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Radiation Laboratory- an& Depzrtment of 6Y~amia-try 

l?xiive~sity of  California,  Berkeley 

during shorl; perf ods of photosFtl.resis wf th rad loac t2=~e  carr.xa d f  oxidl?, 

This resu l t ,  together with studTes which show the pho.i;:~sfpt"r,e t i c  cycle 

t o  be operating normally a t  the sane time, ind tca tes  t h a t  rnalic acid i s  

n o t  an intermediate i n  photasynt.hesis but  i s  probably close2y r e i s t ed  to 

some intermediate of the cyc9e, 

Absence of labeled succinic and fbmapie acids In these exper3- 

ments, in addit ion t o  the f a i l u r e  of malonate t o  i r rhibi t  photospnthesia, 

precludes the par t i c ipa t ion  of these  acids  a s  intermediates in photosynthesis, 

(*I The work described i n  t h i s  paper was sponsored by the  DOSO Atomic 
Energy Commission, 

Ts be published i n  the Journal  of  Bio log iml  Chemistry, 
---__CW_J 
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It has besn snggested t h a t  t h e  f?kmizton: of carbon Sioxide during 

phot~synthes i s  i s  I r i t i a t e d  bgr the c a r b s ~ l a t f o n  of scrme two-carbon compound 

t o  give phospl-oglyceris acid c r  some c lose ly  re la ted  three-carbon compound, 

which i s  then used ir two ways (11, P a r t  of it is reduced via  a reversa l  

o f  the we99 h u m  glycolysis  t o  'nexose while the remainder is fu r the r  

carboyylated t a  g ive  a four-carbon compound which 5 s  s p l i t  and reduced t o  

yive two molecules of the two-carbon carbon dfoxi&e acceptor, This second 

carboxylation might be the  PVood-Werhaa react ion (23. The enqme system 

f o r  t h i s  r+act lon has been fo-md i n  hfgher plants by Vemesland, e t  a l e  ( 3 ) .  

In this case, the expected products would be oxaloacetic a c id  and perhaps 

the  closely re la ted  dfcerboxylic acids,  

( 1  The work described i n  t h i s  paper was sponsored by the  U,S. Atomic 
Energy Comi  O S ~ O E ,  -- " 

(1) Calvin, M, and Eenson, A,A,, Science, ltJ, 476 (194.8). 

(2) Wood, HOG,, Xerhan,  COB,, Hemingway, A, and flier, A,O., J. Biol. 
Chem,, 365 (lW), 

( 3 )  Bennesland, B,, Gcllub, M, and Speck, JoFo9  J, B i d .  Chem,, m9 
301 (19491, 
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In order t o  t e s t  the v a l i d i t y  of the  proposed rsgenerativa s y c h  

and elucidate s9rr.e of i t s  de t a i l s ,  art im i - e s t fga t fo~  of  these ac ids  was 

mder taken,  Mali c, suecinic and Pmar f c  acrlds were found tQ3 b v e  ~ ~ G O F P U -  

r a t ed  radioact ive  cgrbon i n  derk ( r e s ~ r a  ,tion) exper5merrts sulgges-Ling t h e i r  

formation by a r eve r s a l  of respf r a t f  on reaci5ons Q L / , ) ,  while mdioac t i v e  

rnalic alone of these  acfds was f o m d  a f t e r  sho& periods of photmynthesis  

wi th  labeled carban dioxide, '&us, it appears tha% s-uce~iY~e. and fumarie 

a c id s  a re  not intermedfates i n  p h o t m s i s  an6 t h a t  malic scid 2-8 poa- 

s ib17  re la ted  both t o  respfra tSm and photosgrrtktesb, 

P a  order t o  e s t ab l i sh  whether malfc acid i s  an actnz2 int,e:miediate 

in the regenerative cycle o r  merely a carbon resemooS~ close2g r e l a t ed  t o  

some intermediate, an attempt was ~ a d e  t o  i n h i b i t  the  f0mat50~1 3f m a l h  

acid ,  I n  addi t ion t o  the  well k n m  inhtMidon of saccinfc dehy&~oger*ase, 

i t  has been reported t h a t  malonie ac id  i n h i b i t s  the  fornation 3f m d i c  acid 

from oxdoace t i c  acid (or  from pyx-uvie acid and carbon d5mc-ffde) i n  animal 
I 

t i s s u e s  ( 5 9 6 ) ,  If the  formation of malic acid could be irrhihit,ed and, a t  

t h e  same time, the operation of the cycle followed by degradatf on s t ~ d i e s ,  

then the pa r t i c ipa t ion  of malic ac id  i n  the  cycle covld be tes ted ,  

