
\ This r rpnsant .  the CO~DVBFS$O~ of carbn dl0;ldBs a d  v a t a  to carbohydmte and 
oxygen by green skurts in the Ught. Tbs ~ c t i m  $8 ~epareted botb ohranob- 
g l u l l y  and chmlcPLly into tvo part.: ths photolyari. of vater, 

aAd the reduction of carbon dlcuCi&# 

Each of these two reactlorn represents s complex s t ~ l 8 8  of reactions with numy 
steps. llre term [R] i s  uaed to denote redwing agents generated in the photo- 
chemfcal decroqmsltion of water. These reducing agents probably mclerw sen- 

- rsL trauafomaatiop81 befma they are used in the reduction of &on dAoxiQ. 
I 

Aa a result of th le  work, it I s  ncv poseible to write the complete path of 

.- carbon reduction in photosynthesis, w i t h  all intmmaiiatss urd enzymatic r e ~ -  
tiom, f'raan carbon dioxide to aucmse. The study of carbon reduction and its 
relation to rrqiplratory tran~fomatione of csrbon cmgounda has provided evi- 

w -  

d a c e  re- the nature of the reactlone inmlv98 in the d t = c ~ s l t i o n  of 
water and the formation of tba QZLUEWY raduciq  agents and other energy-ech 
aoqpunds regut.@i for ow%on r e d w o n *  



The methode us& in 8tudyiag -the path of carbon in photoeynthesia me here . 
+ &scribed b r i m ,  In nearly all owes the iplttal condition is an actively 
'" photosynthesizing plant i n  -oh ghotosynthesl@ bas been msintained long enough 
to establish a "steady state." In this steady-state condition the concentra- 
tions of versious Satamediste aoqpounds In the pathww from carbon dioad.de to 
sucrose are coastant, The pltnsta collpllonly used ia thssee experimanta are the 



Fig. 1 - Chromatogram of ex t rac t  from algae, indicat ing uptake of 
radiocarbon during photosynthesis (10 seconds) 6 
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Fig. 2 - Chromatogram of earbract from algae i nd i ca t i r g  uptake of 
radiocarbon d w i n g  photosynthesis (60 seconds). 
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A betaim aaaly~i. oi the distrmtit~~ of r a o a ~ t i v i t y  a m ~ n g  the =born 
of these sugars is ahom i n  Fig.  8. %re, 'beeides m, are the five-carbon 
sugar, ribulase diphosphatet (RUI)IP) ; the seven-carbon sugar, sedohqtuftose phos- 
phate (SMP); and the skeleton of s sixlcsrbon 8 w 0  ~~ either to 
glucose or fructose (these are the nrajor six-carbon sugars that we find). The 
stsra give scmre indic%tfon of the order of aggetlrsncs of rardionctive carbon bl 
these compounds, aMi it nsa trosl au m d y s i s  of these data that it becarrra ps$i- 
ble  to deduce rclertioaahfpa between the various coqounds. 

In much the asms way as re deduced the relation between the three-carbon ' 
PGA and the six-carbon a- we were able to deduee the relationshfps between: 
the five-, mven-, six- and three-carbon cxmgmw;lds that are shrrwa here. It is 
quite cleeu at a glance that there is no sirqle etructural  relationship betwets 
the five- an8 the seven-carbon c m  and the other au@;ars. A t  leaat, them 
la no-g aa elrqpLe 88 the relationship between the three-carbon PGA and the , 
six-carbon hexoae. BZhere is no eeguence of carbon atoms i n  the C5 or C7 t3ugarct 
that could be considered as siqp3.y the intact C or the intact C6, respective*. 
Until we reallzed that the C5 m i @ t  have more & one migin va were not 
to deduce a posaible route for i t 8  fomation. This route is &own in Figure 9. 
By t a n g  two csrbozs off the tap of the C7 and adding them onto a three-carbon 
piece labeled aa is  phoaphoglyceraldebyd.e, we would get tw6 five-carbon pieaes - 
one ribulose aad one ribose - wfth their labeling d l s t r i M  as shown. The 
averarge of their labeling would be the rwtual one found. Thle evidence, there* 
fore, indicates that the origin of the rfbose end rlbukse pb~phatos is  In a 
tmnaketolaee reaction of the seaoheptuloee phosphate w i t h  the trioets phosphater 
to give the t u ~  3)enbse phospha.tets. m s e  can be iaterconnM by suitsble 
iaamerization. Thus, the pentosea  arc^ formed frwr heptoser and trios%. 

