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THE PATH OF CARBON IA? PHOTOSYfJTHESIS, 

no TKE STEWY STATEE 

35 
M a  Calvin and Peter h s s f n i  

Radiation Labmatmy and Deparktienfi of Chemistry7 

University of D a l i f  ornia, ~crkeley** 

(*) Fellow of the Swias Foundation, mStStiftunk f k  Stirpandim auf dem 
Gebietc der Chemie ,Is 1951-1952, 

** 
( ) The work aescribed i n  this paper was sponsored by the  U. So Atomic 

lbergy Ccurrmission, 

The separation of the phenamsnon of pho"csynthesis in green plants 

i n to  a photochemical reaction and i n t o  the light-bdependent reduction of 

carbon dioxide is  discussed, The reduction of caboxi dioxide and the f a t e  

of the assimilated carbon were investiga%ed with the help czf the t racer  

technique (exposure of the planks to the ;-adioacti.ve ~ ~ 0 ~ )  and of pper 

chromatography. A reaction cycle is proposed i r z  which phosphoglycerfe 

acid i s  the first isolable aasWatfona product, hlysss  of the? a lga l  

extracts  which had assimilated radioactive! carbor, d f d d e  in a s b t i o n a q  

condition (wsteady-state* -photosyn.thesis) for a Bozg t h e  p:l?VideS f m t b r  

information concerning the proposed c p l e  and p r n i t t s d  the appcrximz.te 

estimation, f a  a number of @mpoundisg of' what fraction of each oampomd 

was taking part i n  the cycle. The earlier supposition that Ught  izfb-aenw:: 

the respirat ion cycle was confirmedo The gsssfbilf-by of the assistance (j," 

a-Upoic acidg or of a related substance, b this influence and in the 

photosynthesis cycle, i s  discussed, 
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THE PATH OF CWLBOM IN PHOTOSYNTEIE IS 0 THE STEADY STATE 

F'so%osynthesfs5 the process kJ which gmm p k n t s  are abk3 ?GO ~8ptLWb 

eBectrornagnet5.c energy i n  the form of" s u ~ ~ i g k t  am3 transform it into stored 

chcmicsl enez'gy in the form of a wide variety of ;-gsduoed ( ~ e l a t f v a  t o  

carborl dioxide) carbon conporrncis psot-ides the o&f mjor source of eneygy. 

- 4 .  

f a r  the maktenance and propagation of a91 ~ ~ f e ,  For t h i s  and other reasms, 

the  stl1~dy of the nature of t h i s  process has beer; a very a-ttractive srea fop 

mny years and s wide variety of scf ent i f ic  inte-lsest and bnckpomds ham 

Seen brought t o  bear upon it, !These range Prm %he gmel;FT biological t o  

the s-tsictSy physical ~5th the biochemical and physicochemFcal area @ing 

between,, Important eontribu'cions to the mdaratandimg of the phentxienoz 

have come frat a U  these areas, but i n  sp i t e  t b  the enormous amount of work 

and study that has gone i n t o  the problem, relatively little i s  h o r n ,  or 

sather  understood, about the fundamntal s.haraotsr 02 the process emn t:>day, 

It is perhaps pardonable tha t  one ellgaged s%xt&ies in this area %&ads $0 

%be conclusion tha t  nost of the knovledge has bsern, scqztred i n  the ss3at2vaQ' 

recent past, Discounting tha t  tendency, it still seams faqr to say t h ~ t  we 

have only just begun in the  last decade 

the  intimate de ta i l s  by which the basic 

reaction 

teng t o  represex& the basic nature of the yocese  3: photos,vrathesisg and9 ZXJ- 

thss, t h a t  i t s  reversal  represents tihe b a s k  reaeticm of respiration Es9 32 

co7ase9 an old one c 

" - As a result of more recent s t~zdgi~ i",has keen pcssible t o  s e p ~ a % e  TLF 

peeess of p h o t o s y a ~ e s i s  f n t o  two d l ~ % ~ c %  an2 s e p m t e  prts, me g e n e ~ d  

%ea+aes of %his separation my be represented ir '%he &"oUowin& chart,. 

