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PJ~Ci~i·!f KI:li~l'IC 0TJDIE.S Oti TilE CAHOO:l Rr:DUCriON CYCLE 

J. A. i.l.:l~sham 

'l'i1c p: 10tosynti1etic carbon reduction cycle ( P0CH ~::tcle) •·:as propo;:.cd in 
e00cntially it:.> prc:.>e11t fonn aliout ten yed:rs a-_;o (1)) follo"Nir:;; so:1e ::;even 
yc~w~ of' :.;tuc.i:; by Calvin n.nd co~'lorl<ers, 1·1ho used lLic as a tracer to follow the 
i;at:-~ of c~iJOl1 in photo::>yntile;jis. Since that t.:lJ:1e, it has been rather ·t~icJely, 
ttJou.:')l not universally, accepted a::; be inc; the correct pri;nary path;-Jay of' carbon 
dioxilic reduction durlllii photosynthesis. Studies from this laboratory (2) 
::;:1mi\:d the i'0C!~ cycle, or a cycle utilizinc the same intermediate co:iipoun::.ls, to 
be rc::;pon:.;iblc for uy far the ,-;rcater part of the carbon dioxide rcc.iuc tion. 
vtr1cr later studies showed tha.t carbohydrates arc not uniCJue as secondo.ry prod­
uct;:; f'or::1cd fro:a the intermediates of· the carbon cycle. For example, it ·.-~as 

:;ho;·:n thr-J.t. the synthesis of carbon skeletons of amino acid~:; could account for 
3::1:~ or ::1ore of the rate of carbon uptake by the carbon reduction cycle durin;; 
il:loto::;ynthcsis ln Chlorclla pyrcnoidosa (3>. 'T'he pursuit of such quJ.ntltative 
:.:;tuJ ics le<.1 to the dcvelop.11cnt of more sophisticated steady-state, steady 
tracer level techniques(2,3). Development of these techniques in turn pcr-
r.littcd us to re;~tud:t sane kinetic ?,ropcrties of the PSCH cycle, <lrd to investi­
~::ate :>one puzzlinG. facets of the l~c labeling patterns which had been noted 
earlier in this and other laboratories • 

.. :..e1'ore ;1rescnting these CJUestions and our efforts to find ans·,..;cr;::; to the:n) 
I ·.-:ill Ji:>cuss briefly the P0CR cycle, sho·...m in Fip;. l. In this cycle the 
i'lr::>t :jtaiJlc carboxylation prcxiuct is 3-phosphoglyceric acid ( PGA) ( 1d. 
All the renainin.; stable intennediates are sugar pi1osphates an::i diphosphates ~ 
·.'ilth carbon skeletons from 3 to 7 carbon atans in length. 

'~'nt.::re are four stat;es in the cycle; 1) llibulose-1)5-diphosphate (f:uDP) is 
carLJoxylatcd and gives two molecules of PGA; 2) PGA is reduced to triose pho::;­
pi:.u.t.::; 3) i\ series of reactions convert five triose phosphate molecules to 
t:·wee ribulose rnonopilosphate molecules; ~) 'Il1e ribulose mo(lopho;:;pnate molecules 
;:u·e then phosphorylated ·,..;ith ATP to give I\uDP. 

c~.u·uon · . .;!1ich enters this cycle as C02 is later "drained off11 in ti1c for':i1 of 
rcduc.:::d carbon ccmpounds such as PGA or sugar phosphates» by secondary prJotospl­
ti .die r.atiw.ra,ys. :3ucll pJ.thways lead to the synthesis of fats$ protein::;) carbo­
ilyci:--ates and other iJroducts. Part of these products are then used in the 
synthesis or new chloroplast structure while the rema.in:ler is 11 exported" to 
non-,~l'ecn pd:rts of the plant cell, or to other parts of the plant in :nultlcellu­
lar or, ~anis:n:.>. 

