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UCRL-591 
ABSTRACT 

Radfa%%sn Laboratory aad Dqmrtmen% of  Chemistry, 
Universi%y sf Calif omia, Berkeley 

1,- A ~~nparfsoaa of the  r a t es  of f ixa t ion  of Carbon li; dioxide in algae 

f o r  $he processes of phob;ospthe s ia ,  phabraiucUon and t he  hydrog~n- 

oxygen-ca~boax df oxide dark rea@$Lm -bas been made, 

2.- FOP the same se r i e s  ~f eqesfments, mtes o f  incorporation of t a a c e ~  

carbon into the separate soluble conpments usfig the radiogram method 

kiave been de%emfared. 

3.- The me&anfa of carbon &o-dds uptake -has been shown t o  oeclls via 

two d is t ine t  paths. 

4.0- I n  a l l  cases studied, essen%ially the same compounds appear radio- 

act ive,  !be dlatr ibutfom with t h e ,  however, d i f f e r s  markedly. 

(1) The work described in $his paper was sponsored by the Atomic Energy Commission. 

(2) While on leave fiom D epartment of  Ghemf s%mj, Prfnee-bon University, Princeton, 
Rew Jersey, 



TEE PATH 03' GabRBQM IN PHOTOSP~HESIS, XX, PHOTOSYNTHESIS, PHOTOREDUCTIOII BBlD 

TH3 HHDRCIGEN-QXYGEH-WON DIOXIDE DARK REBCTION (1) 

(1) PhotoreducbSon (a kfgM induced reaeticn oecmrring a t  l o w  l i g h t  intensi ty)  

(1) The work d epsarfbed in thf a paper was sponsored by t he  Atonnfe Energy Codssion. 

(2) While on leave from Dspar&mefl$ of Chds%r,y,  Princeton Unf~ers i ty ,  Princeton, 
Hew Jersey. 



(2) The kgTdrogen-oxygen-carbon dioxide reacEon (a dark reaction) 

This Pat ter  process is presumed t o  occur-as -a result of, o r  be i n i t i a t e d  by, 

t h e  wdrogena-oxygen reaction 

2 4- 02 -- 2H20 (4) 
The mtfo of the amount of carbon dioxide reacting t o  the amount of oxygen present i n  

peaetion (3)  h a  noti been determined with certainty, 
I n  this paper r a t e  studies on the  appearance of Carbon l4 i n  intemediates 

and producfs a r e  ~ e p o r t e d  f o r  (a) p h o t o s y n k i s  a t  POW l i g h t  inbl rs i ty ;  (b) photo- 

reduction a t  How Sight intensity;  (el the Wrogen-oxygen-carbon dioxide dark re- 

aetiolng and (d) the  hydrogen-carbon dioxide dark reaction (same a s  (c) except ab- 

sence of oxygen) . The method used f o r  separation and ident i f ica t ion  of products 

has been the radiogram method a s  developed by Calvin and co-workers (5). Th bjeet e 
of the p r e ~ e n t  work has been t o  fur ther  8l'~fcf da%e the  meehatni slns of t h e  various 

reaotions, p a r % i c ~ a r ~  i n  regard t o  t h e  mechanism of carbon dioxide fixation. 

Experiments were carried out i n  a WarbuPg-tp apparatus. A l l  conditions 

were ident ical  (temperature, 20,P C; moderate speed of shaking; Q,10 ec, centri-  

fuged Dj in 2.9 co. of 0.05 g lH2POq ( p H ~ 4 ~ 5 )  s o l u ~ i c n )  except for  t h e  

variables noted l a t e r ,  The c e l l  suspension was placed i n  the f l a sk  having a side 

tube and attached to a aanometer. A solution of N ? Q C ~ Q ~  was plaoed in the  side 

(5) A, A, Benson, J, 8.  Bassbarn, M a  Calvin, T, Ce Goodale, V, A, Haas and 
W, Stepka, J, Am, &em. Soc,, ( i n   rea as), 



arm tube, In  a311 experiments except n-1 pho4iespthsis  -&he f lasks  were flushed 

with hydrogen fo r  one hour and allowed t o  rema5.n in an e % m s p k e  of hydrogen in 

t he  dark f o r  16-18 hours. A t  the end of this adaptioa time (a) the  Iia2$'b3 was 

added fro= the side a m  tube f o r  the hydrogen-carbon dioxide dark e x p e r h n % s ;  

(b) oxygen was added t o  a pressure aorreeponding t o  Q,5$ sf the Ootal gas p r e m  

u, f o r  the  hydrogen-oxygen-carbon dioxide dzmk mac%%on and t h e  Ha$ Og added a-fler 

t h e  hydrogen4x;ygec reaction bad sbmpted; or  ( e )  t h e  l&h% was %urn& on and t h e  

photoreduotion proaess allowed t o  pro@& u n t i l  the pressme had level& off, a f t e r  

which the Ifa2&o3 was added. For p b t o s ~ t h e s i s  eqer9lsents, algae snspensions were 

shaken in the l i g h t  (air atmosphere) f o r  one hour aPter which h2A3 ars  added. 