[FFgve 2.) . The essential f eatme 0 h s e p r ~ % h o z  :is the bdepaizdenee c*C 



prt, We shall not here even t r y  t o  o n t h e  aU, of the various f 0 m  of 

evidence which have been adduced b suppart of such a scheme but only t o  

point out additional b i t s  whfeh have bean added in reeelat, years an8 partfeu- 

The scheme i t s e l f  is an outpow%h of proposals of some f i f teen years 

4 ago by Van Niel resulting from his  studies of the campratfve bi,schemPstry 

of photosynthesf s o  Mae s e ~ e n t l y ,  the photochemical apparatus has been 

shown t o  be separable from the r e s t  of the plant by the experiment of &La. 596 

He was able t o  make preparations 02 chPosaphsts and ch lo~ophs t ic  fsag- 

lagnts which? upon illumination in the presence of suitable oxidizing agent8 

other than carbon dioxide9 were able t o  evolve nzolscQr mygan, Still more 

recentby, Ochoa and others 1,899\me t o  dmons%rata that  these, same 

preparations ware capable of using coemyne 1: and 11 (E18 and 'IPH) as suitable 

oxidizing agents leading t o  the e.voHution of aygea, Fwak%hsmore9 t he  experf- 

ments of ~uben" showed that. the mohcde of q g e n  evolved in pho%orp%hesis 

had its a p p a d m t e  origin fn the m g s n  of the water molecule and %hat the 

duced parts repesented in the chart by (HI, 
This reduced part we have caaJled sfreducing power" baeause, as yet. 



in which he was able t o  show that foUowhg w p r f o d  of photpospQes%s a 

nmber of plants eontimed t o  absorb ~aEdf3~  dimfd~~ for a short perf od 

sP;pa%e t h i s  in an ever more direct and unequfsrocal fashion and generalize it 

f o r  a U  plants so far t r i e d  when we were able %a show %ha% no% o d y  did  s U  

of these plants  absorb quantit ies d carbon d i a i d s  in the dark af%er ill&= 

aer%ain c o n d f t i ~ n s  qmnti%a%i.vely sMbz t o  '%hose f m e d  fn a f a i r l y  eampa'2+ 

12 
able l i g h t  period, The method used for  t h i s  dernona%mtion was the same as 

those t o  be described later in the review, The Ufe%he i n  the dark 02 %his 

reducing power which i s  generated by E g h t  is also 0% the order of seconds t o  

mjinutes and almost cer tainly corresponds t o  a @oneen%ration of one or nore 

d e f w t e  chemical species, It is quite comeei'vabh, as meritioned ear l ie r ,  



Efmfted t o  the other side of %he &arRy %hat is9 %he path %bough which 

carbon passes on its way k h m  carbon 6 i d d e  t o  a l l  the raw m%@rfal~ of %he 

plan%, It3 is esscsnt9aXQ a st* 02 what we now MLie~e $0 be ent ird-y dark 

rerac%ions and dgh% best be oharae%erLzcad as @ ~ a ~ p % h e s f s ~  !BPS area not  

o i l y  baa 1% great fn%eres% $or %%s o m  sake but wdLd s.host c w h f d y  cask 

sfom Ugh.& upan tihe m%ma of %fie. ~ e d u e h g  ;agem%s which arrive f im %he phofie~ 

c h d c a 1  pr-k of the reaction and! drive %he carbon eysa:h t m r d  redlue%ion, 

The reason %or t h i s  ~ r%%md,a r  interest Ifes %rJI %he ~ B Q %  %hat we hme, jBm 

recent parsg cme Snto poaasss%on of: a too% wUsh is eapecfaUy ad..%sd for 

%his study, namely, labsled caz"krora atom in %&e i o m  of' a -radimc%%vs faatope 

of carbon, ~ 1 4 ~  A U  of tbe results that w i l l  be desesibad later wers made 

posssibler i&h%Pough %ha ISB of M e  hbeled carbon dioxideo WiW such a labeked 

$ E ~ Q  seqwce 

of eampomds into which the carbon 02 earboa d f a i i l e  may p a s  daring the  

CO'I ;FCS~ of: their beorpe~a t foa  2~ %he plan% is9 its $bs% phases 8 s%rafgkt- 

foxward one 6 

We m y  via~laUzs p o b k z  $la %wm of the chart 932 F f p g %  2 in which 

ajas green leaf is rep~lse~%n61d s~Th,emtf~aU~ as a c$os~.4, t?pque eorataims 

whkh strema the raw rmterfals of phstoa~-bbes%a, namzdy, carbans BfrnEde, 

light amdl water aon%aWng the necessary mineral e 

are evs3~b~d %he products +d' _ T ~ ~ % c G ~ ~ ~ ~ ~ s  - oxygem p a  an& 9,hs ~ e d u a s d  carbon 