Tne .::wtcrlsk.s are interdcd to show the der;ree of labeling of VJ.rious caruon 
ata:~.J in the cycle follow in,.:; a short period (a few secon:.1s) of photosynthesis 
l'.'ith l 1lco2 • i'Jcl'lly incorporated 14co2 bccanes the carboxyl group of fr.A arxl the 
un;1hosphorylated terminal carbon atan of phosphoc;lyceraldehyde an:i of phospho­
dilwdroxyacetonc. Corxlensation of these two triose phosphates lvith each other 
results in fructose-1,6-<.liphospha.te labeled in carbon atans 1 and 4. l!owever, 
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Fie;. l. 'l'hc ui1otos·;nthetic carbon rcduc.tiori cycle (p:;c:\ cycle). Aburcvlation.; 
include: ?DP~ fructose-l~b-diphosphate; :JDP, 3edoheptulosc-l,7-diphosphate; 
:\uuPs ribulose-l»'j-<.liphosphate; TPP~ thia11ine pyrophosphate; E, E' ~ un3i)ecified · 
enzymes or proteins. The E' (FeSi02 symbolizes a reduced ferredoxin-type 
e lcctron carrier >vith a pot.ential of -0.4 v. Tne asterisks denote the order of 
labcli~~G (not tile accurate mar;nitude) of various carbon atans of sw~ar phos­
phates, and other intennediates, follCMing a short pericxi (such as 10 sec) of 
photosynthesis with 14co2. Depending on pool sizes, particularly that of triose 
phosphates j) asyuunetry of labeling in hexose an::i heptose phosphates may be 
more or less than shown. 
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there L; a i1i;:i1er L'lbel ln carbon no. 4 than in carbon no. 3 if the EYlullibra­
tion of laLel. iJct·,;l?en the .tt~o triose phosphates has been lncom;)lete so that 
the specific acti vlt.v of· the p;l.vceraldehyde phosphate is hl;:;her than that of 

· phoc.phCYJihydroxyacetone. 

1\ trr:1n:sketolase reaction on fructose-6-phosphate, ard a subsequent cordensa­
tion of the rc=>ultln;; tetrose phosphate \·lith dihydrox.yacetone phosphate leads 
to tite ror-:r.J.tlon of sedoheptulose diphosphate and of sedoheptulose i:1onophos­
nhatc 1.,.lth the label predaninantly in carbons 3, 4 am 5 with oore label in 3 
anJ ~ th'ln in ll, ~)Jch a labeling pattern was observed ioJhen leave::.; 'llerc exposed 
to llco2 clur ing photosynthesis for a second or less ( 1) • 111is was ev ldence for 
the exl~~tence of differentially labeled triose phosphate pools and was so 
rccoi.~n.tzcd at the time ( 1). 

J\noti1er tra.nsketolase reaction on sedoheptulOGe-7-phosphate leads to the 
fo~;i<"ltion of n rioulose-5-phosphate labeled in carbon ata:1s 1, 2 and 3. Ti1e 
cari.Jon atans 1 and 2 resultifl6 fran the transketola;:;e renctions on fructose-6-
phospilate and scdoheptulose-7-phosphatc arc considered to be in e.1uilibrium ·,·;ith 
a pool of thiamine pyrophosphate-;;lycolaldehyde addition canpoun:i. 'l',;o-carbon 
moieties fro:n till3 pool wxler~o a reversible reaction with [;lycemldehyde 
pno:-;phate to ;~ive molecules of xylulose-5-phosphate (labeled in cari.Jon ato:n no. 
3) ;·;hlcil in turn is in equilibriu.";'l >·lith a ribulose-5-phosphate pool and the 
riGo::;c-)-phosphate pool mentioned above. Hapid reversible equilibration a.T,on;~ 

thc:.>e pcntose phosphate pools and the thiamine pyrophosphate Glycolaldehyde 
pool re:.;ult:.; in the feedback of lal>eling from cnrbon ata11s 1 and 2 of ribo0e 
r>i1o0phate throu;;h ribulose phosphate, xylulose phosphate to i;lycolaldehyde 
thi~nine pyrorhosphate addition compound and thence to the nu;nber 1 arx.i 2 
carbon atans of fructose-6-phosphate and sedoheptulose-7-pho:;;~hate. This is 
cs:5cntially the explanation which 1t1e have given previou3ly Co J for the asy:n-
metric la~)eli~; of hexose discovered 'by Kan:ller and Gibbs (7). , 

'll1is rapid reversible equilibration is entirely to be expected, since the 
free ener.--;.y changes a3sociated ioJith the transl<etolase and eperlmlsation reac­
.tions under steady state conditions probably are all in the ran:~e r 3 = +l. J 
to -l.) Kcal. This close to equilibration, and with lo· .. , activation cncr;_;ic:.; for 
the reactions involved, the ratio between fo:n.,rard and back reactions ~s ;:;iven 
by FS = -HT ln f /b .,.,here f is the rate of the forward reaction and b is the 
rat0 of the bacl< renction. (5) At 25°C, ps = -1.37 lo:::; f/o, so that the 
back z·eaction is approxi;nately 10% of the rate of the for.-lard reaction. 

Other. reactions for the glycolaldehyde thia1li.ne addition canpound are its 
conver::>ion by phosphoroclastic splitting to acetyl phosphate» and its oxidation 
to .1;lycolic acid. Evidence for the acetyl phosphate formation by this patJ·l in 
piwtosynthesis .is lacking. The stimulation of formation of labeled t;lycolic 
acid durir~ photosynthesis with 14co2 at luGh 02 levels has 'been demonstrat~J(8) 

Tne Gibbs effect is often quoted as an argument against the correctness of 
the P0CH eye lc ( 9) • This effecti asymnetric labeling of l1exose follo\·Jlnc short 
perioos of photo::>ynthesis >'<'ith 4co2, consists of tiiO parts: carbon atcm no. 
4 is more hl~:;hly labeled than carbon atom no. 3, and carbon atoms 1 an:l 2 are 
more hi6hly labeled than carbon atoms 5 and 6 . 

