucts {ormed {rom the intermediates of the carbon cycle. rFor example, it was
“shown that.the synthesls of carbon skeletons of amino acids could account for
30% or more of the rate of carbon uptake o¥ the carbon reduction cycle durirg
photosynthesis in Chlorella pyrenoidosa The pursuit of such quantitative
studies lea to the development of more sophisticated steady-state, steady
tracer level techniquco(2 3). Development of these techniques in turn per-
mitted us Lo rectudy same kinetlce Rroperties of the PSCR cycle, and to lnvesti-
sate sane puzzllng facets of the 14c labeling patterns which had been noted |
Ldrlicr in this and other laboratories.

. wefore presenting these questions and our efforts to find answers to them,
1-wil1ll discuss briefly the PSCR cycle, shown in Fig. 1. In this cycle, the
first stable carboxylation product is 3-phosphoglyceric acid (PGA) (45,

All the renainin; stable intermediates are sugar phosphates and dipnOSbndtcS
wlth carvon skeletons from 3 to 7 carbon atans in.lengzth.

There are lour stazes in the cycle: 1) Ribulose-l,5~iiphosphate (PubDP) is
carvoxylated ‘and gives. two molecules of PGA; 2) PGA 1s reduced to triose phios-
5oru;u, 3) A series of reactions'convert five triose phosphate molecules to

three ribulose monophosphate molecules; 4) The ribulooe monopnosphate molecules
are then phosphorylated with AmP to bive RuDP.

Carvon wnlch enters this cycle as COp is later "drained off" in tne form of
reduced carbon canpounds such as PGA or sugar phosphates, by secondary phnotosyn-
thetdc pathways. such pathways lead to the synthesls of fats, proteins, carbo-
hydrates and other products. Part of these products are then used in the '
synthesis of new chloroplast structure while the remalrder is "exported" to
non--reen parts of the plant cell, or to other parts of the plant in multicellu-
lar or;anisms.

The asterisks are intended to show the degree of labeling of various carvon
ataas in the cycle following a short period (a few seconds) of photosynthesis
with l“cog. newly incorporated 1“002 becames the carboxyl group of PGA ard tne
unphosphorylated terminal carbon atam of phosphoglyceraldehyde and of phospho-
dihydroxyacetone. Condensation of these two triose phosphates with each other
results in fructose-1,0=diphosphate labeled in carbon atams 3 and 4. ilowever,
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ig. 1. The photosynthetlic carbon reduction cycle (P3CR cycle). Abbreviations
include: ¥DP, fructosc-1,6~dipnosphate; GDP, sedoneptulose-l,7-diphosphate;
RuDP, rivulose-l,%—diphosphate; TPP, thiamine pyrophosphate; E, E°, unspecifici-
enzymes or proteins. The E'(FeSil)p symbolizes a reduced ferredoxin-type _
electron carrier with a potential of -0.4 v, The asterisks denote the order of
labeling (not the accurate magnitude) of varlous carbon atams of susmar phos-
phates, and other intemmediates, following a short period (such as 10 sec) of
photosynthesis with 14C0p. Depending on pool sizes, particularly that of triose
phosphates, asymmetry of labeling in hexose and heptose phOSphates may be

more or leos than shown. , :
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.~ there s a nhilsher label in carbon no. 4 than in carbon no. 3 if the equilibra-
tlon of label between the two trlose phosphates has been incomplete so thnat
the speciflic activity of ‘the glyceraldehyde phosphate is hisher than that of
‘phosphodihydroxyacetone. ' ' .

A transketolase reaction on Fructose-éfphosphate, and a subsequent condensa-
tion of the resulting tetrose phosphate with dihydroxyacetone phosphate leads
to the {ormation of scdoheptulose diphosphate and of sedoheptulose monophos-
phate with the label predaninantly in carbons 3,4 and 5 with more label in 3
arnd 9 than In 4. Guch a labeling pattern was observed when leaves werc exposed
to 14C05. durlng photosyntinesis for a second or less (1), This was evidence for
the existence of differentially labeled triose phosphate pools and was so
recognized at the time (1), :

