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Contract Mo . W-740S-eng-48 

A&. Benson and M. Cdl.vFn 

Berkeley, @aliformia 



Radiation Laboratory and Department sf Chemistry 
ZTnf%rersfty of California 

Berkeley, C d f  f orma 

In deffning the path car carbon in ph~"r;b-y~a%he3l~ s variety 02 new tech- 

niques were developed whieh have wide spplfea%fon %m me%abo%im stu&Lee, The 

primacy at tr ibute of the tracer method, its sbi l fky t o  d.iacrMwte between the 

Cizpst few fn temdia tes  of a reaction sequence and the host sf @oqom& in the 



$ntem&ates  should have initial slopes of zerc* Such curves have been 

eo'btained for photospthe~is by the pee r  alga, ~cenedesmus,~ and ase ahom in 

Figure 1. Phosphoglycerate and malate are &rect c~~bboxylatfon products while 

other eoqounds have negligible slopes at tihe origin. 



mv=e mch Peas at hfgh pH than at pH 4. Poeitisn on %he ehr-togrm, then, tells 
'.+/ 

much of the a d d m  base oIha;rac%er of a compomo A 4q-pfca.I radiogram of such a 



Pho%asynthe%ic fncoqoration of c&on &hxfde has been found So f o l l w  

6 14 %he p ~ t t e r n  outlined i n  Figure 3, The kinetics of the appearance of CT i n  

the various caxbons of %hie sequence is consistent with the available degada- 

t ion  data as w e l l  as with OW knowledge of the enzymtic equili'iiria fntbolved. 

B e  major synthetic pathway, leading t o  sucrose i n  most plants, follows the 

Enabaen-Meyernof sequence t o  the condensation reaction by whlch sucrose phos- 

pha-Y;e %s formed and from which free sucrose i s  liberated as the f i r a t  free 

sugar, The cyclic system serves for  %he regeneration of the carbon dioxide 

ae@ep.t;or and @.wolves equilibration of the ketcrse phosphates, fructose-6-phosphates 

sedoheptulose-%-phosphate and ribulsse-?-phosphate by trmsketslase, This system 

%as devised on the basis  sf the isoliztion, identification and d e ~ ~ S i o n  of the 

compounds a i e h  becqne labeled when plmbs are fed labeled @02* The relation- 

ships of the labeled ~ ~ O I I L S  to a number of ex%emaUy con%roPlabLe variables such 

as Ugh* hta COO gressure7'8 made possible a mre or less  definitive specifics- 

%ion of the path of carbon as shorn in  Figure 3, Each of the individual steps 

%Irere%n given is ase l l  on its way toward i n  VTi%m d e m n s t r a t f ~ n ~  -- 
Changes i n  Reserfaofr Sizes upon Changing 6O2 Presswe 

The carbon dioxft3.e acceptor which a c e d t e s  when the carbon BLio~Lde 

pressure %s reduced %.gears t o  be r i b o s e  c%iphospha%e. Reservoir sizes were 

determined by counting each compound an two-dfmensiond paper c h r o m t o g w  

prepared front extracts of s q P e s  of l ~ b e l e d  algae taken at  five-second inter- 

vals while the ewbm d%sxfde pressure was being reduced. The accumdation is 

?emcnatrated7s8 in the curves of Figure 4. 

Immediate decrease i n  BGA coscentration results  from %he sudden d r ~ p  i n  

carbon dioxide pressurep The first compound %o increase i n  concen%ration i s  

ribulose dighoqphate. It is  seen %ha% pentose mnophssphates and tr iose 



phosphate r i s e  la ter ,  These results auggesl; t4ca-G rfbuEose diphosphate is the 

carbon dioxide mce-gtcar m d  are verified by cxrboxylati~n of rfbuloae &phosphate 

Pk vita C 0 i n  the presence of a crude cell-free plant enzyme preparation9 to  
2 

The earl iest  P a  i~ carboxyl-labeled and i% apparently is the product of 

the: reackion: 6 

H~OH 
I 

- HCOY 
I 

H2COP 

Postulated 6 
intermediate 

In one to  three mfnutes, depending upon the  plant used, PC% becomes uniformly 

The &strfbutfon sf label in the hexoses, Table I 9  refleets this i n  the iden$ical 

14 increase of C in  (2-2,s and in  ~ - 1 ~ 6 .  The explanation for  such equality 19 

seen in the scheme of Figure 3 where F-6-P serves as substra%e for %he productfon 

of the "C2 acceptor." C-1,2 of fuc to se  ultimately becomes the a snd j3 carbons 

of PCaa as do C-3,4. The observation of uniformly labeled glycolic acid in  even 

the shortest pho~osyn%hesis periods1' suggested that it may be related to  the 

symnetrically labeled C02 aeceptor . 