. '.i.i1ere is a difficulty in the explanation of the greater labeline; of carbon 
a tan lJ as ca;1pared with carbon a tern 3 • 'I'he pools of the two kirds of triose 
phosphate \·JOuld have to be incanpletely equilibrated with respect to carbon 
labellf'lG. By the argument presented above, ooe would expect these two t:voes of 
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tr lo~;c ;1ho~rhate to ue in rather rapid equilibrium with each other. !lov1evcr, 
if til~ relation bct·,,;een phospllor;lyceraldehyde and phosphedihyciroxyacetone v1ere 
dlfCercnt fro::~ tl1:.J.t which exists in i;lycolysis, it is pos:;ible that the label• 
ln.; of the dlhjdroxyacetone phosphate pool 'fiOuld not be reflected into the 
pilo:;;Jhol;lyceraldehyde pool. 0uch a situation mif,ht exist if the pho::>phOi.';lycol­
aldchyue :nolety ·.-Jere bound to an enzyme and if lts conver::>lon to dihydroxy­
acctonc pl•o~phate re~;ulted in a larGer ne.::;ative free enerc;y chan1;e than is 
assocl~tcd \'lith the. conversion of free phosphoglyceraldehyde to dlhydrox:y­
acetone phosphate. 

7he po~;:;iblllt.Y that phospho~;lyceraldehyde and perhaps erythrose-il-phos­
pll.:'ltc ~ :·1cll, :roy exist only in a form brund to the enzy:ne such as enzy~-s­
C0-i1 1::; :no:.;t attractive. It could explain -..1hy neither the trio:>e phosphate 
nor tctro::;e phosphate are nol"i1'Ully seen as labeled inter.-:1ediates durin,-.; 
::.>tudlc0 or pnotosynthesis with l~co2 • If the enzyme-bound phosphot:;lyceraldehyde 
were unable to react with inore;inic phosphate to make phosphoryl-phosrho- . 
r;lyceratc, a:; it does in ,_").ycolysis, the oxidation of triose phosphate to 
phospilor:lyccrlc acid could be blocked. Such a block might be most auvantat;eous 
to the photosynthetic mechanism, in that it would prevent reoxidation or new­
ly for.ned su1Jil" pho::iphates duril16 short periods of darkness. I shall return to 
this point later. 

It 1:; al:,;o pooslble that the existence of such a bound form of pho::;pho,~ly­
ccraldehyde, . ..,.lth a block towards its oxidation, cruld account for the report-. 
ed lack of aldolase in sane photosynthetic orr;anisms (10,11,12). A rever::;al 
of the condem;atlon reaction leading to fructose-1,6-diphosphate would r.::ive 
dHwciroxyacetcine phosphate an::l bouoo glyceraldehyde phosphate. Aldola;:;e iG 
:mo·11n to oirxl dihydroxyacetone phosphate (13) as a :khiff l.Jase.

1 
Conceivably 

sane Or'f';anl::;ms birxl both triose phosphates so tiGhtly that they' can only be 
liberated by the condensation reaction leading to fructose-1, 6-diphosphate. 
One :nl~_;ht expect the pool of free dihydroxyacetone phosphate, commonly 
observe:.'<.~ in studies of photosynthesis in leaves aoo in Chlorella with 14co2, 
to be ;aissinG from such or~ni~ns. 

I \·muld noi-J like to focus attention on our mere recent kinetic studie::;. In 
r:1ost of these experiments we establish a condition of steady state photosyn­
thesis in vJhich all reactions are proceedi~ at a constant rate and in ·.-Jhich 
the inte~diate pool sizes are maintained at constant levels (?.)3). ·.·ie then 
introduce 14co2 in a step function in such a way that the specific activity of 
the added tr-dcer comes irrrnediately to its final value am is rraintained there 
durlng the course of the experiJnent. The addition of the tracer is accompanied 
by no other .environnental change. Sarnples may be taken imnediately follo·.'li!1is 
the addition of the l~C02 at frequent intervals and continuing through the 
time when intennediates of the carbon reduction cycle have become "saturated" 
\-Ji th radiocarbon. 