The three;-carbon piece required for the three "top'' carbons of eedahr?ptuloee, 
might be p2xosphatca. Lh th is  case the codenalng enzyme would - 
be EUICl the ~ u l d  be 8eaoheptUlO~ cfll~ho~phate* 
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III either of  the a~ternate sugar r e e m t s ,  carbon atoms HO. 4 and NO. 5 
of eeaOhegtulose are derived Armr Bob 3 &utd No. 4 of f'ructose, reagecti-mly. 
Eowev-er, in sldolase versjon, csrbon aton 80. 3 of' sedohept;ulose is &rive4 
from carbon No. 1 of dihydroxyacebne pbo8phah. Alternatively, in the trass- 
aU.olase version, carbon atam go. 3 of eeddwptulose I s  derived from carbon Ho. 
3 of fructose a114 therefore sboulil ham the sams label at all times. Since a 
latter coaditlon i e  not experixenWLly fulfilled, the efdolaae reaction ap@easa 
to be the correct one. Bavmr, it nmt be that this argument reste, on 
the aasuaption that the aoncentration of tbe intermediate erythrose phosphate 
1s compared w i t h  f h a t  at' fruetase-6-ghc~phate. Alm it may be not& thst 
a small. mount of labeled sedoheptulose has bean obtsined from hydrolysis of 
the sugax dipho~bate area, h l i c a t i n g  t b  presence of lsbelea sedohe;lstulose 
diphosphate. The presence of t h l e  caqpund rnsly be accountad fw by assuming 
I t s  formation by alblase Avrm -etcme ghosphate and erytttroae phos- 
phate. Therefore, this route is tentafive3y accepted for the formation of seb- 
heptulose. dsscribed tsarrsfo~tion l~ shown in Big. 10. Bere are abm 
the two triosets that c a ~  make one bexose. 5ne hexme then reaats with azmther 
t r iose to give gpnt;o~e and tetrose, by mxm of tbei uct;ton of  the ewym trans- 
kefahse. Wxcse and triose are then coademmd by aldolassl to gllw aedahrrptu- 
lose. The net meult of the reacfiojrs aZMMI in Figfh 9 aab LX) io tha fom~latSon 
o i t h r e e m ~ o f ~ t o s e i r a s P f i v g r P 0 1 4 C U l d C O O f t r i o ~ .  



. 
Identification of C02Acrrptar  

In tho first such stu$'2) th. ugh* flt YIU off. It YbB found that tha 
eonce&=ation o? PGA immmsed very rerpldly while that of rlbulose dfphoaphate 
(w) decreased rapidly. T b  suits o f  a later, mmewhat norm refined, ex- 
par-nt are s h ~  ~u ~ i g .  u . ~ Y   en, it seen that the c031ceIyt;ration o i  
RuaP bcteases ta be lw a detectable k ~ 0 - t  (Us of  I t 8  i n i t i a l  value) I n  about 
30 seconds. These cbaages t r x  coacentratiollrr can be &ccomaf& far if ua asmnue 
the fallaoringz the reduction of PCA to tsioers and the f ~ ~ o n  of RuDlP aria 
reacbioas reqplzbg light; RuPtP is oomrtard ta PQb via s ~ Z a t l c a  maation 
that joea not require light. 

Them reiations are sham fa Pig, 12. P6A is reduced to triwe phosphate 
(at the wrga;r leml)j 'the trio- ghosphate then udergoeo3 a serFflr~ of reaxreage- 
merits, such a3 the ones dbscrlbe8 earlier, through the hems@, pntose, and htq- 
tose, M tO thet r3bulom*$-ph~phatra. This iB alZ at 8- -1 
of oxidatiazl and requires ~ e r y  little energy for i t s  aperation. There I s  then 
lsoxe light rarquirerr~an.t for thel formation of RzzDiP frcrm RUMP. The *klon of 
PGA reguirers both reducing , zwilaxd trigh0sghopyrj.U nuclleotib (TP~SH), 
at5 adenosine triplwphste m, vhils tha formstion of RuPP from RUMP requfree 
ATP, as ~233. be seen later. Botb these wfactore are proituced at the requfred - 
ratealywhathea U&t %so& Thus, whenthe l ight  is ~ o f f t h s r a t e  
of f0rm8tionofRuDBsn&tbsrateof reAuctionof PCAdecrreassbuttherateof 
crmbo%ylation of mm' to f n s  ~ t i n ~ 0  Wfected excqit by t2uB ccmcc~tr* 
ticm of Rum, 
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m f2kRmn-019 CYCIg 