'7 m ~ - 2 6 8 2  

The clfstributisn of label  i n  zdbuLose, setkhptulose a d  fsuetoae phos- 

6 
gha,=kea is given in Table HI. These data are esnsisdent w i t h  -rjrmsketolase 

equ%libra$isn and led to the ehofee of the  kexsjse as the o d y  probable source 

of %he Crc moiety required for the fa~gne~-t;ian of sedoheptuliase phosphate by m 

aldolase-typ condensat50ne 



MnsOqoH2O9 0.05 mg. ZnC$, 0.04 we CuS04e~20  and 0.01 w. H2M004eB20; 1 ml. 

f ron an& vessene (Ver senes , k c ,  , fo~naerly Bersworth Chernf c a l  Co . , FrzLtraingham, 

Mass. ) solution. The i ron solution i s prepared by addition of 24.9 g. FeSOk-7H20 

t o  a scalu-tion of 26.1 g. versene i n  268 ml. 1-0 .N KOH (15 g. KOH) . After a l u -  - 
L i m  to one l i t e r  the soIution i s  aera-bed overnigh% and the pH 55-5.5. The medium 

3hedd be pH 6.8. Algae are g m w n  at  2.5' on 4$ C(I2in a i r  with suf f ic ien t  a@- 

ta t ion  t o  prevent se%%Iimg of the ceXs ,  L i g h t  inttensi3y from a bank of daylight 

fluorescent tubes i s  2000 foot  candles. The algae are  harvested t o  give a yield 

of 3 ee. paeked c e l l s  per l i t e r ,  Repetition of %his culture using 1% i n c c ~ ~  

and 8276 fresh nutrient gives a ur9fom dai ly  harvest, 

A 1-2% suspension of algae En M/~?o pH 6 phosphate buffer i s  illuminated 

from both sides in a l cma%hick vessel with two 300 wa%t reflector-spot incan- 

desceat lamps with suitable Enf~a-red f i l t e r s .  A bank of closely spaced white 

Yluorescnet li&ts (2-5800 f ootcmdles 1 f s &so eff eetive . After photosynthesi s 

v i th  4$ C02 i n  a i r  long enough t o  overcome possible induction periods (up to 1 

hour when algae have been stored i n  %he cold or  dark) air i s  flushed through the 

l g c  suspension for 1-5 minutes =to remove excess Cone A solution sf EWE co (aPProx. 
C 3 

0.02 millimoles per mjinute per gram ee1l.s) i s  fnJected in to  the suspens io~  ma 

%he vessel closed and agi tated f o r  1-5 minutes. A f ixat ion r a t e  of up t o  1.5 x PO 8 

14 &is./mirr, per gram c e l l s  may be anticipated using i3&0 with 25% C . The algae 
3 

are then poured into four volumes of hot abselute ethanol. The ex=%x-wted color- 

less c e l l s  w e  f i l t e r e d  using a f i l t e r  afd ( ~ y f l o - ~ u ~ e r c e l )  or centrifuged %nd 

the residue re-exkacted with a smaller volume of hot 2% ethmol.  The 2@ 

alcohol extract  contains most of the PGA and r i b d o s e  diphosphate as well as some 

A similaz elrperiment w be performed using; young sugar beet o r  barley seed- 

l ing  leaves in an illuminatican chamber having a removable face, Figure 5, The 



leaves should be cut from the plmSs i n  the Ef @%, placed i n  Cne chamber, and 

14 gtnen C g2 without delay. The chamber air is p&ly removed quickly lyth a 

f.;t,er m p a i r a t ~ r  and peplaced with air passed %hrou@ the U-tube or loop con- 

14 14 14 taining an excess of C 02. C O2 from 3 mg. BaC O should be prepared for  each 3 
@.am sf peen tissue per minute- of photcssy%hesis. AfP%er a chosen time the  

liquid nitrogen. 1% is ground while wet with lIqu%d nitrogen and the powder 

&umged into boiling 80-90$ ethanol. Most of the P O A - ~ '  is obtained upon re- 

esrtraction with hot 2 6  s t b m ~ ~ ,  

The 20$ ethanol extrwk is eorncer?txa,4%d -- i n  mcuo %o about 1.0 ml. per g. 
I 

ce l l s  and applied i n  s. str ipe fo r  papx  chromtogmphy in  phenol-water on oxalie 

acid-washed What- Roo 4 paper and re-run, i f  necessary, on a second paper i n  

butaol-acetic acia-water ., ~ m i t y  of the labeled product may be determined by 

phcxqha,tsse hydzolysis and rechromatography of %he rest&kmt glyeeric acid on 

F;rh;2imm No. 1 paper, Possible e o n t a n a n t s  w i l l  be hexosle mowphosphates which 

would be detected as hexoses in the hydrolysate r&ogr%mo 

Eydrolysi s and DegraL9on of PeB. - Labeled phosphogPyeeri c wid eluates 

are hplrolyzed readily with phcasphatetse (~olidase-S, SeWam Laboratories, be,, 

M%. Vernon, lY.Y. ) and chmmatographed on Uha%m Ma. 1 paper. ( R ~ :  phenol, 0.28; 

butmol-gropionic-mter 0. h.0 1 . 
The glyeerfc acid is f l r s t  oxidized wi%h perbxkte a% room temperature fm 

give the B-carbon activPty i n  f o m & h y d e  which f8 i~01a%eCa 8s the dimedon 

%he a-carbon atom. 