Fran the initial slopes of the label1.ng curves upon introduction of l4co2, 
\'IC can calculate rates of flow of 14c through specific intermediate pools. 
From the level of radioactivity in specific conpoun::ls when they are "saturated" 
we can determine the concentration of the actively turning over pool,. by 
dividin,c; the total radioactivity by the specific radioactivity of the 14co2 
·,.;iuch is maintained constant and is measured. Followine; "saturation" of inter­
inediates of the carbon cycle, we may vary some environmental·factor, such 
as ll@1t or C02 pressure, and follow the changes in concentration in the 
actively turning over pools w~~h~.~een as cpanges in the total radio-
activities of these oools (1, ,j, , 5 • . " . 
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' ' ' 

In tile fir~t of our more recent studies, we investigated the kinetic::;. of 
the labcllrv; of ribulose diphosphate and of PGA in vivo. \·Je found tll<'lt fran 
the be,;lrmirlj.j of the period of steady state synthesiS"With 14co2 until Gatur­
ation of the intenri.."<.iiates, the specific radioactivity of PGA was always 
considcrauly hi;_;her than that of HuDP (2). If the carboxylation of HuDP results 
in the fom-1.tion of t·.'lo molecules of PGA, then the carboxyl c.roup of one of 
every t·.-1o PGA IilOleculcs vlill contain the ne·t~ly incorporated 14c. 

To test this mooel, He subtracted fran the total r:J/\ radiocarbon an ar11ount 
of l 11c radioactivity which \'lOUld correspond to the radioactivit.'/ expected in 
this carboxyl if the ;ncxlel v;ere correct. Since this carboxyl t;rour \·lould rapid­
ly ::;aturate if the mcx.lcl were correct, this involved subtr-actinc 1/2 x 1/3 = 
1/G of the :.>aturation level of radiocarbon in PGA after about 30 seconds. 'file 
rc:ulnlnc 111c which would have to be derived !'rom the Rw')P carbon atan:> ;.ras 
can;\:'1I'cd vllth tne 14c in RuDP. The r~ainirg, or residual, PJ/\ carbon ato:ns 
"'ere 1'ourrl to ue labeled to a higher degree of saturation than the averace of 
the five atanG of HuDP, suggesting that this model (2 molecules of PGA per 
carboxylation) ~a:.> incorrect. 

Usin,_; a different model in which only one PG/\ molecule was fonred, and in 
vlhich it \'/as fon01ed from the newly incorporated 14co2 and carbon atoos 1 and 
2 of i~uDP, a similar calculation showed that the residual carbon atom~; of PGA 
were not labeled more rapidly than the average ofthe five RuDP carbon ata~s 
until after ')0 seconds. In this case there was no contradiction bet~-1een model 
and data even after 50 seconds, since we know that carbon atoms 1 and 2 of 
;{uDP are Iilore quickly labeled than the carbon a tans 3, 4 ani 5 ( 1) • 

Fror.1 this data and rea.sonin;~, \'le concluded that the carboxylation of nuDP 
leads to only one molecule of PGA in equilibritml with the PG/\ pool. Tne other 
three carbon atoms fran HuDP appear to have been converted either to a fonn of 
bound PGJ\ not in eQuilibritml with the pool, or to so:ne other molecule. ·.·ie 
speculated tt~t if the in vivo reaction were reductive, the other molecule 
might be triose phosphate.--

It was noted earlier that the radioactivity in PGA does not al·.-rays extra­
polate to 100~ at zero tirne ( 1). Sanetimes such extrapolation p;ives 10-15% 
l4c in sue;ar phosphates at zero time. This finding sugJ?;ests that it is not 
only the three carbon moiety derived fran carbons 3,~ and 5 of Hu..l)P i·lhich may 
not be in equilibri~~ with the PGA pool. It appears that some of the l~A 
labeled with the newly incorporated l4c in the carboxyl group is also bound, 
perl~aps to an enzyme) and converted to sugar phosphates without freely equil­
ibrating with the PGA pool. 

'rne experili1ental evidence sur,gesting that the newly incorporated 14c does 
not all pass through the free pool of PGA prcxnpted us to perfonn further 
kinetic studies on the labeling of intermediates of the carbon cycle durl~; 
photosynthesis. LiGht-dark transient studies were performed (16) under condi­
.tions Qf steady state photosynthesis. As in earlier lir;ht-dark transient studies 
(14,17J, the level of PGA rose arrl the level of ribulose diphosphate fell ~·rhen 
the lit:;ht \'las turned off. llrn't'ever, urrler the more nearly steady state concli­
tions used in the more recen~ study, the concentration of fructose diphosphate 
was hie;her than that of ribulooe diphosphate and both diphosphates fell to 
zero in concentration in the dark with equal rapidity. Sedoheptulose diphos­
phate concentration also dropped, arxi the sum of the drops of these three 
diphosphates was not rrore than equal to the transient rise in PGA concentra­
tion. 'l'he level~ Of dihyrlroxyaCetone phosphate an:l Of fructOSe-6-!'hOsphate 
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also declined, :;wrJ"";cstimc; that some of the rise in PGA concentration miGht be 
due to a :noment<.lr;t reoxidation of su~ phosphates in addition to that result­
irlb fran contlnuinc carboxylation of ribulose dinhosphate coupled wtth a cess-
ation of t.hc reduction of PGA to sugar phosphate. · 

To invcsticate this point further, we undertook a kinctiq study of the car­
pon labelinr; of eye lc intenncdiates in prcillu11inated Chlorella. l<~ollowing a 
pcricx.l of steady state photosynthesis the light <tJas turn(..>d off and l1~C02 was 
i.liLmC:.'<.iiately added \-Jithout any alteration in the total level of C02 which was 
maintained at about 2%. 