The complete carbon-reduotian cycle i a  ehown in. Fig. 1 4 Ilere are s h .  
a the datailo, 5 n a l W  the 5ntf2mm8icnte corrppunde sn8 enzymRs required for 
the vasious tranefomations. !Bm net re~ult of each turn of the complete cyale 
l a  the int;lo8uctlon of 3 molecules o f  C an8 the carboxylation of 3 mo1ecul.e~ 
of ~ibu-0 illphoqhate, w a g  to the 4 omtion of 6 malecube of ~ o ~ p h o -  
&c&u aoid, These 6 molecuke of PGk are thea reduced to prwtckt 6 xol.ecultao 

, of m o m  phosphate. M .these, 5 are eventually converted to ribuloee ifiphos- 
phata, thus -let- tba c y ~ b ,  wlhih W ~ h t t h  fi& i* otrpr uZtimstr~4 bW 
m s e  and represents the net hQLiP in redwed oarban per turn of the cych. 
All tihe azyacs e b m  bad been previously iS0Irit;td eeprately ampt for the 
oarboxy2atiaa eurztyn# -ah aoIwerte CCc;! ardt rib* dQhosphaf;e to PGbA, 
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sys& to fluoride ion (F-). It vaa therefare necessary to proce& vith the 
attempt tn free fS1e preparation frwa aqy other anaymea cqx%ble of acting w n  
RullP excrept the ona(6) repired for the ~ - f ~  rawtion ( i k ~ m  ~ 4 2 ) .  This 
vr;ia aceoqlished f i r s t  from mmtml. exbeta of EJew ZtaalPrnd @n.Rz?h ('l'ewnier 
expansa), aad hter from exWsct8 of soalcslly rqtrrre8 algae. !P& exmym ap- 
perurs In  the protein A.actlon, saZted out of ntsut;r;ml arrtracOs, between approxi- 
mtely 0.3 and 0.4 of saturation vlth (m4) 04. The resulte, of ab early - 

hit Y7 rimeat wia euch a preparation mtting on e~ w are shown ~n pig. 16 
h e  the fate of %he rcibulom carbon is clewly i4a converlgio~l to RGA when bath 
sneyme and HaHCO ese presen*. , lLZ1RIW agpeara to be eoree IBiugtw rp01~o'p-b 
present in a3.1, t;le -ts, partly ~ a a e  o i  tts presema in the -ginsl. 
RuIl6 sr~xlgla arrd perhe@e gart ly  becaurae o i  tlw fffesenue o f  some msiAual phas- 
*tam!! in ths enqme pzxpmLtian* L8* ~~~ urn &m m t i o n s  
O h s t c o t w e r t ~ ~ c r f l t b e r r i b ~ r a ~ P g t o P G P A d ~ s L r P a . '  

?., 



Because the carboxyhtion reaction takes place at the expenaa of the oxida- 
tion of carbon atom No. 3 of the ribuloae t o  the carboryl level, the 
"carboxydismutaee" o w a t e ,  i tself  a8 uaiguely descriptive. It is interest- 
ing t o  n a b  that * enayme is not readily denlo~~~trated i n  arimftl t isawe (rat 
liver), end that it can be ob d froza spinach in aseociatloa with the highly 

~ v r m  vhich 4% i a  eactremelg etas* aqprated. 
It doee not appear to  be especially ser#itive to vereaas, o-phtnmthroline, or 
c p m l b ,  but %t i e  eenoitltrr, to p-ehbmwmur-te, en bhibit lon that i r  
rstver~sd by cystcine. 

We now have tho cycle in its details ( ~ i g .  14), and ve now knsw precisely 
what reagent8 are required to make the oycle turn. It can be seen that the 
requirement for the reduction of a PGA molecule to 8 trioee is one molecule of 
tripholsghopyridinu nuclwti& (TPX) and one molecub of adRnosAne triphoephate 
(ATP). The o w  other energy requirement coma at the mint of conversion of 
RUMP to RuDP, whera another molecule of ATP is ua& A calculation of energeticl 
compounds seeded per COG molecule entering all ahuw that the net requiremsnt 
for the reduction of one mOfRcule of C02 to the c-te level is four equi- 
valents of reducing agent, ar four electrons, and three molecules of ATP. The 
four electrons sure supplied by tvo ~plolecules of TPllli. A1A tb tw required co- 
factore muat be d ultirmstely by the Ught throu& the conversion of the 
e ~ ~ n t i c  ener$y in aonae uay* It must be emghasized that i n  W s  require- 
ment for re8ucing carban there le m particular reqwkenant for a photochemical 
reaction other than the production oP the tvrr magenta. If we could 8trpp13 
those tro thing8 from some other source Wan the photochdcal reraotion, wa 
ehou3.d be able to make th is  whole sequence of operations f ' u ~ ~ t l o n .  We have 
reason to believe that this is indeed being b e  by the use of the required col- 
l e t i m  of e10zjrms~. But s ~uit8bh ~1itup1tion &st8 ia mt- also* Thn 81- 
t10n i f i  6UCh th8t W ~t bave ~ i I d t a r S e O u 8 4  & hi& -1 of par t icub?  
reducing agent - wfiich we aav know can bs tr5phsapbpyridl.ne w l a o t i d a  (TPBI) - 
aadATPattJm~tSmssndtbereareplasts .  