I H I O ~  I HI04 -I- 

HCOH HC = 0 - 1 - HCOOH 
I 
I 

X ~ C O H  mle HCHO excess 

Elution of labeled compounds from paper chromatograms:- The raiitoactive 

~ o & ,  defined by the radiogram, is  cut out i n  a rectangular area with one end 

pointed. The rect%ngul;wr end i s  attached t o  a wet paper wfck hanging from a 

a r m l l  trough, surrounded by xi inverted aquarium t o  maintain humidity, Figure 

6 .  The eluate i s  collected i n  a 2 id. centrifuge tube as it flows from the 

pointed t i p  of the pager t o  the inner surface of the tube. The tube is briefly 

centrifuged to  colleet %11 the eluate i n  the bottom of %he tube. Complete 

ax%raction i s  obtained with 50 p l .  fo r  sugms and &no acids and 100-200 p1, for 

phosphate esters. 

~mcedure  :13 The glyceric acid was eluted from the paper znd the eluate 

added to  100-200 mg. of ca.Qium glycerate carrier,  The mixture is assolved in  

ea, 0-5  ml., water and crystallizes upon addition of several volumes of hot abso- 

lute ethanol, The labeled calcium glyeerate is  dried and its specific act ivi ty 

aecwately determined. This is  done by direet plating of s-les with less than 

1 ng. /erne2 to  avoid self -absorption corrections. 

Fffty mg. of the labeled calcium glyeerate (0.4 mfllimoles) is  placed in  a 

flask with 0.80 ml. of 1.0 B- periodic acid. After 2 hours a t  room temperature, 

the solution is made sl ightly alkaline and tne volatile contents, i~c lud ing  

formaldehyde, w e  d i s t i l l ed  -- i n  vacuo without heating into 13 m l .  of a solution 

of dimet;hyhdihydr~re~~reinol prepared *om 1 g. dissolved i n  BaOH and diluted 

with 100 ml. water, from which the dimedon compound of formaldehyde i s  precipitated 

by acidification to pH 6-7 and i s  isolated by centrifugation. It i s  recrystallized 

by dissolving i n  hot ethanol and adding water un t i l  ineipeint c ~ s t a l l i z a t f o n  

a d  then allowing the solution to  cool. 



9$er,%y Po l6  for use. 
1L 

The xethod has keen altered by Arcnc;ff in wni& %he .oxidzcfon of glyoxylic 

a@%& is 30ne by a, fresh solution ~f ~ 1 2  per@hLor&o-~:era5e (G.  F, Smith Chemical 

I 3  l 0 C z  , u ~ ~ ~ u s ,  Ohib 1 whersby %he oxidat io~ %9m is re&ucef;! f o 1% minutes at 6i-0 @ . 



M%er d i s t i l l a t i o n  of the formaldehyde i n  vacuo 5 do of the cera%e solution - -3 
m,s introduced with proviBion fo r  trapping evolved carbon dioxide. The residual  

farmate was then converted t o  cmbon dioxide by excess ~nercuric oxide &ring 

f i f t een  ninutes boiling. 

Accumulation of Glycolic Acid during Photosynthesis 

When leaves o r  algae are  illuminated aerobically i n  the  absence of carbon 

14 d.&xd.de (following C O2 photosynthesis) copious farmation of glycolate is 

observed. Up t o  3076 of the c14 i n  We alcohol-soluble compounds of sugar beet 

leaf has been observed i n  glycolic acid, It appears tha t  these conditions, 

which involve accandatiovl of ketose phosghates, Leads  t o  oxidative degradakfon 

of the b r a n s k e t o l a s e ~ ~  complex t o  f r ee  glycolate. The active glycolic acid 

oxidase of most plEent t i ssues  rapidly oxidizes the  glycolate when illumination 

ceases, 

14 10 
Degradation of Glycolie Acid-C * - 

gPgcolic acid yields formaldehyde and carbon dioxide, Sinee the reaction i s  

best done in acetic acid solution, the  2,4-dfnitrophenylhydrazone is  chosen 

as the formaldkhyde derivative. 

- 

Procedure : A t racer  quantity of ~ l ~ - l a b e l e d  glycolic acid, obtained by 

elution from a gaper chromahogram is added Lo 3O0h mg, of glycolic acid in 

t h e e  m l ,  of glacial  acet ic  acid i n  a 50 ml, f lask  with a 14/20 joint. The 

solution i s  then frozen, about Oe5 g, lead tetraacetate  added, and the f l a s k  

f a  attached through a stopcock t o  an inverted U-tube (14 m. diameter tubing) 

fmm whfch the air may be removed through a stopcock. The system is evacuated, 

the stopcock elosed and the reaction nxLxture heated i n  a wal;er bath a t  90' C, 



f'w th i r ty  m;itnutes. After cooling, the vola t i le  coni;enta of the f lask  m e  

~&istUed ( d t h  5ue precaution t o  p r e ~ n i ;  bumping) Khrough the  TJ-tube in to  a 

second f lask coneaining 80 mg. of 2,h-aidtrophenyfiy&azine and immersed i n  

l i q u i d  nitrogen. 