S ix  duplicate experbents  were a r r f e d  cut s b a t r % n ~ 4 6 ~ e P r ~  At the end 6f 

a given time the en t i re  contents of a flask were ce?~%.?5fugad in the dark, the supper- 

natant lfqufd discarded, and an 80s bo%ULng e U n o 1  soPu%ion added & %he algae. 

The %%me elapsing between sampling and mhr-alcohol extraction was 3-4 mimtfes. 

Experiments were carried IW% up t o  308 mfsnutea, The %o%al mdioae t iv i ty  fixed 

was determined by di rec t  counting on a thfi p k t e  of an aliquot of the aleohol 

slurry, The s l u ~ r y  was %hen centrifnged and an al iquot  sf the  e lear  so1ubI.e com- 

ponent counted i n  the same manner, The soluble component was evaporated t o  dps- 

ness and a measured quantity of 50% ethanoll-50% water se41ntfon added, Anz a l iquo t  

of this was chromatographed using two-dbnsiomZ filter paper ohromatography. 

Solvents used were water-phenol and butan01~water~propionfe acid (5). Eaeh radio- 

ac t ive   omp pound present on the  paper was eomted d i r ec t ly  on the  paper a f t e r  %ts 

posit%on was determined @y a radioautograph, 

The Q h t  in tens i ty  used f o r  photosptlaesis and photoreduetion was about 

790 ergs/an2/see, (& 45 foot  candles). 



The %oh?. radfoa&ivi%y fixed in pho%orednc%fon was greater than in pho%o%t~gthesis 

by a factor wjbS.eh appears to be greater than the experimental error, This might 



reiatLwe absence of insoluble radSaaetive produets i n  the l a t t e r  eases. These 

produets fmhde,  among sthers, proteins and eelBdose, Another sign%fiaaen% 

amoat of carbon dioxide fixed by approximately a f a c t o ~  o f  sixd 

phates show& 



if the pho%osynnthesSs (a% high light intensf%y) is folloawed 'Q;r a dark p e ~ i d  fn 

w 

a;& 15s in marase, If $he 38 second ph~tosyn%hm9s period is i"o1lowsd a two minute 

Sane ~onalnsSons m y  be drawn e ~ n e e r n ~ g  the aneehaniam of carbon dfoxide 

up%ake. Ont9neoretfeaB fjnd kinetic reasoning "Jere must be a% Peast one, and per- 

haps more, ~~smpiomds ahose appearamca curves ms% stax% at some f i n i t e  value and 

decrease TNith $ b e ,  If carbon dioxide is fixed in s single xmpomd and aPI other 

compomds a m  formed from it, there should be a single finite intercept a t  zero 

( 6 )  A, A, Benson and &, Calvin, J, Ekper, Bate, (in press), 
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t h e  and 3% shion3-d represent 100% sf the t o t a l  fix& carbon, If sarbon dioxide is fixed 

in mQre than one esmpowd by independent raa@%ions, e&rapofation w i l l  @eLd more than 

one f i n i t e  intercept a& zero time with the eume hav5ng a negative i n i t i a l  slope. The re- 

l a t i v e  values of these h teroep%s w i l l  correspond t o  the re la t ive  ra tes  of the carbon 

dioxide f ixat ion react%ons, 

& examinatfon of the  present data shown i n  Figures 5, 6 and 7 shows tha t  one eom- 

pound which has a prono~nced i n i t i a l  negative slope i s  malfe acid,  It also appears that e 

second group of compdmnds (the organic phosph&es) when extrapolated as s h m  by t;h:ecIott& 

line, has a negative slope, b o n g  the organic phosphates, phosphoglyceria ac id  predominates. 

- "re ~onclusion is thus reached tha t  "cepe are a% Peas t  two independent 

reactions by w-wnxeh carbon dioxide i s  fixed, The f i r s t ,  and mask p~onomeed under the pre- 

sent very low Ugh% intensity conditions, leads t o  malie acid, The second leads t o  phospho- 

glyceric acid and the  other organic phosphates, 

This conclusion is in contrast t o  the results observed a t  higher Ifght i n t ens i t i e s  (5). 

Under these c f z ~ m s t a n ~ e a  She compound first t o  appear mdioaotive is phosphoglyeeric acid. 

This i s  then faUswed by appearance of radioactivity i n  malie: aefd. Thus, the  reactions lead- 

ing t o  phosphoglyeerio acid a r e  f a s t e r  a t  higher l i g h t  in tens i t ies ,  The reactions leading t o  

malic ac id  are  f a s t e r  a t  very h w  BAght intensfides, 

Prom Figures 5, 6 and 7 it w i l l  be seen that not only do malie a d d  and the  organic 

phosphates have an i n i t i a l  negative slope, but, i n  some cases, the  three earbon atom com- 

pounds and the four plus f ive carbon atom compounds have a negative slope. The three carbon 

a t m  compounds are  indirectly related t o  phosphoglycerfie acid via  p g m i c  acid, The four 

and five carbon atom scmpou~hds ase intermediates charac%eri s t5  a of the  well-knawn Krebs 

respiratory (sx~datfon)  sycPe which invohes  malie acid, 

Carbon d i o d e  fixation reactions leading Lo the two main compou~ds (snalia 



acid and phoaphsg1y(p,erf acid) a re  known ( a ) ,  The flr& 

the Wood-PVerksnan reaction, irnvolves addition of easbaaaa dioxide beta t o  a earb 