Another transketolase reaction on sedoheptulose-7-phosphate leads to the
fornation of a rioulose-S5-phosphate labeled in carvon atans 1,2 and 3. The
carbon atans 1 and 2 resulting from the transketolase reactions on fructose=H-
phosphate and scdoheptulose~7-phosphate are considered to be in equilibriun with
a pool of thiamine pyrophosphate~glycolaldehyde addition compound. ‘iwo-carbon
moleties froa this pool undergo a reversible reaction with glyceraldenyde
pnosphate to jtive molecules of xylulose-5-phosphate (labeled in carbon atom no.
3) widch in turn 1s 1ln equilibrium with a ribulose-5~-phosphate pool and the _
rivose~-H=-phosphate pool mentioned above. Rapid reversible equilibratlion amoriz
thcse pentose phosphate pools and the thiamine pyrophosphate glycolaldehyde
pool results in the leedback of labeling from carbon atoms 1 and 2 of ribose .
pnosphate throuigh ribulose phosphate, xylulose phosphate to jlycolaldehyde
thiamine pyrophosphate addition compound and thence to the number 1 and 2
carbon atans of f{ructose-b-phosphate and sedoheptulose-7-phosphate. This is .
cssentially the explanation which we have glven previously (6) ror the asym-
metric labeling of hexose discovered by Kandler and Gibbs (7).

'mis rapld reversible equilibration is entirely to be expected, since the
{ree enerwy changes assoclated with the transketolase and eperimisation reac-
tlons under steady state conditions probably are all in the range ™S = +1.5 v
to -1.5 Kcal. This close to equilibration, ard with low activation encrpiies for
the reactions involved, the ratio between forward and back reactions is siven -
by IS = =RT 1ln {/b where [ is the rate of the forward reaction and b is the
_rate of the back reaction. (5) At 25°C, IS = -1,37 loz /b, so that the
vack reactlion is approximately 10% of the rate of the forward reactlon.

Other.reactions for the glycolaldenyde thiamine addition caapound are its
conversion by phosphoroclastic splitting to acetyl phosphate, and its oxldation
to ;lycolic acid. lividence for the acetyl phosphate formation by this path in
vhotosynthesis is lackling. The stimulation of formatian of labeled glycolic
acid during photosynthesis with 14CO5 at high 0p levels has been demonstrated(S).

The Gilbos effect is often quoted as an argument against the correctness of
the POCR cycle (9). Tnhis effect, asymnetric labeling of hexose following short
periods of photosynthesis with i“COQ, consists of two parts: carbon atom no.
4 is more higshly labeled than carbon atom no. 3, and carbon atoms 1 and 2. are
more highly labeled.than carbon atams % and 6. :

‘There 1s a difficulty in the explanation of the greater labeling of carbon
atom 4 as canpared with carbon atom 3. The pools of the two kinds of triose
. phosphate would have to be incompletely equillbrated with respect to carbon
labeling. By the argument presented above, e would expect these two tyves of
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triose phosphate to be in rather rapid equilibriun with each other. lowever,
if the relation between phosphoglyceraldehyde and phosphodihydroxyacetone were
different from that which exists in ilycolysis, it is possible that the label-
in; of the dihydroxyacetone phosphate pool would not be reflected into the
phospho;lyceraldehyde pool. Guch a situation might exist if the phosphoislycol=
aldchyde molicty were bound to an enzyme and 1f 1ts conversion to dihydroxy-
acetone phosphate resulted in a larger nezative free energy change than is
assoclated with the. conversion of free phosphozlyceraldehyde to dlhydroxy-
acetone phosphate. . : ' :

Tne possibility that phosphoglyceraldehyde and perhaps erythrose-4-phos-
phate as well, may exist only in a form bound to the enzyme such as enzyme-S-
CO-R Is most attractive. It could explain why neither the triose phosphate
nor tetrose phosphate are normally seen as labeled intermediates durlng
studles of pnotosynthesis with 1“CO2. If the enzyme-bound phosvhoylyceraldehyde
were unable to react with inorganic phosphate to make phosphoryl-phospho- )
clycerate, as it does in slycolysls, the oxidation of triose phosphate to
phospnojslyceric acld could be blocked. Such a block might be nost advantageous
" to the photosynthetic mechanism, in that it would prevent reoxidation of new-
ly formed supar phosphates during short periods of darkness. I shall return to
this point later. : ' o

