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·fB IO!m!Q'.WS~ FIXATION Q'f CJUiBOlt J>.~OK.l'DE Bt Tli.REm· l-1I.CRO~AN£SMS1 
• .. •.· .. 2 . . ... v •. ~ , O. RO.W•ltAISEN .• and M. CALYm 

Radiation t.e:boratocy lU'ld ~t ot Chemiotcy, ttuiversi.ty ~at GBJ.if~.t"iU.a; . 

Der~~1. Oal.ttomia. 

. . 
St~e& by lr.ynch lrE1il eal.vw .(1~52,1~51) 1ha:ve este.bli(JJ:r.e4 the nstu.r$ ot 'ttu3 

·............_,'ftA.<'i I . . ....... ..., ,;14 "'"""""'lo.'"':•..-. ..__.1 -'I 't . f' ,..140 ;i. 4>:1..11,...,._:..,..,.·. ·-oi 
C~ ... - :a.neorpora"....,. .., "'""~'"""SlJ!l~" Gw..w."/ rom '!IF .2_ ~ft vU&J.'~ll llllo~lrQ"" 

or&M1Sl%l8i a ~t., .a pr.otonan, t191l) wat-er 1110Ul4s; one .&?l,1zne moul:d., t.b:ree .&l.g~; 

three be.aten.a, mt4 tlae .~ tla.ge11ate ~~ t$!!£U~f.~ With the exception of 

,m. £!9il!;e, uti of ~~~illus. ~l whieh t'txed no a.~teotab~e amounts of catbon 

. 41old,a,:e, aU thea oramasms fi~ earl»n 4iox14~ into amino en4 G%'~o a.eid.s <le• 

. rivet from the trtea.rboX,Uc aei4 eva.l~, ·ruld tl'lto a few oth$r {1Q~s in ·~.mUv~d:.. 

ual easeu (tp-omitt$1 phetqialantne1 po.l.y~acc~afp-rOba'bl.J' gl;u~oee pcl~nJ, 

acetic ~14 ~ bu~c acid) • The authors eo11d~ t~.t the. pre~!rettce g·t c14 in 
, 

~et &U:~tnese e~unae cot.UA be aceoutt'ted tor by the ~&FbO;qrl.ation of p)'l"Uvate 

to -,ield o~eti~ or· ..U.c scLU, foUQ'\m'l b7 tnm.~eee reaot:i.ona. 

In E,~ t!i£!!~1Sa :h~~.r; cone1demble ~t1 tie£ of aethi ty alec appeUd 

tn phosp~l&~ COli\POuMe .in the darlt., e~i&U;tin trua s~ m~>nophQ~na.~s1 

~apno&l~&r~t.c:; e.etd, .I!!SUfl pbGGplmenolpyruvlo w:t.4.. ·Qal.v 1it.1 tb this orgeniam wae 

a, itbet:i4 .st\idy ~n-om& to de~ the i&mti:ty Nlf1 ·ugree ot labelins of tne 

o~s eontstntag cl-4 af'ter ~ }:leriods of ttme. Ii tme not stated definite•. 

;Ly l;;J· tfhteh route c&.rbtm dioxide entered t.lie pbotGaynthettc tAte~ates, but it 

fta ~iCi:A .·(tig.4, Lynen G.ud Cfllvtl\.f 1953) tlw.t i't 'WaS ~or);Jerf\ted !iireetly J.nto 

. phosp]aogl:ycer1o acid, and that tlae energy for this ;prce.e$s, Wfit.c~ in ~tos)'nth$s;i,s 

1s d.eri ved. from suniigb:t, . was ~vid:ed by ~eptmtton or f4~tat1ou. · O~Eta.tn 
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~cts of ~se pre~tione oovewt'• tic) not ue~tely account tor~ the 

expel:'t.tnan~. aate.. 
Stoppant, Ml.er and. Calvin (195') l'uiVe t\1~ bwattgated the 41i1rit f .... tlob 

of ear'b·o~ dio$e b7 the mm:eult\ut PIU'l)le bact.ert'Wl ~~~ AAP~.t,n..!• 

·Afl 1n B •. @'!ClU.s. tli1e orgeniem. ~lJ'JGrat.ed e: eotm14e:rabl.e p~.rt1on ot the· 

totell f~ e14 tntQ phG.~q),.e.tfjd compo\Ulll&:; a.cs ·wu. .a$ into the cd.t1o acus 

GAd QrgM1a ~143 • · 
. ,!': 

tQ elueW.'te 1D mo:re detaU tbe mete.bO~ patlnf:tWs ·by ~eh cwlJon. dioKlde .ta 

·tMJaitBUa.ted. non;pbotoe.yntheti~. Bent ltsbt b.a$ ''befm shed on·~·· ntUte by ~ch­

~t ~ ezi~.r the ~sp~le.ted interme4.1a~t~ ~ to respJ.n,tor)' t)l3d phote• 
' 

·S3nt11$t~~ mettnan1sme• The~ or~_lems $twlled -~ the··~· ebl..oreil.a. 