-group, The s m p e  ca ta lyzhg  such a reaction 

(51 

been found t o  occur ($3 in many pBanta. The seomd type of reaction fa an 

a-earboxy1atSon reaction and involves addition sf 5a;piDon dioxide a b b a  t o  a 

sarboxyl group, Several examples of t h i s  type are  kn~wn, 

The changes h the carbon skeleton a r e  represented 

t h e  Paf%er of which (equation 7 )  i s  simps$ the reveras sf the  carbowlase re- 
.h * 

action, The aetual reacting species and inliemediate produc'bs of these reactions 

a r e  almos% oertainly phosphate derivatives,  
. ir 

In order %o account f o r  the appearance of radfoaetivity in phosphoglyeeric 
. - . . 

aeid, a tw0-airb0n atom compound which i s  t o  be carboxylated by an a-sarboxylation 

type ime%ion is meoasaaqy, The two carbon acceptor from which phosphogly~erie a c i d '  
" 

( 8 )  E . C o r m , B . V  ohlad and I. Po Kraemer, Arch. Bfochem., G2 1'79 (1949)- 



i s  probably formed i s  not yet known, It has been pictured (10) as resulting 

from a closed cycle of reactions involving oxstlacetic acid from which the  malic 

acid i s  formed, An al ternat ive source of the two carbon acceptor, which i s  not 

eliminated these experiments, involves the d i rec t  reduction of carbon di oxi de 

as a one carbon coumpound, This may be followed by the  combination of t h i s  reduced 

one carbon compound with another reduced one carbon compound or with carbon dioxide 

t o  form the  two carbon acceptor, This suggestion i s  subject t o  the  very defini te  

l imitat ion tha t  the steady s t a t e  concentration of the reduced one carbon inter-  

mediate must be extremely small, 

It may be added tha t ,  although a l l  compounds formed under the  four condi- 

t ions  studied a r s  the same, they a r e  not necessarily ident ica l  substances. 

Differences i n  radioactive carbon dis t r ibut ion may occur i n  a l l  four cases, No 

infomakion on thf  s point was obtained i n  the present investigation. 

1, A comparison of the ra tes  of f ixat ion of Carbon 14 dioxide i n  algae fo r  

the  processes of photosynthesis, photoreduction and t h e  hydrogen-oxygen-carbon 

dioxide dark reaction has been made. 

2, For the  same ser ies  of experiments, ra tes  of incorporation of t racer  carbon 

in to  the  separate soluble compopents using the radiogram method have been detemined. 

3. The mechanism of' carbon dioxide uptake has been shown t o  occur v ia  two 

d i s t inc t  paths, 

4. I n  a l l  cases Scudied, essent ial ly  t h e  same compounds appear radioactive, 

The dis t r ibut ion with time, however, d i f fe rs  markedly. 



TIME, MINUTES 
Figure 1. 

Photosynthesis. Rate of incorpor~tion of tracer carbon. Tempernture, 20.7O. 
Scenedesnus D , C.10 cc cells in 2.9 cc 0.05 M IM2POL. Air ntnosphero. Light 
intensity, 74 ergs/cm2/sec. 



TIME, MINUTES 
Fieure 2. 

Photorec'ucticn. Rate of  incorporation of t racer  carbon. Temptmture, 20.7O. 
Scenedesmus D 0 . l C  cc ce l l s  i n  2.9 cc 0 05 & K H ~ P O L ,  a d ~ ~ t b d  16 h u r s  i n  52 
ntmosrhere. &?tit intensity, 700 eys/cm2/soc. 



. TIME, MINUTES 
Figure 3. 

Hydro~en-oxygen-carbon dioxide dark reaction. Rate of incorporation of t racer  
carbon. Temrerature 20.7'. Scenedesmus D3, 0.10 cc  cell^ i n  2.9 cc 0.C5 81 
KH2POL, sdapted 16 hoi rs i n  H2 atmosphere. 



TIME, MINUTES 
+ * Figure  L. 

Hydrogen-ca+on dioxide dark react ion.  Rate  of ir ,corporstion of t r a c e r  c a ~ k 0 n .  
Temperature, 20.70. Scenedesnue D3, 0.1C cc c e l l s  i n  2.0 cc C.05 M KH2PC4, 
adapted 16 kours i n  H;! a t m o s ~ F ~ r e .  
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Figure 5 .  

Photosynthesis. Rate of d i s t r i h r t i o n  of tracer carbon i n  compments of soluble 
fraction. 
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Figure 7. 

Hycfrogen-oxygen-carbon dioxide dark react ion.  Rate of d i s t r j h u t i c n  of t r a c e r  
carbon in components of soluble  f rac t ion .  
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Figure 8. 

Hydrogen-carbon dioxide dark reaction. Rate of distribution of trecer carbon in 
components of soluble fraction. 