campomde @ona%%%ta%ifng the plan% and i t s  stored reserves, Bmwhaffme, 5% has 

been possible t o  st* in a qmn%itativs way %he m%ws of %he proossa going 

on inside %he opaque cantaher only by varying essgdssmf ooradftions and rtsRPlng 

varfa%foras ira %he f k l  ~ Q ~ U C % B ~  Al%hough $12tm~ h a  been ns a e ~ i o m  doubt 

that the % o m t i o n  of sug:ar d%d no% take phcs  by tk= zg,qagat+a~ Q? six mle- 

su4es 0% earban d i d d e 9  six rnolsctihs of water and $he rsquiafta r a d a r  of 

light glls,xz%a into a sing13 md% PoUewed by $ha ~eamange!meat h,%o hexose and 



existsp it is qu i t e  clear that by setting up sme ph.~%osyra$hatie organism, 

Seak" op other suitable material, in a s%ea&v g$&g 0% photoe~fnthesis in whioh 

the various ingredients are being absorbed and p o d m t s  famed in s~mt? mi- 

f'om manner and injecting the labaled carbon d i d d e  flats the enter- carbon 



one of a n a l p k g  f o r  -the dfs%ribu%iorr, in %hs solua;\be fiaetion, %is has been 





This is emen nors s%rcrz&y 14mms3~ateB when %he expr-nt is carried 

out a% reduead tapratam, fo r  ::ns.bn;.,e 2" C,, so as %o SXQW d3m a= & the 

reactions and @nab&? 1s ?f) W P  more &k?ar&y thb bbrI f@s% ~~od lu .~%so 1F"fgWe 6 

shows a ?lo% of' ,%he: ~ ~ n c a r n t ~ a % f  OE of radioaef i ~ i % y  p r  mAt for algae %or 

%he@ of the major earQ nemlpo~nd3, famed a t  20 ce on such a ~10% as %hisg 

ft is elear that .$%lose s&s%anms which are fomwd dfree%ly f im cwbcn 

d . h d &  n6 8ppY8CiEibh fntlem&i$ahs b ~ b ~ e b ~  %h?%l aXXd carbon 

tlfaasfds w f U  be the ordy ones 'that w i l l  shcm a fW%e slap; a U  e%hers 

should start wi%h a zero  s l o p ,  A fir?ijl%e s l o p  is (cerbh2.y tihe ease %or 

phos&ogbht:erfe: aefd and possj;$le far mUs acid, h d f a e S t h g  at least two 

hdepnden t  earborn dioxide fixing reactions, one bad- to a thee=-(carbon 

cmpomd and the other prcdiieing a foe~aaabors .  cmpamde 
368,l9 

Shea  the heyboss phsspb%~,a appear &rmeSy early in. a l l  of' these 
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flu--hemore, if %:he hexose deriwativd sesemob?s fnvolreet in sucrose? symthesis 

are mre or 2eas %su,EateeS fb?m chose fnva.l.%red h s%ma.ge and g ~ c ~ ~ s f a ,  iphe 



saccharides. Uridine di$ospha%e would %hu9 seme as a carbon c m f e r  %n 

the sane my %ha% pyridine nucleotfdes an6 fh%ronucleGkj:d9s are %m01v&d fn  





closeQ rebttsd t o I  a f oar-csrbm ~mpoUnCI whkh cod.2 be s p l i t  t o  poduee 

%he required two-carbon fPagmn%, 

Pa the course of the search the %wc.-earbcl-.; aecep%or3 and its 

iztmdis.&e precursorsg two new cmgomds were 2i"tm%,ifieG as early produets 

of carbon dioxide incorporation which seem iPo have U-t;%le to $0 572th. the 

ZEx.sct synthesis af hexos~a enZ, "Li2ersfors, ha3 8 ~~egay Uk9b fuarj@tion 

ibh.; regeneration of t h e  two-ca~bon a c ~ e p t ~ r ,  %'h~se PJBE)T"~ t h e  phos@iates of 

the s w e ~  carbon sugar sedobfJeutiLss6 and 0.2 %?L@ %ive carbon sugars a ~ i b d 0 ~ 6 ~  

ribsss and! arabinose, 30 

The question irmneaate* presents f"useX as  to %lit? relation between 

%hese two compounds along tihe path. oZ carbon assimi%a-l;.f 3n, not only ~ ~ i . t J z  

each sther but with the precursors which am abeady h o m i  an6 the possible 

products that night be f o m d  f rm  them, The aStea.pt t o  answsr %his qmstion 

focusses our attentiom once again upon sme 5f %he s h ~ t e ~ ~ n g ~  an8 W t a t i o n s  