It 1s also posslible that the existence of such a bound form of phospho.;ly-
- ceraldenyde, witha block towards its oxldation, could account for the report-
ed lack of aldolase in same photosynthetic organisms (10,11,12), A reversal
of the condensatlon reaction leading to fructose-1,06-diphosphate would give
dinydroxyacetone phosphate and bound glyceraldehyde phosphate. Aldolase is.
«nown to bind dihydroxyacetone phosphate (13) as a skhiff base. Conceivably
sane organisms bind both triose phosphates so tightly that they can only bde
liberated by the condensation reaction leading to fructose-1,6-diphosphate.
One mliht expect thé pool of free dihydroxyacetone phosphate, commonly
‘observed in studies of photosynthesis in leaves and in Chlorella with 1“002,
to be mlssing from such organisms. v

I would now like to focus attention on our mare recent kinetic studies. In
most of these experiments we establish a condition of steady state photosyn-
thesls in which all reactions are proceeding at a constant rate and in which

‘the intermediate pool sizes are maintalned at constant levels (2,3), ve then
introduce 1“902 in a step function in such a way that the specific activity of
the added tracer comes lmmediately to its final value armd 1s maintained tnere
during the course of the experiment. The addition of the tracer is accompanied
by no other environmental change. Sanples may be taken immediately following
‘the addition of the l“COg at frequent intervals and continuing through the

~ time when intermedlates of the carbon reduction cycle have become "saturated"

with radiocarbon. ' '

From the initlal slopes of the laveling curves upon introduction of 14C0p,
we can calculate rates of flow of lUC through specific intermediate pools.
From the level of radloactivity in specific compounds when they are "saturated"
we can determine the concentration of the actively turning over pool, b{ :
dividing the total radloactivity by the spec¢ific radiocactivity of the 1 CO,
wilch 1s maintalned constant and is measured. Following "saturation" of inter-
inediates of the carbon cycle, we may vary same envirormental factor, such
as light or CO2 pressure, and follow the changes in concentration in the
actively turning over pools wgighlﬁriAieeﬂ as changes in the total radio-
activities of these nools (1,253, 4,5, T
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In the first of our more recent studieu, we 1nveotipated the kinetics. of
the labelinz of ribulose diphosphate and of PGA in vivo. Ve _found that fran
"~ the besinning of the perlod of steady state oynthesis with lgcoz until satur-
ation of the intermediates, the specific radioactivity of PGA was always
considerauly hi;sher than that of RupP (2), If the carboxylation of RuDP results
- in the formation of two molecules of PGA, then the carboxyl'group of one of
© . every two PGA moleculecs will contain the neWwly incorporated

To test this model, we subtracted from the total PGA radiocarbon an awount
of l4¢ radloactivity wiilch would correspond to the radioactivity expected in
this carboxyl if the model were correct. Since this carboxyl group would rapid-
ly saturate i the model were correct, this involved subtracting 1/2 x 1/3 =
1/6 of the saturation level of radiocarbon in PGA alter about 30 seconds. The
rexaining 14C which would have to be derived from the RuDP carbon atams was
conpared with tne 14Cc in RuDP. The renaining, or residual, PGA carbon atoms
vere {ound to ve labeled to a higher degree of saturation than the averare of
the. flve atoms of RuDP, suggesting that thia model (2 molecules of PGA per
caroo&ylation) was incorrect.

' Using a different model in which only one PGA molecule was formed, and in
which it was forwed from the newly incorporated luCOg and carbon atoms 1 and
2 of RuDP, a similar calculation showed that the residual carbon atoms of PGA
were not labeled mare rapidly than the average of the flve RuDP caroon atous
untlil after %0 seconds. In this case there was no contradiction between inodel
- and data even after 50 secords, since we kno# that carbon atams l amd 2 of
- RubP are more quickly labeled than the carbon atams 3, 4 and 5 :

From this data and reasoning, we concluded that the carboxylation of RuDP
leads to only one molecule of PGA in equilibrium with the PGA pool. Tne other
three carbon atoms {ran RuDP appear to have been converted either to a form of
bound PGA not in equilibrium with the pool, or to some other molecule. Ve -
speculated that if the 1n vivo reaction were reductive the other moleculc
might be triose phosphate,