Sone of the results of this experiment are shown in FL;. 2. There was a rapid 

VI 
(1.1 

0 
E 
~ 

Total 14c Fixed 

Time after Addition of 14co2 

Alanine 

(sec) 

Fit_;. 2. Fixation of I4c into cornpounds in Chlorella folloi-Jin:; prelllu11inatlon. 
0u.~ar monoptlosphates include monophosphates of fructose, r;lucose, sedoheptulose, 
ribose· and ribulose. "Total 14c fixed" includes all radioactive compounds, 
includln'; those on the origin, fourx:i on the chranatcgram. 

initial uptake of 14co2 during the first 15 seconds. This was followed by a 
te:ilporary decrease in I4c-labeling of the canpounds. Presu:nably sane of the 
newly incorporated 14c was respired. After this drop, a slight loss of newly 
lnco~porated 14c in such products as sugar manophosphate occurs during the per­
iod frem 15-30 seconds. '!hereafter, 14c in these canpounds remains essentially 
constant. · 
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'.l'hi::> l 11c 1'1lielln._~ curve of ~ut~ar pho~phates su£:",ge:3t:.:; that there l:.; a mech­
J.ni:.>;:l ·,.,rl1lcll allo· .. ,:; only 3. :;i:~all a11ount of reoxidation of the ne·,1ly photo:.;yn­
thc:.>izC"J :.;u,;ar p:1o:;phatc:.> and then block:.; further oxidation of the:;e :.;u,::;ar 
pho:.>plcte;_; lJy trlo:ie pho::;phate dehydroGenase type reactions·~ F'ro:n the usual 
concept of the P~;H cycle in rlhlch I>c;A is reduced by triosek; phosphate dehydro-
1_;cna:;c in the pre::;ence of ATP aoo Ni\DPil, one ml~;ht have preplcted that once 
these cofactors were cxhauzted in the dark, the triose phosphate dehydror;enase 
reaction would be rcvcrSl"<l and the newly formed sugar phosphates rarl:lly 
oxldizcd. 'l'llu:..; the result obtained here sur.;gests once again the possibility 
that phospho,r,lyceraldehyde in the PSCR cycle exists only in an enzyme~bou:ld 
forin ;.,rllic!1 cannot readily be oxidized. This hypothesis would require a coro­
llary - the fonna.tion of. the bound phosphoglyceraldehyde directly fran an 
lntcr.ncdiate in the carboxylation reaction rather tlBn from reduction of PGA. 

Another lnteresti~ point seen in the preillumina.tion study is the rapid 
ro.te of labcll~ of su.;ar monophosphates bct\<leen 5 and 10 seconds. This rate is 
e,1ual in m.J.{:;nltude to that of the labeling of PGJ\ despite the fact that durillG 
tills period the IY':A carboxyl groop in all probability can be no more than 20 -
30Z ~.>aturated. ( 2) This rapid labeling of sugar monophosphates at a t i;nc when 
the PGA pool is only partly labeled appears to be rather direct evidence for 
the reduction of some bound form of newly incorporated 14co2 which is not in 
equilibrium with the PGA pool. 

1 i.ave mentioned :.;everal bits of evidence :<~hich suc·;::;est the po~;sibility that 
a carboxylation lntc~ediate preceedin~ PGJ\ might be converted directly to the 
~ur,ar ~hosphates without equilibration of label between the intcr.nediate co~­
pourrl and PGA. Fran the standpoint of chemical possibilities the inost li:<cly 
re;.tction for the accanplishment of this direct conver:>ion · .. wuld seem to t.>e a 
reductive carboxylation reaction. However, the in vitro enzyme systen fa, car­
boxylation of ribulose diphosphate accomplishes-only the non-reductive di~~uta­
tion to give t~.,.o molecules of PGA. There is to date no enzymic evidence -..:hat­
ever for a reductive carboxylation. One must suppose t!Bt if such a 1•caction 
exists, it is mediated by some organized or multifunctional enzy::1e syste;a 
r:hich is mo:.>t difficult to isolate intact from the living system. 