The atopeoek is again closed and t he  second f l a sk  w m e d  u n t i l  a clear  

yel low so lu t i  on of f omaldehyde 2,4-dinZtr~phenyIhy&azone was obtained. The 

ffsas% f l a sk  is replaced by a t h i r d  f lask  containing 5.0 m l .  sa%wated, cmbo&z- 

*ee, sodium hy&oxtde solution. Both f lasks  are h e ~ s e d  i n  l iqu id  nitrogen 

f o r  a few minutes, the stopcock i s  ogened and the system re-evacuated. The 

liqpid nitrogen bath is %hen removed from the second f l a sk  and the vola t i le  sen- 

t e n t s  d i s t i l l e d  in to  the t h i r d  flask. The residue of formaldehyde-2,bdini"ta~o- 

ghenylhydpazone i n  %he second f lask  m y  be crystgallized from ~ c o h o l ,  pupiffad 

chrsm%"cgraphlcaUy on a s i l i c i c  acid column and .the specif ic  ac t iv i ty  iktermined, 

TMa specific act ivi ty ,  together with the  l;heore%fcd. yield based on the ca r r i e r  

taken, gives the  total ac t iv i ty  of the alpha carbon atom. The th i rd  f l a sk  i s  

wamned t o  room temperatme, and the solution %ransferred t o  a centrifuge tube. 

%"cyielda, upon addition of excess b a r i ? ~  chloride solutfon, a precipi ta te  of 

barium carbonate which was washed, dried, weighed and eoun%ad. The prcduct of 

%he specif i c  ac t iv i ty  of the barium carbonate %nd the  total yf e l d  ( s l ight ly  

greater than theoret ical  due t o  fntmductfcan of iaactive cmbon c2i.oxEi.e i n  

raagen-ts and mzlnipulationj gives the t o t a l  ac l iv i ty  o f  the carboxyl carbon of 

&colic acid. 

Labeled Heptuloses i n  Photosynthesis 

The phosphate es te rs  of sedoheptulose and ~ o h e p t u l o s e  are i.n%fmately 

- 4 invoPved i n  phytosynthesis but  do not; accumulate to m y  great extent (10 g) 
i n  norrpal. plant  t issues.  The low concentration of" these es t e r s  aelayed t h e i r  

* 
i&entif icat ion until the  &vent of t racer  technique md iC,s sens i t iv i ty  for  



selection and detection of such compounds. The free sugars, however, 'nave been 

known for some time and thei r  a c c ~ ~ a t i o n  has often been cited as evidence for 

an abnormal or highly active heptulose metabolism. In developing methods for  

preparation of labeled heptuloses,15 horever, it became apparent that  the turn- 

over of heptulose reservoin i s  unusually slow. The exchange between heptulose 

phosphates and the free sugazs is sluggish in  both Sedum and avocado. This may - 
be due to  lack of suitable kinases fo r  phosphorylation of the free heptuloses, 

Avocado leaves contain much free maruroheptulose and serve as a convenient 

source for  i t s  The accumulation of mmioheptulose i n  avocado 

f'ruit16 i s  not predictable and highly dependent on the variety of avocado. 

~ e d o h e p t u l o s e ~ ~  was isolated from Sedm spectabile and occurs i n  high concentra- - 
trations i n  other Sedums under a variety of conditions. Up to  80$ of the free 

sugar i n  the Sedm leaf mqy be sedoheptulose and it serves as an appealing source - 
of labeled heptulose. 

14 14 Mannoheptulose-C . - C O2 photasynthesis by avocado leaves produced 

labeled mannoheptulose i n  moderate axmunts during f ive  minutes. Longer photo- 

synthesis would be necessary to  saturate the reservoir fo r  production of high 

specific act ivi ty heptulose. The low concentration of mannoheptulose phosphate 

i n  leaves precludes its use as a source of labeled rnannoheptulose. Separa%ion 

of the free sugazs is accomplished by two-dimensional paper chromatography or  

by deionizing with ion exchange resins ant3 removal of hexoses by yeast femen- 

tation. I n  any event it 19 usuaUy necessary t o  demonstrate the purity of the 

labeled mannoheptulose since it cochro~tographs alntost exactly with gLucose 

i n  mst solvents. 

kmoheptulose was separated from glucose15 on Whatman No. 1 paper using 

solvent prepared from 40 vol- n-butanol: XI. vol. ethanol: 19 vol. borate buffep 

(200 nil. water, 1.25 g. N a  B 0 &lo H@, 0.25 g. H BO ). After 40-48 burs 
2 4 7  3 3 



rsmvery from sedoheptulsae-7-phosphate formed dwbg  1 t3 5 nrt~zutes photo- 

synthesis by soy bean leaves. These have a relatf~rely high concentration of 

Procedure: Soy be= Leaves freshly su% in the light are placed in R 

glass chamber ( ~ ~ g u r e  5) of s m a l l  volume having a &ei;aeh&le glass face- In 

direct sunlight or wf-kh suitable light source %he chamber is rapidly evgcuated 

14 and re f i l l ed  w i t h  a i r  m r , t e i i  through a %ube containing 100-200 ye. C O 
2 