It was noted earlier that the radicactivity in PGA does not always extra-
polate to 100% at zero time (1), Sometimes such extrapolation gives 10-15%
14C in sugar phosphates at zero time. This finding sugrests that it is not
only the three carbon moiety derived fram carbons 3,4 and 5 of RuDP which may
not be in equilibriun with the PGA pool., It appears that some of the PGA
labeled with the newly incorporated 14¢ in the carboxyl group is also bourd,
perhaps to an enzyme, and converted to sugar phosphates without freely equil-
ibrating with the PGA pool.

The'cxperhnental evidence suggesting that the newly incorporated ¢ does
not all pass through the free pool of PGA prompted us to perform further
kinetic studies on the labeling of intermediates of the carbon cycle during
photosynthesis. Light=dark transient studies were performed (16) under condi-
tiono { steady state photosynthesis. As 1in earller light-dark transient studies
(14,17) the level of PGA rose and the level of ribulose diphosphate fell when
the li&ht was turned off. llowever, under the more nearly steady state condi-
tions used in the more recent study, the concentration of fructose diphosphate -
was higher than that of ribulose diphosphate and both diphosphates fell to
" zero in concentration in the dark with equal rapidity. Sedoheptulose diphos-
phate concentration also dropped, and the sum of the drops of these three
diphosphates was not more than equal to the transient rise 1n PGA concentra-
tion. The levels of dihydroxvacetone phosvhate and of fructose-6-phosnhate
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also declined, summesting that some of the rise In PGA concentratlon micht be
due to a momentary reoxidation of sugar phosphates in addition to that result-
ing from continuing carvoxylation of ribulose dinhosphate coupled with a cess-
ation of the reduction of PGA to sugar' phosphate. ’

To investigate this point fur'ther, we undertook a kinotiq study of the car-
bon labeling of c¢ycle intermediates in preilluninated Chlorella. olloning a
period of steady state photosynthesis the light was turned ofl and 14COp was
immediately added without any alteration in the total level of CO2 which was
maintained at about 2j%. . -

Some of the results of this experiment aré_'shown in Fl;. 2. There was a rapid

-Tolal ./46 F/'xed
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iz, 2. Fixation of e 1nto compounds in Chlorella followinz prellluaination.
Susar monophosphates include monophosphates of fructose, glucose, sedoheptulose, -
rivose and ribulose. "Total 14C fixed" includes all radioactive compounds,
including; those on the origin, found on the chranatcgram.
initial uptake of 14CO, during the first 15 seconds. This was followed by a
temporary decrease in 1lC-labeling of the campounds. Presumably some of the
 newly incorparated 14C was respired. After this drop, a slight loss of newly
incorporated 14¢ in such products as sugar maophosphate occurs during the per-
iod from 15-30 seconds. 'I'nereafter, 14 4n these canpounds remains essentlally
constam'..
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this 4¢ lavellng curve of sugar phosphates suggests that there is a mech-
anisia which allows only a sinall amount of: reoxlidation of the newly photosyn-
thesized susur phosphates and then blocks further oxidation of these suzar
phosphates by triose phosphate denydrogenase type reactions, From the usual
cencept of the PSCR cycle in which PGA is reduced by triose phosphate dehydro-
senase In the presence of ATP and NADPi, one might have DFL iicted that once
. theue cofactors were cxhausted in the dark the triose phosphate denydrogenase
reaction would be reversed and the newly formed suzar phospnates rapldly
oxidized. 'fhus the result obtained here suggests once again the possibllity
that phosphoslyceraldehyde in the PSCR cycle exists only in an enzyme-bound
formm which cannot recadily be oxldized. This hypothesis would require a coro-
llary - the formation of the bound phosphoglyceraldehyde directly Ifram an
Interncdiate in the carboxylation reaction rather than from reduction of PGA.