( 4 )  Benson, BOA, and Calvin, M,, 3 ,  Exper, Botany ( in  presa]l, 

( 5 )  Cas, H O B a 9  Bioehem, J o s  2, 1124 (19379, 

( 6 )  Pardee, A,B, ,  and Potter ,  V,R,, J, Biol,  Chem,, E!, 2 a  (~94.9)  
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METHODS AND MATERIAL 

I.Ln each p a k  of exper5ments a @qa day growth from one l i t e r  of 

L 8 

a continuous culture of Scenedesm-i (7) fielded 2.0 grams of wet packed 

c e l l s ,  One gram sf ce31s was suspended i n  phosphate 3uff e r  Qo,oo~_M, pH 

4 , 3 )  and the other i n  phosphate 3uffer g_rd 0.53 malonate ( p ~  4,3),. After 

varying periods i n  the  ddak, ( ~ o l m a  A, Table 1) the c e l l s  were cen t r i -  

fuged from the buffers, resuspended i n  70 ml, phosphate buffer  and i l l u -  

minated i n  a th in  water-jacketad vesse3.. A s%ream of a i r  and carbon 

dioxide was passed %rough the c e l l  suspension fos t h i r t y  t o  f o r t y  minutes 

(~olumns B, C and D, Table 1) and then the  radioact ive  sodium bicsrbonate 

so lu t ion  ( 100 microcupf es, 0,022 m i  9limo9es) was added, the f l a s k  stop- 

pered and the  cells allowed ts photosynEhesiae f o r  tn i r ty  t o  ninety  

seconds (~01- E) before being k i l l e d  i n  bof Ping ethanol, The alcohol 

e x t r a c t  was then anaLyzed by paper chromatography a ~ d  radioautogrephy (8),  

The percentages of %he to t a l  f ixed a c t i v i t y  found in malic acid a r e  given 

i n  Column G, Table 1, 

Tne phosphoglycerfe acid obtained from the  c e l l  ex t rac t  wes 

hydrolyzed i n  acid  and the hydrolysate ~echromatog~aphed t o  give a s ingle  

s p o t  of glycerie acid, The glycer ic  acid was eluted from the 

( 7 )  Benson, BOA,, Calvin, M., Haas, V,A., Axonoff, S o ,  Hall, 
Bassham, J ,A , ,  and WeigE, J o W , ,  C h a ~ t g r  19, nPhotosynthesis i n  Plantsn,  
Iowa S t a t e  College Press, Ames, Iowa, 1949, pp 381-401, 

( 8 )  Benson, A,A, ,  Bassham, J,A., Calvind M., Goodale, T,C ,, Haas, V.A, 
and Stepka, W., 60 Am, Chean, Saleog (in pressdo 
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recq&allfzed ixfce wfth unlabeled zalcimn glycerate,  The spec i f ic  

a c t i v i t y  sf the res;;litbg labeled c a l c i - i  glycerate was determined and 

the  following degradation carr ied out, 

Fff -ky ntg, of calcl'iam glycerate (0,rl. m5.liimolea) was placed i n  

a f l a sk  with 0,230 d, 1,OE perSod9c acid, After tmo hours, the so lu t ion  

was made slightly aikaline and the vo la t i l e  contents, i n e l d i n g  formal- 

dehyde, %ere d i s t i2 ied  & - in-i;s a sofutfon of dfmethyldfhflroxy- 

resoreinol where t l ~ e  disnethone zornpomd was i so la ted  and recrysta l l ized,  

To tine  no^-vo9atila residue of sodim glyoxylate, 5 d, P,O_N 

periodic acid was: add&, and a f t e r  twenty-four :ic;?rrs the vo la t i l e  oontents 

were d i s t i l l e d  i n t o  a carbonate-free sodim hydroxide solution, B a r i m  

chlorfde solution mas then added, the b a r l a  carbonate prec ip i ta te  cen t r i -  

h g e d ,  washed and dried,  and the supernate ac id i f ied  and steam d i s t i l l e d  

t o  co l lec t  the f o w c  acid, The steam d i s t i l l a t e  was neutralized with 

barfwn hydroxide and concentrated to dryness, The barftun foma te  was 

recrysta l l ized from water and alcohol, The spec i f ic  a c t i v i t i e s  of  the 

b a r i m  carbonate, b a r i m  fomate,  and dfmethone compomd were determined, 

and with the theore t ica l  gave the t o t a l  radfoact ivi t ies  of the  

ca rboq l ,  alpha, and beta carbons (expressed as percentages of s t a r t i n g  

rad ioac t iv i ty  fn Columns I, J and K of Table I), 

The percentages of radioact ivi ty  fourdin the alpha a d  beta 

carbon atoms of glycerie acid serve as  a measure of the  operation of the  

regenerative cycle since carbon, i n i t f a y  incorporated in to  the ca rbowl  

groups of glycerie o~ oxalacetie acid by a carboxylation, mnst pass through 
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a l l  the intermediates sf t he  cyeb ' b d o r e  it; can reach the alpha m d  

be ta  posit ions,  The meay equa l i ty  of the a lpha and beta labeling suggests 

a symmetrical two-carbon intermediate a t  some point  i n  the c y d e  although 

the r e  i s  some indicat ion of i nequa l i t y  i n  t he  labe l ing  cf these posi t ions ,  