Running the Cycle Without Light 1 

Thera, i e  one lmawD eyetam in aature, mi& f'rom the &raeza plants, in which 
that eitustion occurs. Thie situation &eta i n  o m  of the photoeylrthetic pur- 
ple baateria that does not maiEs oxygen but does re8uae carbon dioxide with 
pboiecular m ( g ~ n .  nw. 17 ana l t d  tast it 18 pos~ibls  to hsm the 
reduction of C02 tidm place either through Um agency of light or through the 
agenuy of a chemical oxIdation rpystm. The organism is the purple bacterium, 
Rhodopseudmonas cagaulatu8. The initial slope correrrpolbls to  the reduction of 
carbon dfodb in the llght. In t h i e  ewe both bydmgen - ae the reducing agent - 





. - 

in this 

In order to esttmate what a miniaran punzatwn r e q m t  for photosynthesie 
m y  be, on the bwie of the information we have so far acoumulsted about the 
detailed chemistry of the procese, at bast  o m  fmsunq;,tion is neceseary. This 
is related to the mode of fnteraction of electMaeoagMstic radiation an8 matter. 
It 1s that a single quantum craa excite not lna~a than a tabgle e3.ectron. Anothsr 
msuqption about the behaam of the excited eleotron i e  required, wmdy, tbat 
i t  does not by swpe chemical (or physical) dimtation proaess give rise to 
more than one epuivrrlent of re$ucing power at the potential of TPrSEI* AnB if 
that ie the case, bqpectlon of the reguiremsnts mezltloaed above a l l o m  one to 
prediat ubat the miaimrraP gumtam requirearent for swh aa operation would be. 
PO= elcctrom ~ & d  f~ W m d ~ t i a ,  and m ~ k a ~ l e s  of XfP* 

Aa s result of theae measurements, it waa found that the tpentum reguire- 
arent range& e x p e w -  irosn ?*4 at high Z;t&t intensities, where ghotasyn- 
a s i s  exceeded respiration by a factor of 12, to 4.9 st low U&t fatemi%ies, 
where photosynthesis and retipiration w e m  nearly equ& 

At 2"Pky @at inten- sity the vafLu8 of the ~usntum mquiremgnt -ted to four. This result 
in8icatee thst aorpas of the A!@ requirexmnt of pho*synth~sirs can be met by re- 
action8 of respimtion a c h  ~o6tw:ce Am but that * four e ~ t r o n s  of reduo- 
ing agent be smlted by the Ugbt rclsction ar, wLth apetir5. mgaabml 
by --swU~ rcdur?ing atgente. 
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show a&n. The ~uantum i8 first absorbed ahbmghyll and converts water ; 
Into mmetfiing that mkes a reducing agent "9 HI timi a a e  oxidizing agent LO]. 

A d  The reducing agent can reduce the glyceric wid to triore. Bomca of the re- t; 
duclng agent must be usdl to make ATP, with oxygen or the Intermediatee on :$ 
the uay to ow~en, because that is necerssary for the c y c u  to run. What we ;< 

wish to consider n;ow isthis point of contact, [E] , batmen the p h o t ~ ~ h e d c a l  .:' 
Y e;gparat\fs and the cssbon cycle arrd what bfomstian &out the quantum conlrer-9 

eion we can fzkm this srtudy . , 
4 p 

Light Inhibition of TCAICyele Inccrrgoratian 

An ex,perinmt was ca f i iad  out in Wah a steerdy ata te  was exaxtined sad the 
c u e  induced by a sudden of condStions were observed. Fig. -20 shove 
the result o f  th ia  e~rgerixent. Bere is the aam type of experbent as before, 
but w i t h  the exEIlrdnstion directed touard different substaaaes. Attention is 
focused on glut;smic arcld an8 citric acid, aad it alJ. be seen that while the 
llght is on, the rate of formation of radioactive glutamLc #it¶ and radioactf,ue 
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It oaa be sewin t b t  the we of rsdiozactive elemen-, ea@loyed as tracem, 
havs IPb;rdS p ~ ~ i b h  the duCidatSon of ths sth of csrbon MuCtion b photo- 
sgnthe8is. b &UthD W-Um - - 'b 6tw Of * wth Of Car-  
boa in paotosynthwlo raad ita rektion to rcentionrr of ~eepirartion has provided 
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