02 %he rtaethod of observation that we azme w h g  sac? t h e  ,m%ure, of the ~xxpx9men'k 

gyE1ic.h we are performingo OuJa i n i t i a l  hope af de%em&&g the ssqmnee of? 



would not necessarily be anJr r e a l  w i % s r i m  of" the r s la t f~be  order of these, 

C O B ~ O U L P ~ ~ S  in the sequence of events, 

In order t o  achieve the f u l l  value3 of the  method of observation theng 

it becomes necessary t o  perfom rather  extended kinet ic  exprfments i n  which 

the appearance of radioabtfvity %a a l l  aanspamds i s  plotted as a function of 

t h e  a t  suff ic ient ly  short  htema1s t o  enable a rather  aeeuaate and detailed 

curve to be obtained, Furthemoms the distrfbutdon of radioactivity among 

the atoms within sach cmpo-md should slsc; be determined as a function of 

ths, The va l id i ty  of any proposed sequence of events could then be deter- 

mined by a comparison of the ca lcda ted  appearance and dis t r ibut ion curves 

with those ac tua l ly  observed. In order t o  calcirlate such appearance curves, 

as w e l l  as the distribution c u s b ~ ? ~  amongst "the atoms i n  each compound, one 

can se t  up a system of Lfncrw clfffersntial  equation: based upoa the follow- 

ing rnodsla 

where GO2 represents the enter iag carbon dioxide 

A, B, a t e ,  represen% in%ar~m3k?ias fxvolved in 

earbc-- $%-&be ass3detf0i?, 

S reFesem%s nor% I"Z Ztx: find storage produet 

B is e masas of %he t o t a l  z ~ t s  of cartor, dioxide 

G S S M ~ S ' ~ ~  33 213 the e%eaCq;Z s t a t %  mpasssd  fn 

moles GIE ezr@3%i, ye% zkuti: 

The r a t e  of change o r  the spavcific act i t ' i ty  c2 s c2agle carbon a t a ~  in li9 

given by X,? is then s:ve;sal hi- Ecp.L,iir. ( 2 ) .  (TLs spc?ci"ic activity of 
& 

A che entering carbori dioxide is hem taksr* as *cz-,i%~-. (A), %he sonzsntrztirn 

of the  cc;qo~ztS A, is hdapnder,t d' -:La& ,] 



Equations of identical f o m  may be xritterr for e v e q  atom of every campound 

tha t  d g h t  be considered an i n t e m d i a t e ,  Thesa eq.;latfons my be solved 

exp2LeitI.y by means of a Wferentfal  analyzes provided two parameters are 

hnm,  These ape the to ta l  rate of entry of ca.rborr. k % o  the systam dm* 

%he steady s ta te ,  R, and the steady s k t e  concentration of each aton w h i c h  

might, be considered as ly ing  along the p t h  of carbon assirnilstion, @I9 

ma%, Since a x  of the carbong or a% Peast mop?, 02 it9 nust p88 &ough these 

resemo2rs of fiatesmediates they w i n  vey  aooa ae,q.yire the sane specffie 

actd.vi%y as the entering carbon Ifid& Igr, conbas t  t o  %Us:, those m%aria ls  

which are not fmctfoning as simple intemediates but rather are functioning 



STEADY - STATE - 

(poly-acaryEc p h s t f c ) ,  4.9 cm, high, 19 me wide and 0,7 a, thick: ( inside 

d k n s i o n s ) ,  The bottom was pro-rfded with a gas M e t  Lube with five small 

holes t o  allow good costac"r,bef;wesr! gas arid klq&3 a d  a &rain %ube closed 



with .  a screw clampo The top of the vessel, was povided with a gas outlet  

tube, A water-alcohol mix tu re  from a constant tmpesatme bath- was allowed 

%o flow over %he outer surfaces of the vessel in order t o  control %he tempma- 

% w e  of the suspension, 

(b) Two illrnaination banks (represented by B)? each w i t h  four flue- 

rescent tubes (General Electric,  quality white, 20 -watts each)g provi&hg an 

almost d o r m  Urrmiaation over the whole surface of the vessela of" 

4 7 x 10 ergs/cm.2-seco (roughly 700 f ootcandles) . 
(c) An ionization chamber C, connected t o  a recording vibrating reed 

electsometer, t o  record the ac t iv i ty  of the gas Lew5.q the vessel continua- 

dming the sun. 