In lookirtt::; far reasons why such a system might be difficult to isolate, one 
could propose that the systen is particulate or an enzyme of hi;;h :nolecular 
·..,eii;ht, and that the syste1l is easily disrupted into soluble enzy.ne:.:; of Sr:lc..'lllcr 
rnolecul:lr -..:cit;ht which lack the necessary organization. J\ more plausible rea:.;on 
'..JOuld be that in the in vivo syste:n there is sane direct link bet;.,reen the plloto­
che::llcal reactions ,.,.hich produce ATP aoo electroos, and the carbon reduci:1_:; 
:.;ystc:-:1. This link r.U.t;ht then be lost when the systen is isolated. :·Jc kno·,; that 
the ;_;reen la":lellar structures which carry out the photochemical reactions can 
be rather easily separated from the soluble c?I'bon fixing enzymes (18). 

,·fhcn phosphopyrldine nucleotide reductase (P?lm), discovered by 0-'ln Pietro 
(1),20), 1<1as shmm by T"dC"awa an:i Arnon (21) to be a non-heme iron protein oi' 
the ferredoxin type ( 22,23) it beca11e a Gocxi candidate as the lin:.. bet· .. ,een the 
photoche:uical apparatus an:l the carbon photosynthetic apparatus of photosyn­
ti1c0ls. It has been generally supposed that chloroplast ferredoxin or PPim 
ili\..>Jl:.ites the transfer of electrons fran the light reaction to ~JADPi!, "'ith the 
latter cofactor then being used to bring about the reductions of the caroon 
r·cductlon cycle. However, ferredoxin is a stronger reducing agent than ~JADPI!, 
bcint; canparable to il2• 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 an1 one half molecules of ATP D~t two electrons as 
\'lould be the case with llADPH as sole reducing cofactor (5,2~). I have proposed 



·· .• g .. . { UCRL·11064. ; .. · 

, ·. <':· ';:. : .. :· that fcrrt.'<iOXha rt•<.h.ICC3 an enzyme dioiulfide tO dlsulf'hydryl and that the enzyme · 
.. ·. -· ·. _ til:.;ulfhy<lr:ll ln turn functions directly in the reductive carboxylation reaction · .... > · 
' • • : . ' ( '">li) . . . 

. ~ " '- e 1 1 • 

. .,,.' ' ,::_ 

. · . It i5 al;.;o pos::;iule that ferredoxin could function directly in the carbon 
· ···: · . ~ · rcducinf~ reaction. Valentine et al. (25) have shown that in the oxidation of 

·-.<:·:·pyruvate in Chlostridium rtcirJi-urlci, ferredoxin takes the place occupied by .·:,. • 
l1po1.c acid ln other :.;y:.;te:ns and mediates the electron transfer between pyru~ .··:. .. ·. 
vate. and iJAD. :;1.ncc ferredoxin contains three sulfide ;;roups ·,.,e may suppose · ·• ·, 

.:. i.' that 1t is runctioni~ here as a disulfide cofactor similar tq lipoic acid, and 
!··: ·. 

that 1t is accepting an acetaldehyde moiety from the carboxylation of pyruvate. : 
·· · ... · · uy .aml<>i~ \·lith the lipoic acid syste11, we .trta.Y suppose that the intermediate · ... 

. , . . · ·:· <.· 1:; acetyl ferredoxin sultnydryl which then reacts \'lith inonr,anlc phosphate to . .-. . 
·' : <:< pr<Xluce acetyl phosphate arxl ferredoxin disulfhydryl. ., . 

.. ·'. . ' ' . 
.. ; ... 

ro;.;:.;iuly ferredoxin contains chalns of Fe!}-Fe5-FeS •• arran~e<l so that two of· 
the terminal :1ulfides have the same orientation as the disulfide of a lipoic 

· ·· ··. · · '' acid molecule. J\t the other errls of these FeS chains, the Fe+3 ato::m could 
· .... · · accept electrom; which ~o~ould then be transported along the chain to the dl- · . 

. sulf.1de rr,roupir~ which would then becane disulfhydr'yl. In this way, the ferre- · · 

·· ... 

. . .. · · doxin could function as a mediator between one electron and two electron oxida- · 

. -:.; .. :: .. >· .. tion reduction reactions. . . . 

Acceptinc; electrcns singzy fran the photochemical apparatus of the :~reen 
cell, ferrctioxlrl·mi[;ht transfer two electrons at the potential of hydrogen ga:3 ··· · 

· '. to the enzyme syste:n rasponsibl:e for the reductive carboxylation reaction. llith- · .. · 
. out atter.1ptine to ~ess the detailed mechanism of this carboxylation reaction, · · 
\~e ~~· nonetheless note that it bears a fonnal similarity to a rever;;al of the 

.. · pyruvate oxidation discussed above. 