Another interesting polnt seen in the preillumination study is the rapid
rate of labeling of suiar monophosphates between 5 and 10 seconds. This rate is
equal in magnitude to that of the labeling of PGA despite the fact that during
thils perlod the PGA carboxyl group in all probability can be no more than 20 -
30~ saturated. (2) Tnis rapid labeling of sugar monophosphates at a tine when
the PGA pool 1is only partly labeled appears to be rather direct evidence for
the reduction of some bound form of newly incorporated 1“002 which is not in
equilibrium with the PGA pool. '

_ 1 nave mentloned several bits of evidence which suggest the possibility that
a carboxylation intermediate preceeding PGA might be converted dlrectly to the
sugar phosphates without equilibration of label between the intermediate com-
powxd and PGA. From the stardpoint of chemical possibilities the inost likely
reaction for the accomplishment of this direct conversion would seem to be a
rcductive carboxylation reaction. liowever, the in vitro enzyme systen [a car-
boxylation of ribulose diphosphate accanplishes “only the non-reductive disauta-
tion to glve two molecules of PGA. There 1s to date no enzymic evidence what-
ever for a reductive carboxylation. One must suppose that if such a reaction
exists, it is mediated by some organized or multifunctional enzyme systen
which is most difficult to isolate intact from the living system.

In looking far reasons why ‘such a system might be difficult to isolate, one
could propose that the system 1s particulate or an enzyme of high molecular
welsht, and that the systen is easily disrupted into soluble enzyines of smaller
molecular weight wihlch lack the necessary organization. A more plausible reason
would be that in the in vivo system there 1s some direct link between the photo-
chemlcal reactions which produce ATP and electrons, and the carbon reducing
system., This 1link might then be lost when the system ls isolated. We know that
the jreen lamellar structures which carry out the photochemical reactions can
be rather easily separated from the soluble carbon fixing enzymes (18),

vhen phosphopyridine nucleotide reductase (PPNR), discovered by San Pietro -
(19,20), was shown by Tacawa and Arnon (21) to be a non-heme iron protein of
the ferreuoxin type (22 §3) it became a goad candidate as the link between the
photochemical apparatus and the carbon photosynthetic apparatus of vhotosyn-
thesis. It has been generally supposed that chloroplast (erredoxin or PPRR
mediates the transfer of electrons from the light reaction to NADPi, with the
latter cofactor then being used to bring about the reductions of the carvon
reductlon cycle. ilowever, ferredoxin is a stronger reducing agent than NADPI,
belng comparable to ilp. If it were used directly in the carbon reducing
reactions, only one molecule of ATP per two electrons of reducing agent would
be required rather than one ard one half molecules of ATP 8& two electrons as
would be the case with NADPH as sole reducing cofactor (5,2%), I have proposed

i
i
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';that .crrcdoxln reduces an enzyme diaulfide to dloulfhydryl and that the enzymesf, -
.‘%loulfhjdrvl in turn functions direcbly in the reductive carboxylation reaction

i

o It 15 also pOboible thaL ferredoxin could function directly in the carbon
‘“peducing reaction. Valentine et al. (25) have shown that in the oxldatlon of

. pyravate in Chlostridium dcidi-urici, ferredoxin takes the place occupied by

. lipolc acid in other systems and mcdiates the electron transfer betwecen pyru-
“vate and iIAD. Since ferredoxin contains three sulfide mroups we may suppose -
“that it is functioning here as a disulfide cofactar similar to lipoic aclid, and
that it is accepting an acetaldehyde molety from the carboxylation of pyruvate.
"uj anmalozy with the lipoic aclid system, wc may suppose that the intermediate
o 15 acetyl ferredoxin sulfhydryl which then reacts with inoryranic phosohate to .
‘:produce acetyl phosphate and fcrredoxln disulfhydryl. -

 the terminal sulfides have the same orientation as the disulfide of a lipolc
“acid molecule. At the other ends of these FeS chains, the Fet*3 atoms could
- accept electrons which would then be transported along the chain to the di--

 tion reduction reactions.

.. Accepting electrons singly {rom the photochemical apparatuo of the reen
c cell, ferredoxin-might transfer two electrons at the potential of hjdroben a8

“out attempting to puess the detalled mechanism of this carboxylation reaction, *-{:-
“we.may nonetheless note that 1t bears a formal similarity to a reversal of the .
.pyruvate oxidation discussed above, : '

h With these thoughts in mind, we have attémpted to Investiate the kinetics
of' the carbon cycle of photosynthesis in the presence of added chemical apents

"we allowed Chlorella to photosynthesize in the presence of 14C0, for avout 10
. minutes under steady state conditions at pl 5.0. Without disrupting these

~imately 0.5 millimolar solution of this lipoic acid analos. Preliminary studies '
“had shown that such an addition caused an 1mmed1ate complete inhibition of - D
. oxypen evolution and COp uptake.