(d) Three gas t raps D, t o  pd t  the addition or" a b o r n  amount of 

radfoaetive carbon dioxide t o  the system, amad erap %he remining radioact ivi ty 

after the  run, 

(e) A f l a sk  E, of 5 l i t e r  voltrme, c o n t a b h g  a mixture of 1% radioactive 

carbon dioxide in a i r ,  The reservoQ contaimd SO much carbon dioxide that  

%he algae assimilated no more than 20% of it during a run, 

(f) A gas circulat ing pump F of the  m x b k r  tubing type, and a n ~ w  
mekr G, 

(g) A syshm of four-way stopcocks R, nhieh permitted the vessel t o  be 

flushed with a mixtiwe d 1% ordinary carbon d f d d s  in air., from the cylin- 

der I, The ass-ably i s  shown i n  Figure E;. 

In  a tgpical experiment, 2 cc , t i e% paclced 8 of om-day old Ssenedesmus 

xashed and resuspended in 200 cc, of de-ioaixad -csa.%er, were placed i n  the  

vessel an6 aerated with the  ordinary gas nxixtme for a t  l e a s t  me-half holl,n) 

w h i l e  the n&ixre of radioactive carbon dimids e2rc-dated in the gas system 

for 'thorough e f n g ,  without passing through the  v9sselo The suspensfoa m s  

kspt a t  240 C o  After t h i s  time, &ring which a steady s ta te  of phutosyrthesis 



liad 'been reached, the radioacti-V-e nL.x%m.% W&S ~ % S B C ~  t b o 7 q h  the vess81 111 

puce  of the ordirmpy p a  I C ~ Z X ~ I E P ~  by a marLpuh,tf an sf the gab of s t o p  

cocks at H, and samples 02 20 cc, of khe S - W ~ E B Z ~  ~ i t h ~ a ~ ~ r n  a t  inti~rvals 

of five or ten minutes, These sxnpIw were dwpd i ~ t o  80 cc of alcohol  

of rmm tempratme, .to make an extmetisr, in 80% aleobo.2, A2'ter thQ%y 

mhutes of photosynthesis, the Eghts  wsrs twnzd off  and the suspmsion 

allowed to remain in the dark for a pried of five mi:uUtes, d~r5a.g vhich time! 

agab  several smples were vithd-rawq aid k e a t e d  i~ %,.he sama mm@r, In one 

exper2ment another E g h t  period fo_Uoved t h e  dmk period, 

The samples were sh&sa f o r  one hotar and cratz%hged, The residue was 



and the resul t ing compound co-chromatographed with car r ie r  detectable by 

spray. 

Figure 10 shows the t o t a l  and the extracted amounts of radiocarbon 

fixed by 1 cc, c e l l s  during t h i r t y  &nukes of photosynthesis followed by 

f ive d n u t e s  of darkness The slope i n  tna t o t a l  f ixat ion curve i n  the 

l i g h t  corresponds t o  an assimilation of 13 cc o CQ2 (NTP) per hour. 

Figure 11 shows the amount of radioact ivi ty  incorporated into sucrose 

and three phosphorus compounds f o r  the experinen* of Figure 10, 

PLgure 12 gives the number of counts i n  sucross, glutamic, malic and 

ef-&pi c acic?, f o r  a d i f fe rent  experiment of f i f t e e n  minutes photosynthesis, 

followed by ten minutes dark? and again five minu%es of photosynthesiso 

Although the variat ion between experhents  is quite high, there are 

some s t r ik ing  features  which are  common t o  a l l ;  