<.. ~·ilth these thouV~ts in mind, we have attempted to investi~te the kinetics 
· ·. · · or the carbon cycle of photosynthesis in the presence of added chanlcal a?;entG 

·.· . · which mlP')1t interact with disulfide disulfhydcyl systems. In one such study ( 2G) ·. 
· · :·::·we allowed Chlorella to photosynthesize in the presence of l4co2 for aoout 10 

· :, minutes under steady state conditions at pH ~.o. ~·:Ithout disruptirw; these . 
· conditions \'le 'intrcx:iuced an amount of 8-methyl lipoic t.tcid which ~~ave an approx-·. 

· i.mtely o.~ millimolar solution of this lipoic acid analo~. Preliminary studies . 
.. · . ·had shown· that such an addition caused an .irmlediate canplete iuhibltion of . 

.. '' ~".~ .·· oxyt;en evolution and C02 uptake • 
. ,. ·. 

' ;. ·. ·~ ' 

· . . The effect of the addition of this inhibitor upon the levels of variou.:.; in- . 
· ' tenncdlates of the carbon reduction cycle and other photosynthetic products are 

· \ .. ,·-: · shown in F'it;s. 3 and 4. The rrost dra11atic effect is the imnediate dro;1 in the 
· . ·.-. · · .. level of PGJ\ \~hich falls during the first 15 seconds after addition of the . : .. >· .. inhibitor to about 1/4 of its steady state value. At the' :.;aile time, the levels , .· 

·· .. . .of fructose diphosphate and of sedoheptulose diphosphate rise quite rapidly. 
··: · !Jui"!1risirv~ly, in v lew of the PGA effect, ribulose diphospha tc underr;oes only a 

:. :i:nll positive traru;icnt and then a sllt;ht decrease to a constant level. It was · 
, noted that lipoic acid itself also caused inhibition of photosynthesis, anj in 

more recent uut unpublished experiments we find that the effects of a~ethyl 
,. lipoic acid are reprcxluced by the same concentration of lipoic acid. 

If-the disulfide comprund which we have added is .accepting electrons fro::-: 
the 11t,;ht reaction ani thereby keeping them fran bei~ used in carbon reduction, 

· ·one mi~t expect the resulting transient changes in the intennediates of the 
carbon cycle to resemble those seen upon tuming off the light. It is clear 

; • .. ,; . ··.· 
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F1 1 ~. 3, :~ffect~ of 8-::1etl1yl lipoic acid on labelinG of ca:1pounds ·..;lth lil~ 
durin.::; ;)lloto~ynthcsls with I~co2. .A Sucrose, 0 fructose-1 ,6-dlphosphate, 

ma ;jCUOilcptulo~e-1, '{-diphosphate, o glucose "diphosphate", ~ L'GJ\. 

tl~t this is by no means the case, since PGA drops instead of increaslns ar~ 
~lnce rioulose diphosphate does not drop ir.mediately to zero concentration. 'l'rje 
extreaely rapid drop in PGJ\ concentration requires either that the carooxylation 
reaction lcaJi~ to the formation of PGJ\ be inhibited or that the reduction of 
1\JJ\ be c;rcatly accelerated. Tile latter possibility is not borne out Ly the 
trari::;lcnt behavior of other carbon fixat.ion products. Although there ls a rise 
in the fructose and sedoheptulose diphosphates, there is a correspon:::ilrlG drop 
ln their monophosphates, which would not be expected from an acceleration of 
PGA reduction. 

Thus we are left with a dramatic inhibition of reactions leadinr; to PGA, but 
loJithout a conccmittant increase in the level of ribulose diphosphate which ·..:e 
·..:ould expect if the carboxylation of ribulose diphosphate to ,~ive PGA were 
'stopped. Perhaps in addltion to the inhibition of the carboxylation of ribulose 
diphosphate to give PGJ\, there is a subsequent inhibition of the forrmtion of 
1\TP. Tills would prevent the level of ribulose diphosphate from rising. 

Another possibility is that in the in vivo systen phosphate v-cups fran the 
no. 1 carbon atans of fructose arrl sedoheptulose.diphosphates are transferred 
to rlbulose-)-phosphate to make ribulose-1,~-diphosphate. This would account 
for the apparent inhibition of the conversion of the hexose and heptose diphos­
phates to their monophosphates. ~tever the. precise explanation of. the various 
effects of the disulfide co11pounds may prove to be, it is clear that these 
substru1ces interfere suddenly and dramatically with the carbon.reduction cycle. 
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T!-.e irrmediacy of their effects makes it sean r:lausible to suppose that they are 
lnterferrlr~ in some way with electron transport by compounds with disulfide 
c;roups. 