Further invest iga  t i o r  of t h i s  d i  s t s ibut ion of radioac t i e - t y  i s  being made 

together with degradation of more two- and six-carbon compomds, 

From Tabla I i t  i s  seen t ha t  although t h e  rad ioac t iv i ty  incor-  

porated i n  malic acid was appreciably decreased by mahnate, the  operation 

of the cycle was a s  great  i n  the  f i r s t  two and fourth malonate i nh ib i t ed  

c e l l  suspensior~s a s  i n  the  con t ro l s  and sfgni,Fica;aGy greater  i n  t he  t h i rd ,  

This can be explained by assuming t h a t  malic acid  itself i s  not m i n t e r -  

mediate i n  the cycle but a carbon reservoir  c lo se ly  re la ted t o  an i n t e r -  

mediate ( ~ i ~ u r e .  I), . 

reducing malona te 
power ?arbon dioxide f nhi'bi ts 

Hexose -glg-cerie acid ,-> oxa lmce t i c  + l m a l i c  
ac id?  -F-------- acid 

1 
carbon dioxide 

earbon' dioxid% reducing two-c%bon compound 
accentor Y 

power 

In normal pho tosp thes ia  (control  experiments] rnalic acid i s  

rap id ly  i n t e r c o n v e ~ t f  ble w i  t h  a cycle f ntermedia r,e CposeibQ oxaleace t i c  

ac id ) ,  When radioact ive  carbon dioxide is  introduced and enters  the cycle  
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via  earboxylatioa reactions i t  is soon found i n  malic acid, Moreover, 

sfnce ?inlabeled malic acid i s  being converted to a cycle intermediate 

the percentage of labeled carbon i n  the alpha and beta  positfonsis l e s s  

than tha t  whic"nwould be obtained w5thout an unlabeled ca~bon  reservoir .  

When malonate is introduced, the interconversion of rnalic acid 

and the cycle fn temedia te  2s fnhfbited, so  l e s s  rad ioac t iv i ty  i s  incor- 

porated f n  maiic acPd and l e s s  unlabeled carbon finds its way in to  tm - 
carbon carbon dioxide acceptor, thus increasing the labeling of the 

alpha and beta carbons of  g lyeer ie  acid, 

The operation of the cycle i n  the presence o f  suff ic ient  

malonate Lo inhibit .the formation of mahic acid provides addit ional 

eafdence t h a t  succinic and f'umarie acids a r e  not intermediates i n  the 

cycle since it has been found t h a t  malonate blocks the conversion of 

succinfc acid t o  fumaric acid i n  a t  l e a s t  some p l an t  t i s sues  (9,10), 

There rernafns the observation that t o t a l  carbon fixed appears 

t o  be decreased some 1 5  per cent  to  35 per cent by malonate, Thfs 

indicates  tha t  malonate i n h i h i t s  some other react ion by which carbon is 

incorporated i n  the plant since the difference i n  malic i s  not great  

enough to  account f o r  the  difference in t o t a l  a c t i v i t y  fixed, 

It may be tha t  the  carboxylation of pyruvate t o  oxalacetate i s  

s l i g h t l y  inhibited as  has been reported f o r  animal t i s sues  (61, However, 

(10) Latfesp G o ,  Arch, Bischem,,a, 8 (1949) 
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t h i s  inhibition cannot account f o r  the decrease i n  maPic labeling s ines  

aspar t ic  acid, presmed t o  be formed from oxaloacetic acid by a trans- 

amiaase system, was found t o  m n . t a b  nearly as  much radioact ivi ty  i n  

the first two inhibi t ion experiments as i n  the centrals,   he .amount 
I 

of labeled aspar t ic  formed i n  Yne t'bird ?a i r  sf experiments was tco 

small t o  pern i t  accmate comting,  

s u m  

Maionat3 has been found t o  i nh ib i t  the formation of rnalic acid 

during short  per iods  sf photosynthesis with radioactive carbon dioxide, 

This resu l t ,  together with s tudfes  whichshow the photosp the t ic  cycle 

t o  be opwating normally a t  the same time, indicates  t h a t  rnalic acid 

i s  not an intermediate fn p h o t o s p K ~ e s i s  but i s  probably cPosel7 re la ted  

t o  some intermediate cf the cycle, 

Absence of labeled suecinfc and fumaric acids  i n  these experimentsg 

i n  addit ion to  ths  f a i l u re  of malonate t o  i n h i b i t  photosynthesis, precludes 

the par t ic ipat ion of these ac ids  a s  intermediates i n  photospthesis ,  