(1) The curves of some of the c m p o ~ d s  show a marked decrease i n  

slope a f t e r  f ive  minutes of photospthesis ,  Tnfs qufte clear ly indicates 

the presence of rapidly turning-over reservoirs in the photosynthesis cycle 

which are  then thoroughly labeled and reach. %ha spsciffe  ac t iv i ty  of the 

fed ~ s r b o n  d i  oxide : Diphosphate area (mafnly zibdose d i  phosphate) ; hexose- 

nornophosphate area (504% g l ~ o s e s - ~  26% ~ed.olaeptulose-~ some fructose- and 

mannose-monophos pha te); phos;lhoglyceric acid,  The levsling off of these 

eusp-\res permits the calculation of the coneentrstion of the reservoirs of 

those compounds i n  the photospthssis  cycle, by dividing the measured amount 

of sadioactivi-tj per carbon a t m  by the speeiZie activity of the fed carbon 

% The efficiency factor  sf the couxting of spots on y p e r s  has been Bsser- 
mined by converting three cut out spots t o  Sarim carbonate and n e a s ~ i n g  
t h e i r  ac t iv i ty  in an ionization chtimber a s  sarbor, cl,ioxida, It i s  19 
disintsgrat ions per counto 
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Table I1 gives the steady s t a t e  concantratisns during photosynthesis fez' 

Steady Sta te  Coacentrations of Some Compow2d.s Involved i n  

the Photosynthesis Cycle 

S c e n s d e m ,  experimental conditions as i n  Figure 10 

Substance 
L 

I Dfb~'droxyacetoae phosphate I 
I Fructose phosphate I 1 Glucose phosphate 

~ n n o s s  phosphate 

Sedoheptdose phas@ate 

PLbulose d i p h o s m t e  



f r o m ,  t h i s  source i s  h b e l e d  only slox3y since the specific ac t iv i ty  of the  

carbohydrate pool r i s e s  slowly due t o  t h e  lssge size of the pool. 

(3) Other compounds show almost conatant ra te  of labeling during the 

whole period of photosynthesis; sucrose, m l i c  acd glutamic acid* For %his 

and other reasons it is  clear t h a t  these compoaads are not i n  the photo- 

synthesis cycle, but a r e  formed dming the photosp.&laesfs a t  a constant ra"ca, 

Their large reservoirs i n  the c e l l s  a re  labeled only slowly, 

(4)  When illumination i s  interrupted there appears a sudden great 

increase i n  the concenkration of phosphoglyceric acid (followe~ by a sLov 

decrease a f t e r  two minutes) and an a h o s t  compl~ts  depletion of the diphos~hate  

area,  Anzlysis of the monophosphate area showed tha t  the amount of sedoheptu- 

lose phosphate decreased a lso  (cf, Table I I X ) ,  The concentration of malie 

a c i ~  decreases a s  w e l l . ,  The r a t e  of labeling of g 1 u t d c  acid i s  increased 

great ly  a f t e r  a short  induction period; c i t r i c  acid, which con tahs  E t t l e  

a c t i v i t y  duping the whole light periodp shows a sudden increase i n  the dark, 

followed by a slow decrease, The labeling of sucrose continues a t  the same 

r a t s  as in l i g h t  fo r  about two minutes, after vhlch it is stopped almost corn- 

ple t e l y  , 

Both experiments gave the same picture for most of the empounds, with .  

the two excepl3onsoo In the second experher& the diphosphate area, which %u 

the first  contained almost the sane wmber of esmts a s  phosphoglycerie m f d  

during the lighta had only about 15% of it, T h i s  value dropped t o  5% in. the 

dark, The phosphoglyceric acid showed a hardly s ignif icant  rise i n  t h e  Cask 

during the first two nimtes, but again a SHOW decrease after f ive  ~aiz%ss, 

Although we do not h o w  why i n  this @ x p ~ h e n %  %he cowcentration of rsPgbrJos% 

dfphosphate was so low in the l i gh t ,  the coincidence w i t h  the lack of increase 

of phasphoglyceric acid points t o  a c o m a ~ t i o n  Between both effectsb 



Phospbatase fFkestmen.t of HMg &@a after 30 Mnu%os 

Photosynthesf s and 30 Minutes P b ~ t o s p t h e s f  s Followed 

by 5 Minutes Dark 

(5) In the Light following the dark, the df~hospha%es~ phosphogLyceric 



I t h a s  already beer, po%r~te,9 ou t  tha t  p!-do"&usyEtb.esfs is n3.t a mere re- 

wxrssl. of respiration; th%s was suppo~ted  by the obsea"vatfon. *a% the carbon 

of newly formed photosynthdtic intermediates is not a m i h b l e  f o r  respiration 



cycle * 37,38 The mechanbm of the reaction my be writtan this way: 