The effect of the addition of this inhibitoh upon the levels of variocus in- .

o oshown in Figs. 3 and 4. The most dramatic effect 1s the immediate drop in the

- level of PGA which falls during the first 15 seconds after addition of the
" inhibitor to about 1/U4 of its steady state value. At the sane time, the levels
~.of fructose diphosphate and of sedoheptulose diphosphate rise quite rapidly.
 Surprisingsly, in view of the PGA effect, ribulose diphosphate undergoes only a
~:snall positive transient and then a slight decrease to a constant level. It was ™

: ‘more recent but unpublished experiments we find that the effects of 8-methyl
:‘llpoic acid are reproduced by the same concentration of lipoic acid.

“'  If-the disulfide compound which we have added 1s .accepting electrons fro:
© .0 - the light reaction and thereby keeping them fram being used in carbon.reduction,
¢ one might expect the resulting transient changes in the intermediates of the
. carbon cycle to resemble those seen upon turning off the light. It is clear

. RCAT TR LI, FLN st v
o R T RPN

Possibly ferredoxin contains chalns of FeS-FeS-FeS.. arranced so that two of . °.

- sulflde mrouping which would then become disulfhydryl. In this way, the rcrre--f{éj'
“doxin could function as a medlator between one electron and two elcctron oxida= "

to: the enzyme systen responsible for the reductive carboxylation reaction. vith= <"

~ which mipht interact with disulfide disulfhydryl systems. In one such study (Zc)fv

i_conditions we Introduced an amount of 8-methyl lipoic ucid which yave an approx—}f -

- termediates of the carbon reduction cycle and other photosynthetic products are,:‘?'

©  noted that lipoic acid itself also caused inhibition of photosynthesis, ard in o
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@\ scuohicpiulose-1,7=diphosphate, [ glucose "diphosphate", @& ’GA.

that this is by no means the case, since PGA drops instead of increasinz and ,
. olnce ribulose diphosphate does not drop irmediately to zero concentration. ine -
“extrenely rapid drop in PGA concentration requires either that the carboxylation

' reaction leading to the formation of PGA be inhibited or that the reduction of - -

PGA be greatly accelerated. The latter possibility is not borne out by the
transient behavior of other carbon fixation products. Although there is a rise

in the fructose and sedoheptulose diphosphates, there is a correspording drop = - E

1n their monophosphates, which would not be expected from an acceleration of
PGA reduction, '

Thus we are left with a dramatic inhibition of reactions leading to PGA, but
without a concanittant increase in the level of ribulose diphosphate which we
would expect 1f the carboxylation of ribulose diphosphate to glve PGA were :
stopped. Perhaps in addition to the inhibition of the carboxylation of ribulose
diphosphate to give PGA, there is a subsequent inhibition of the formation of
ATP. This would prevent the level of ribulose diphosphate from rising.

Another possibility 1is that in the in vlvo system phosphate groups from the
no. 1 carbon atoms of fructose and sedoheptulose.diphosphates are transferred
to ribulose~H~phosphate to make ribulose-l,5~diphosphate. This would account
for the apparent inhibition of the conversion of the hexose and heptose diphos-
pvhates to thelr monophosphates. Whatever the preclse explanation of the various
~effects of the disulfide compounds may prove to be, 1t is clear that these
- substances Interfere suddenly and dramatically with the carbon reduction cycle.
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'The lmmediacy of their effects makes it seem plausible to ouppoae that they are
interferring 1n same way with electron transport Ly compounds with disulfide
Froups.

de have recently carried out experiments under our steady state conditions
of nhoLosyntheoio with lL‘COQ in which COp 1n air 1s suddenly replaced by nltro-

gen. Alter about 10 minutes the luCOg in air 1s again added to the ghotoo/ﬁthe- B

sizins alrae. The results of these experiments are shown in Figs. % and 6.

drop in the level of IGA and the risé and fall in the level of ribulose diphos-:
phate are similar to those noted by #ilson and Calvin (15), The behavior of the

,lxtcnncdiateo on addition of 1“CO azain is quite interesting. As would be

expected, the level of ribulose diphosphate falls while that of PGA rlses as

the carboxylation reaction resumes. What 1is Intriguing 1s the fact that the

level of fructose diphosphate rises as rapldly as that of PGA during the [irst

few seconds. This is an additional bit of evidence for the direct conversion of

the carboxylation intermediates to sugar phosphate without equilibration
uhPOUﬁh the PGA pool.