34 
(5-10 mg. BaC 02) for each trifoliate leaf. After one o r  two minutes the 



leaf is  taken from the chamber, plunged in to  ethanol .and extracted successi~rely 

with &$ and 5% ethanol. The concentrated ex%~acts  a re  chromatographed two 

dimensionally on paper (extract of 10-50 mng. plant  t i ssue  per sheet) and 5 

radiogram prepared. The t o t a l  phosphate e s t e r  area or  the  "hexose mnsphosphat,e 

area" is  eluted and hydrolyzed with 200 pg. of Palidase-S (~chwarz Laboratories, 

Inc . , M t .  Vemn, E.Y . ) i n  a volume of 1-500 ~ 1 .  The hydrolysate is cixrornatca- - 
graphed on Whatman No. 1 paper with phenol-water and butanol-propionic acid- 

water t o  separate the resul t ing sugars. Sedoheptulose l i e s  between glucose 

and fructose and can be separrated from the former on Whatman No. 1 paper. Ia 

one-minute photosynthesis the yield is approximately 10-20$ of the t o t a l  f ixed 

14 14 
C . Longer photosynthesis gives more sedoheptulose-C but, of course, a 

lower fract ion of the fixed ac t iv i ty  i n  the heptulose. Five minutes photo- 

synthesis is required t o  a t t a i n  essent ia l ly  uniform labeling. 
7 3. 
ii 

Preparation from Sedm leaves:- The use of Sedm leaves far secloheptuloae4 - 
preparation requires adequate temperature control and provisions f o r  mainfailzing 

health of the leaf  o r  plant f o r  24 hours or  longer. The r e l a t ive ly  large m o m %  

of f ree  sedoheptulose i n  the plant serves t o  d i lu t e  the unless a great deal oP 

14 14 
C O2 i s  used over a long period. When C 0 suff ic ient  f o r  15-20 hows photo- 

2 
14  synthesis is  used (approx. 50 mg. BaC O2 per grsm leaf t i ssue)  the illumination 

chamber may be kept closed during al ternat ing l igh t  and dark periods f o r  a week 

14 o r  more. The C i s  found largely i n  malic acid, sucrose, fructose, glucose md 

sedoheptulose, becoming greatest  i n  sedoheptulose &ter  a week. The plant m y  

then be extracted with 8% ethanol f o r  recovery of the product. The sedohe-pbu- 

lose may be isolated d i rec t ly  by paper c h r o m a t ~ g r a p h y ~ ~  when the anmunts i n ~ i w d  

aze small. With larger  amounts the elrtract is passed through cation (bwex 50) 

and anion (Duolite A-3) exchange r e s in  $olumns. Fermentation of the neutral  

sugar fract ion by added yeast can be repeated several times t o  obtain a solution 



;ion of sedokptulose by heating one horn at ~ 0 "  w i t h  a well-stirred suspen- 

sion of 4130 mesh ~owex-50-H"i". 

is mquired to accumulate i n  the absence of carbon dioxide at saturating light 

fzGensiSfes f k  is possible t o  cbtain enhanced eoneerm.G~'ations of it by k i l l ing  

the plant mder such condt%icms. Whea the carbon dloxids pressure is suddenly 

iimpped from 1$ t o  0.903%~ the ccnccrrtrations of phcspkate esters of Seenedes- 

mus change according to the curves of Figure bD7 There is  a clear maximum i n  - 
sibulose diphosphate eoneent~ation occurring 30-& seconds after reduetior of 

%he: carboa dioxide pressure, A similar t;l-amien% occurs i n  soy bean leaxres 

presumably all leaves, but the data available are not so eoqlete as for  

rated by paper. chPom%tograpby En phenol (24-48 hr, development) as a stripe 



best  performerl. on short, seeSions of s t r i p e  or by sus2ensing %he stzipe from a 

wick i n  a long trough of water and collec%ing -+,he eluate from the  serrated 

lower edge of the s t r ipe  i n  a, correspondingly long reeef.rer, 

Degmdation of Labeled Ribdose and Sedohep%dase 
6 

For lack of adequate enzymatic methods the chemical dbegadatbn of 5hese 

sugars has been developed. The reactions used for  the  d e ~ ~ ~ ~ . b , i o n  are showc 

on %he accompanying flow sheets ( ~ i g u r e s  7 a d  8). The free sug&s obt..ained 

upon phosphatase hydrolysis of chromatographe8 phosphate esters are pmxified 

by two-dimensional chromatography, 

Sedoheptulosan. - The eluted heptulose is  heated at 100' for one how with 

a suspension acid-3reated Dowex-50 (&A30 mesh) and aepazxited i n  a smal l  eea%rf- 

ftlge tube. The res in  is washed wtth waker ma the solu%ioan is chromtogr~a~'ned 

t o  separate the 8@ yield of sedoheptulosm (I?* 0.69 i n  phercl-wster) from the 

equilibrium mixture. 