/ O"'\ 
C H - R  + Aeet#y lCoA -t CO2 

I 

The reduced Upoic acid complex would than be r e d d i z s d  t o  the disulfide 

f o m  by a suitable mridaet (s ,go, pyridine or f b v i a  nucleotides) . In order 

t h a t  the oxidatLon of pyrwio ac id  can poesed, the erxzyme has to be present 

in its oxidized form. If it is kept, ir, its r e d m ~ d  fozm wdsr W e  influence 

of the lightrgroduced reducing power, the reaction cannct psoeed  and the 

pyruvfc ac id  f omed during phohoto~yrrbh~sis wil.. n - ~ t  find i%e mi; i n t o  t h s  

respiratory cycle. The reac t ion  is  inhibitad because or&:? 2 small a c m t  of 

the emgme catslyzing it exists in the  require8 fom, nost. of it being kept 

in the other form under the "pressurew of the reducing power generated by the 



effect has been explained in a manner s W a r  %o t h e  one used hare: La account 

for the fnhfbftlon of the sespba$%on of pho%os$n.%he%fc fn'&srmediakas, as The 
raduct im of acetaldehyde t o  aLcohoP requires a dehymg@msb in fts  reduced 

form; under aerobic conditions the dehy&oganase exists prhri2y i n  its mi- 

d i m 2  formg an2 the acetaldehyde fns-baad of' being reduced is mfdize.2 t o  acetic 

acid, 

The sudden rise in phosphoglycerfc acid and t h e  decrease in sibulose 

dfphosphate and sed&epf;LLose phosphate in fuhe dark periodg togethsr  with the 

observation %hat the dark rise in phosphoglycsrfe acid 9s absent when the 

esrlier suggestion that the phosphates of the C7 and C5 sugars are wecursors 



a l so  depetndent upon reduction, Rowever, a nmhex rE argurnen%s seem t o  

contradfet %his view8 (1) The obssmation th8 phn't;s fk radiocarbon fin 

the dark hm~?liiatd.y following a Ugh% period a% %ow carbon dEoxi.de am- 

centration t o  f o m  a sMlas pattern of cornpounds a s  t h e  m e  f oms in. 

photosynthesis shows that the sequence f oU&.rig phoaphogiyeeric acid is  

not blocked a t  once upon cessation of flluninatPon, but %hat %he cells  

contain suf f ic ien t  reducing power -to transform some phosphog3.ycerie acid 

i n t o  carbohydrates; (2) %he cleavage? of %he pera$oses and. heptose kto the 

G2 carbon dioxide acceptor and a tlpiose? and p n t s s e  respectively is dspendant 

on. a reduction step a s  wen,  

We are thus led t o  the suggestion t h a t  the  rise in ph.os&oglyeeric acil! 

is not t o  be explained by a mere intemup%for; of the sequence? but t ha t  the 

r a t e  of production of phosphoglycesie acid a t  sme ti";ms in the first minute 

of &rkness i s  actual ly  higher than it is in the steady s t a t e  photoepthasfs 



which, in the case of pjmmfr: acid, requires %he presence of a cyclic d i s d f i d c  

compound leads t o  the ides %ha' the former sequence might be catal.ped by a 

sMlas enzyms. This idea seem to be aupporP,e,d by the results 0% an a p r i -  

m a t  p e f l m e d  fm %his laboratory acme %k agos which wee dU%EexiLt t o  explain. 



exposure t o  the poison, in reLtvtively Zow concentration, the Zack of C2 

carbon dioxide acceptor would slow tlo-rn the photosynthetic cycle, Tfia 

synthesis of carbohydratesJ howeverg would pmeet3d a h s t  without inhibition? 

thus decreasing the concentrations cf t l ~  i n t e m a i a t e s  i n  the cycle, This 

would allow the compounds t o  reach a higher specific ac t iv i ty  during the 

period of exposure t o  radiocarbon (cf . equatf on ( ( 2 )  ) change of specif ic  

ac t iv i ty  inversely proportional t o  concentmtiora), A t  some time af ter  adnzini- 

s t r a t ion  of the poison, the sucrose would be labeled fa s t e r  than i n  the 

control due t o  the higher spcific ac t iv i ty  of its precursors, After a 

longer period, however, the rate of synthesis of sucrose would decrease be- 

cause the pool of i t s  pxwrsors would be exhausted, 
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Figure 13 - Effect of Light and dark on the labelhg of glukmic. and citric 

acid. 0 .I% suspension, light intensity 1.6 x 105 ergs/cmS2-sac. 

(Numbers: counts/min. x on paper per cc. cells). 
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