Anether interesting point is the fact that f{ructose diphosphate and scedohep-
tulose phosphate rise and then fall after the readdition of the 1l4CO.. Why do
they 'all? One could armue that the initial carboxylation reaction is faster ,
~ than usual because of the high level of ribulose dipnosphate, and that once the

ribulose diphosphate has been depleted, the carboxylation reaction becomes
slower. iiowever, the level of PGA which continues to rise for many minutes be- -
lies this argument. Perhaps the explanation is to be found in the previouoly
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Fih. 5. ulffects of sudden removal and readdition of CO» on levels of PSCR cycle.

Susar monophosphates. @ Glucose monophosphate, ©sedoheptulose monophosphate,
8 (ructose .monophosphate. o

suzrested transfer of Cy phosphate groups from fructose dipnosphate and sedo-
. heptulose diphosphate to ribulose monophosphate. This transfer which miizht
- initially be inhibited by the high level of ribulose diphosphate would accelerate
as the level of ribulose diphosphate decreases. -

In summary, while recent kinetic studies of the carbon reduction cycle of
photosynthesis confirm the cycle 1n essentially the form in which it was pro-
posad ten years ago, there is a scattering of evidence which sugpgests that the
in vivo cycle might vary somewnat in its mechanistic details from the cycle
which was proposed at that time. First there is a variety of kinetic evidence
- which suxprests the direct conversion of the carboxylation intermediate compound
to the level of sugar phosphate without camplete equilibration with the [ree
pool of PGA. Secondly, there is scme indicatidn that when the light 15 turned
off there is only a partial brief reoxidation of sugar phosphate via triose
phosphate dehydrogenase and that this period is followed by a block on this
‘reoxldation. Third, some experiments suggest the possibility of direct transfer
of phosphate groups {rom the no. 1 carbon atams of hexose and heptose diphos=—
‘phates to ribulose monophosphate. Fourth, the dramatic effects of disulfide
compourdds on the carbon reduction patterns, and other biochemical considerations
. argue for a role of disulfide compounds, perhaps including ferredoxin, in med-
iating a reductive carboxylation of ribulose diphosphate to give sugar phos-

- phates directly. A separate but related possibility is that scme of the newly

incorporated carboxyl carbon 1s also reduced to the level of sugar phosphate.
without an opportunity for equilibration with the free PGA pool. Such a direct
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reduction of newly incorporated carbon to the level of bound triose phosphate
would be required if we are to invoke the bound glyceraldehyde phosphate moiety
as an explanation for the asymmetry of the hexose phosphate labeling and the
slow labeling of carbon atom 4 of sedoheptulose phosphate,

, The incdiation of the reactions of the cycle may be accanplished by a multi-
functional, orranized enzyme systen. This system should be closely linked to
~the photochenical apparatus, perhaps by such a compound as PPHR (chloroplast
ferredoxin). The system should include enzyme "harndles" for holding some of the
~ intermediate compounds in a bound form, Bound forms might include ;lycolalde-
hyde, bound to thlazolium groups in transketolase reactions, and aldehyde
moleties bound to disulfide/disulfhydryl groups in carboxylation, condensation
and cplnerisation reactions.Attempts to lsolate active enzymes [ron the cell may
result in the loss of the organization and primary enzymic activities. Residual

‘.

e

encymic activities found in the soluble isolated protein could mimic the reactions

of the Intact system. Such activities might well be variable and in many cases
inadequate to accomplish the reactions of the PSCR cycle at anything like the
in vivo rate. .

The work described in this paper was sponsored by the United Stateo Atomic
Energy Comnission° o : .
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