Oxidation of Sedoheptulosaa- The r&oac%ve sample and car r ie r  were 

t reated with sodium periodate as  clesc~ibed by Pr3tt9 RieEibneyer Hudson, 
21,6 

Procedure: A solution of 35.2 ag. (8.183 rnElli~z1caPes) sedoheptuloean m d  

the radioactive sample of negligibre weight im 0.3% m l .  Is oxidized dtwfag 

48 hours at room temperature with 1.1 ml. of N NaIQ4. To acidify %he solu- - 
tion, 100 yl. of 2 M H I 0  is added. The solution is dfs+,iUed t o  dryness ma - 3 

- -  
the formic acid t i t r a t e d  with 0.1 W barium hy&oxfde. Bar im fo~"??lc%-t;e i s  - 
recovered upon evaporation t o  incipient b p e s s  and aC:d?it?ion sf" e%hanol to 

i t s  concentrated solutiorz. The labeling i n  @-)I is  caleula%ed f i - tn r  %he initfa9 

speeif ic 'act ivi ty of the sedoheptulosan m d  %hat of %he isols,ted barium b o r a t e ,  



FoPrnBP,ion of Osazones, - Hexme and hep'tanse osazcmes me prepwed using 

phenylhydrazine hydrochlorfde, sodim acetnts, acetfc acid and about 25 mg. 

of sugar e a r f e r  fo r  the reaction. Sedoheptulosazone cocrystall izes with 

gIucse4azone sufficieni;ly well  for  f"u@%i;ose t o  be w e d  as car r ie r  with sedo- 

kiep&ukoae ac t iv i ty ,  

Labeled =ablnosazone i s  made i d t h  10  rng, wabinose carrier by the method 

22 af Baskins, Ham and Hudson using 13 pl. acetic. acid, h-0 pl. methyl eello- 

s e l w  an& 26 p1, of phenyIhydrazine , The ~ ~ x t u r e  i s  heated one hour on the 

stcm bath and diluted with one ml, of @GX vatme The precipi tate  is col- 

lec ted  a d  washed ~ 5 t h  %wo 25 pL. portions ~f 10% acetic acid and four 50 pl. 

=gorsions of water* The osazone is recrystal l ized once from absolute ethanol 

a d  diluted, as desired, for each degradation, w3%h unlabeled mabinosazone 

f r o m  a large scale preparation, 

Oxidation of Osazones. -: Recrysddlfzed osazones are oxidized by periodat2 

i n  bf carbonate buffer as aeseribed by Topper; and Kastings. 23 

4 
Procedure fo r  oxidation of wabin~sazone:- l? mge of arabinosazone 

13-05 r m f l ~ l e s )  is &Lss;olved by wamBfng i n  6 niL. of 66% alcohol and 50 p3. 

of 1 - X sodium b i c m b ~ n a t e ~  The solution is cooled to 30°md 200 p1. of I - N 

pa-gape4~iod.h aeid (0~10 m i l l h l e s )  is f.n-5ro&xed. An orange-yellow precipi- 

t a t e  of wsoxddehyde-1,2-bFephe~Lhy&a~one forms imnediately. Af%er 15  minutes, 

the mixture i s  centrifuged, an& the centrifuge washed several times with 66, 

athamlo The precipitate,  a f t e r  being ;pecrys%allized from 66$ ethanol, is 

counted directly. The pereen-kage of activity i n  C-1, 2 and. 3 can be calculated 

from. the specific ac t iv i ty  and Lne theoretical. yield.  The supernate and washings 

a e  d i s t i l l e d  %G dryxess -- i n  vacuo. To the d i s t i U a t e ,  which contains fo3pmdlde- 

hydeg f s added 35 rng. of dinedon reagent (demethyldjihydroreso~cinol) dissolved 

i n  1 mP. of ethanol, and a drop of p i p e r f h e *  After w d n g  the milrture for 

a 



ac t iv i ty  in  C-5 can be determineda 

The residue from %he previous d i s t i l l a t i o n  con-kafns sodium T o m t e ,  sodium 

bicarbonate and sodium iodate. This resideue f s  dissolved in 5 d, of water 

m d  then 100 mg, of iodic aeid is  added, The solu%%on i s  then d i s t i l l e d  Lo dry-  

ness i n  vacuo. The formic acid i n  the  d i s t i l l a t e  is neutralized with barium -- 
hydroxide t o  a phenolphthalein end point, wd a f t e r  evapra;tion on the steam 

bath t o  ca. lml,, %he b a ~ i u m  formate i s  precipitated by the addition of &so- 

l u t e  alcohol. The salt is  recrystal l ized seve~al.  times fronn a small volume of 

water by the aiklitfon of alcohol, and counted, From its specif ic  a@%ivity the 

C14 percentage i n  casbon atom 4 of ribulose can be calculated. 