:ie have recently carried out experi;nents under our steady state conclltion::; 
of photosynthesis ·.·11th 14co2 in which C02 in air is suddenly replaced by nltro­
l;en. After auout 10 minutes the 14co2 in air is again added to the photosynthe­
si 2in.:: alr--;ae. 'l'he results of these experiments are shotm in ?ip>. ') and G. 'l'he 
drop in the level of PGA anj the rise and fall in the level of riu~lose dl;;:-~os­

:1hatc arc si::Ular to those noted by ';/ilson and Calvin 05). The beha.vior of the 
. lntcn;1cdiatcs on addition of 14co2 a;ain is quite interestinr:;. As ~·:ould ':.Jc 

expected, the level of ribulose diphosphate falls while that of ~G/\ rises as 
the carboxylation reaction resumes. \·;hat is intriguing is the fact that tile 
level of fructose dipl1ospl1ate rises as rapidly as that of PGA durinr; the first 
few seconcJ::;. This is an additional bit of evidence for the direct convcr~ion of' 
the cill~ooxylation intermediates to sugar phosphate without e~uilibration 
throu;jh the PGA pool. 

1\n<.;Jther interesting point is the fact that fructose diphosphate and sedohep­
tulose phosphate rise an::l then fall after the readdition of the 14co2• ·,·:hy do 
they fall? One could arr;ue that the initial carboxylation reaction is faster 
tlun usual bccau:;c of the hiGh level of ribulose diphosphate, and that once the 
ribulose diphosphate has been depleted, the carboxylation reaction becCY.':les 
slO\oJer. HO\oJever, the level of PGA which continues to rise for many minutes be­
lies this argument. Perhaps the explanation is to be found in the previously 
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Fi1~. :>. i::ff'cc ts of sudden r~noval and readdi tion of C02 on levels of PSCi\ eye lc. 
Sw,:rr l:'lonopho:.;plla.tcs. 8 Glucose monophosphate, 0 sedoheptulose monopho:.;phate, 

m fructose .monophosphate. 

SUQWSted transfer of C1 phosphate GI'OUPS fran fructose dlphosphate and sedo­
heptulo::;e diphosphate to ribulose monophosphate. This transfer . ..,.hich rnii.~ht 
initially be inhibited by the high level of ribulose diphosphate would accelerate 
as the level of ribulose diphosphate decreases. 

In 0~~J, while recent kinetic studies of the carbon reduction cycle of 
photosyl'lthcsis confirm the cycle in essentit1lly the form in which it was pro­
posed ten year:.> ago, there is a scatteril'\'; of evidence v1hich sur;r;ests that the 
ln vivo cycle might vary somewhat in its mechanistic details from the cycle 
\.,hi eli '-'las proposed at that time. First there is a variety of· kinetic evidence 
'dhich :.u.:y:ests the direct conversion of the carboxylation intermediate co:npound 
to the level of sugar phosphate without canplete equilibration with the free 
pool of !~A. 0econdly, there is some indication that when the light is turned 
off there is only a partial brief reoxidation of sug:J.r phosphate via triose 
phosphate dehy<lr~enase and that this period is follo·.ved by a <block on this 
reoxidation. Tllircl, sorne experiments suggest the possibility of direct transfer 
of phosphate bl~oups fran the no. 1 carbon atans of hexose and heptose diphos­
phates to ribulose monophosphate. Fourth, the dra'Tiatic effects of disulfide 
compounds on the carbon reductiori patterns, a.rd other biochemical considerations 
arcue for a role of disulfide compounds, perhaps including ferredoxin, in med­
iatinr, a reductive carboxylation of ribulose diphosphate to give sugar phos­
phates directly. A separate but related possibility is that same of the newly 
incorpqrated carboxyl carbon is 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 
·,·JOuld be rC(1uired if \'le are to invoke the bound glyceraldehyde phosphate :r.oiety 
as an explanation for the asyrrrnetry of the hexose phosphate labelit1t; a...'ld the 
sl~; labelinr, of carbon atom 4 of sedoheptulose phosphate. 

Tne i:1cdiation of the reactions of the cycle may be accan:Jlished oy a ::~ulti-
. functional, Orf~anized enzyme ::;ystefil •. 'TillS system Should be closely lini<ed to 
the p!1otocl1e:nical apparatus, perhaps by such a Cailpound as PP;!R (chloroplast 
ferredoxin). The syst·em should include enzyme "handles" for holdi11c:: scr.1e of the 
inter~ncdiate compounds in a bound form. 13ound forms r.rle;ht include c;lycolalde­
hycle» oound to thiazolium groups in transketolase reactions» and aldehyde 
moietic3 bound to disulfidc/disulfhydryl groups in carboxylation» condensation 
and cpLncri~tion rcactions.Attempts to isolate active enzymes fran the cell ~ay 
result in the loss of the organization am pr.L'Tla.ry enzymic activities. Residual 
en~ymlc 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 tb 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 States Atomic 
Energy Comnission. 
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