Cerate Oxidation of Ketoses. - Principle:- Cwbonyl carbons; i n  ketoses 

nay be converted t o  C02 by cerate oxidation i n  perchloric: acid solutions, 

The oxidation of the carbonyl carbon of" a keSo$e t o  C02 by cerate ion w a s  per- 

f o m d  accordlfng t o  the  method described by Smfth. 
2 4 

Procedure: To a solution of an aliquot portion of radioactivity plus 

weighed car r ie r  (sed~he~tulosrzn o r  fructose) i s added s s l igh t  excess of 0,5 M - 
cerate ion i n  6 M - perchloric acid, the final concentration of acid 'being k - 8 .  

The resul tant  C02 i s  swept with nitrogen in to  C02-free sodium hydroxide. The 

reaction i s  allowed t o  proceed fo r  one hour a% room temperatme %rad then the  

CQ2 is  precipitated and counted as barium carbonate. In a l l  eases the  theore- 
. . 

t i c a l  amount of carbon dioxide wan; evolved, 

Catalytic Hydrogenation of Tracer Amounts of Sugars. - Raney nickel is  

sideLy used for  reduction of sugars but is  ?sot applicable f o r  the s d P  atmua%s 

obtained pa;per ehpomatoqaphically. %he alhLine nature of t h i s  catalyst 



i s  l~ydrogenated i n  5076 alechol solut isn using 5-10 mg, gla%inic oxide. 

Alth~ugh the reaction has been r q o r t e 8 '  using 2000 g.s.i. of hydrogen a t  

0 O,eqaratures of 80-100 @. fsdr 6 horns9 i-i; rmy be possible $0 use milder con- 

2 6 
$if t i o m  such as room temperzbtxe 3 a"Gmsphe~"es hycbogen pressure, Such 

a investigation using labeled fmctose, PPOIKI which mannl%ol is  readily separable, 

em be readily performed, The cakalys% is rernoved by f i l t r a t i o n  with c e l i t e  

and the polyol purified by two-dimensional cshromtoepaphy. Since sugar alco- 

hols often chromatograph closely tic relate& sr4gaz-e it may be d i f f i c u l t  t o  be 

cer ta in  of the yields i n  these reductions. 

Perioda%e OxirSlrztion of R ib f t sL  - Carrier r i b i t o l  (%donitel) o r  volemito1 

is amed t o  an aliquot of the raclioactlve alcohol an& t reated at room tempera- 

txme w i t h  a slight excess of paraperiodic acid, After 6-7 hours the formic 

acSd =d formaldehyde are d i s t i l l ed  in v-acucr, After S i t ra t ing  the Formic 

a e i a  viC5 barium hy&oxi&e, %he fomaMehyde is redistiL4ed and precipitated 

as formaldimedon, Both the residual barium formate m d  formal&medon may be 

recrs~s ta l l ized  before plating m ~ d  e o u t f n g ,  

Bacterial  CIxidatLon of Eeptftols frsn Yne Reduction of Sedohestulose. - 
=e radioactive re2uetion produck of sedshegtulose give only one spot upon 

chromatography. After e lu t ian  these were oxidized by Acetobacter suboxyda,ns 

in a small-scale modification of the usual method. 27 

Procedure: Two mg, of' ?rolemito1 and about 180 y l .  of solution of radio- 

acti~re hept i tols  a ~ e  placed i n  a, 7 mm. &bme-S;er ~ i a l  'and an mun- t  of yeast 



extract  sufficient t o  mike an 0,5$ a o h t i a a  Fs added. The -fid 1s s ter i l ized ,  

then inoculated from a 24-how cultur% 02 Acetob;zcter and. l e f t  for s week a% 

room temperature i n  a humid atmosphere. 

The bacteria are  centrifuged from the  incubation mix-!xro and the super- 

natant solution ehromatographed. Three radioacbive spots were obtained* The 

two major spots were mamoheptulose and sedohegtulose, the oxidation products 

of volemitol. The th i rd  had Rf values very s M l a r  t o  those of fructose and 

cochromtographed with authentic gulohegtulose, the oxidation product of 

B-sedoheptitol ( R ~  i n  phenol = 0.47; Rf i n  butanol-propionic acid-water = 0.24). 

Both mannoheptulose a.nd gulohep%ulose have carbon chains inverted from 

the original sedoheptulose a d  axe sui table  f o r  oxidation to obtain sedo- 

heptulose C-6 ac t iv i ty  from t h e i r  C-2, h the small-scale fermentations, how- 

ever, the oxidation appeared t o  be incomplete. The original  alcohol dici not 

sepaxate chromatographically from mannoheptulose, ??herefope, the  eas i ly  puri- 

f i e d  guloheptulose, despite its much poorer yield, vas used f o r  subsequent Clegra- 

dations with cerate ion t o  cbtain C-6 ac t iv i ty  of aebheptulose, 

Degadation of Malie Aeid 

a-Carboxyl. - U i c  acid is r e d l y  i so la ted  paper chomatographicaE1y. 

28 It has been degraded by permanganate oxid.a.tion, which gives Wo males of 

carbon dioxide. The von Pechmann ~ e a c t i o n ~ ~  was adapted by Iiacusen and 

konoff  30 t o  the degradation of mLic acid i n  or&x t o  d i f ferent ia te  betieen 

carbons 1 and 4. 

When malic acid i s  heated i n  sulfuric  acid the produet is cownalic ac id  
-. 

as shown i n  Equation I. 



Coumalic acid 

Coumalic acid is  cleaved i n  d i lu te  acid and carbon dioxide derived from B-cwboxyl 

groups is  evolved. Thus one may determine the a c t i v i t i e s  of the (1) and (4) 

positions of the ini t ia l .  malic acid. 

A solution of n grams of rnalic acid i n  3 n ~~ of sulfuric acid is  

heated at 100' for  two hows with a nitrogen stream to remove evolved CO. The 

gas is  freed of C02 by passing through a sodim hydroxide bubbler and then pas- 

sed through hot copper oxide (6j0° C. ), whereupon the  carbon dioxide formed i s  

col lected i n  a lka l i  and counted as bazium cabonate (P. K. Christensen, t h i s  

laboratory, unpublished). A few percent (I-&$) of C-1 ackivity is  evolved as 

C02 during t h i s  reaction. 

Procedures f o r  Determining B-Cwboxyl. - Coumalic acid i s  obtained by 

the  addition of 4 n gram of water t o  the  reaction mixture. After one day 

2% is f i l t e r e d  off and secrystaLlizect from methanol. The purif ied acid was 

heated i n  3 N H2S04 for  one hour on the steam bath and the evolved carbon 

dioxiae {1/2 C-4) was collected i n  alkali a d  cousted as  bazium carbonate 



(43-55$ yield). The radioactivity i n  C-4 is  tvice the specf f i c  act ivi ty times 

the calculated yield of %be barium carbonate. Prolonged heating increases the 

C02 yield without affecting i ts  specific activity, hence the calculated C02 

yield i s  taken for  determination of C-4 r&ioactivi%y., 

The B-carboxyl act ivi ty may be determined by degradation by Lactobacillus 

arabinosus. 31 The eluted malate was incubated for  30 minutes a t  37' C. with 

20 mg, freeze-dried bacteria, 3 ml. of 0,2 M phosphate buffer ( p ~  4.5) and - 
3 m l .  of 0.0032 M k C 1 2 .  The evolved C02 was converted t o  barium carbonate - 
and represented the B-caboxyl. The remaining t h e e  carbon atom w e  obtained 

as lactate which can be degraded by standard methods. 

In short periods of photosynthesis the malic acid i s  primarily carboxyl- 

labeled, Malic acid formed i n  the dask i s  &70$ carboxyl-labeled. The major 

distinction between malic acid formed during photosynthesis and that  formed in  

the dsrk31 i s  the more rapid equilibration of carboxyl act ivi ty i n  the light.  

The 2- and 3-cmbons of malic are relatively slowly labeied, s e ~ ~ e r a l  minutes 

14 of normal photosynthesis being required t o  obtain uniform C! distribution. 
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lffect of Tine, Light  Intensity and Source in Determigx$ng C" Distribution in 

Sunflowep" 
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Barley 

Soy be- 

Seene&esms 

Baxbey 

Soy bean 

Sar1ey 

Scenedesrnus 

Sllraflower 

sunf Lower 

Sunflower 

Soybean 

Sunflower 

R e f  e- 
rence 

is] A l m i r z e  degradation data. PGA labeling has been shown identical in many experi- 
-senis. 
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Fig. 1 Radioactivity Appearance Curves for 
Photos ynthetig Intermediates in 
Scenedesmus 

Radioactivities were measured by 
direct  counting of the labeled com- 
pounds on paper chr omatograms 
of extracts taken a t  five -second 
intervals. Data up to 4 min. 
may be considered ' 'steady ftate.  " 
Thereafter,  the supply of C 402 
was insufficient and reservoi rs  
were diluted by exchange with 
unlabeled plant constituents. 



Fig.  2 Radioactive Produc of 60 Seconds 
Photosynthesis in CtP402 

by Scenedeemus 

Developed in phenol-water (right to 
left) and butanol -pr opionic acid - 
water (bottom to top) on oxalic 
acid-washed Whatman No. 1 paper. 
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TRANSIENTS IN THE REGENERATIVE CYCLE 
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F i g .  4 Dependence of Reservoir  Sizes  
upon Changes C02 P r e s s u r e  
in  Scendesmus 

Samples were  taken at five-second 
in tervals  f r om a l a rge  vessel  of 
Scendesmus photos ynethesizing 

irculat ing 1% and 0. 003% 
E1'OL in a i r .  Data a r e  obtained 
b y  d i rec t  counting of radioactive 
a r e a s  on two-dimensional 
chromatograms.  



Fig. 5 Photosynthesis Chamber for Leaves 
~ 1 4 ~  i s  stored in the "loop" above 
the &amber which has a connection 
to a water aspirator .  The rectan- 
gular water baths contain infra-red 
absorbing f i l ters .  
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DEGRADATION OF RIEIULOSE 

K1°4 t 2 HCHO + 3 HCWH 

Fig. 7 Chemical Degradation of Ribulose 



HCOH t i o n  HIO 
I I 4 2 f f i n o  + 5 HCOGH 
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Fig. 8 Degradation of Sedoheptulose 