~Uo$a (also t.t$eii by ~h Q.lad oovtu (1952)) ~ Bot?~ .ec~. ·aa4 the 

,• 

,MW!f()l)S 

~·.culturing tectmt~ for e . .mel101f.2sa ( .!lob~, Bayes· 6l'J4 smitll:;l9SS)~ 

l9'5U, 19$9) .haVe 'been ~bed. eJ.eewhGre. .Anel" growth, the ceU& .in ea4h ca~ 

were ~£ted. vag~, .and resla~ei f.n. 41st.Uled water at a ooocentration o.t 

0.033 ml ot vet-~ked ~Ue/ml of au.e~~doa f~ the~~ au4 ·o.~·5Gll .of wet,. 

pa;ck~ eell.s/al ot •us:pens1011t>r the ~. AU.qu.G'ts of the eeU ~1o_n (1 ·.ail 

• tor the al.pe• om. S 1U fGr the ~) were P1-Petted into a ":riee ot' ~ ·81"1~ ... 

- ~ flasks Which ~ s~en at rcom ~ture for 30 tdnllteG on a tl$rburg 
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~~ter. Th~ pr~ _®hll~ 8ad o.ubsequent tneute.tS.On Qf the &lge.e 

With. labeled wb-str&.te werfl per.t~r.taed tn complete da.rla:le.es,; no soon ~tit<nla 

tG exc!'U.d.e- l.-ipt wr(O ~ w1 tb the f!IQuJ,.-4. At thG be&t.nnfns of t~ i:nau.bat~n 

p;:~, ~aeh 111Jl oat4;pl.e ot ~ ceu ~iOn rooetwa @.1. m1 -of 0.0168'7 .!!'"' 
aamf--4a3 (laO :f.le) tmtl. the ~ills were till.ed at W -~- of ~ . ine\lb~tton pe;ritod. 

bj- tna edditl<m of 4 ml ot ct1Wlol .• TO ~h 5·m1 ~- Qf t-~ call FNS~ion 

wae ~ -c.2S lil Qf W.e Nafm'll+o3 (100 .,re), and 2.0 m1 of eth&uOl vaa· added at tbe 

~ ot the S.OOubtl.tJ.on period to Wl the ce.U•· 

After ~ti.on vtth ~ etbatiol1 tbe ~1ons we~ eentr~fuged, 'an4 the 

ceU ree14ues ~Wd Jdth dll1t ( v jv·) ~tbal.iol., ~ tll• wtth i4Ltei"• 'E1e "s14.Ues 
.. . 

were 4ts~'\\ed '2.134 tlle ~te coaee.nt.rated tn -vs.cu;o ~ow ltiG
0 to a -small.. wl-wna. 

• - " < • • --- ............. • • ' - • 

'Witb ·the ~gat ~a<:ts, · th$ ~'l.e o:t ~ ~~ was- cbr~t.ogt>~hed on- oal-tc 

aeld~ mat..man fto. 4 filter paper; the fin~ ecl.vent vas· penol•vater (10 br), 

ad tl\e ee~d. mol-vent e,.--b'Utano1.o~1oii1C aeid ... il.a'ter (8 li;t:) (Bens_o~ .... !! -~~70). 
) 

~~.$.v.e Abste.neas -were ·loCated b7 ~sure Gf th1! ·liinromatG~ to ~nt 

bliue.,..ensitive e~-coat4d x-~ t.Um 50'1E· ·The •¢ouen~tea ~ ~t$ 

~- a4Jutea. to a Vi)l\Uile of 1.5 ml,_ ~t Wbi()h ·0·3 ml. we e~tOpa~. e.a des ... 
'-· 

en~ ab9ve. A turt~ 0.6 ~ &om. ~h extract_ Wa3 cb.rOmitto~!l.ed fG1r .longer 

.~s (a4 hr 1n J~ol.•ntel', .$Ad ·eJ !Wr 111 a~wtaliOl~)tcmic $C14-wter) irl 

el'Q.er -tp atte.fii m. ·~ter ~tton o~ pll0SJ>hol'fl&ted ~a (Mones and aatv~ 
' ' 

19J8)·. 'lh$ ramining 0.6 ml ot $». edtaut vas· he14 1A ~rese~. the chr¢Mto· .. 

~ were: ~sed to x~ film as abOV$. 

~e ratt1~t1v.t:ttm eull .eul:Jst.e.tme on the Q:~wara.ms -uas .counted vith a 

Scot.t.-type Getrier-.MUller tube ~vi.ng a t-t4n ( 1 rti!f/Clile) Hr411ar·" ~ov. ~ cowt• 

:LQ&. tube was tlusb&i With e.-~ of 99.0~ (v/v) Ee ~ 0•95~ (-v/v) 150bUt.at.le. 
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ftadioact1ve subst~s were ldenUtted in t~ ~iret iiletanee: by their 

c~w~hte ~s1t.las, ·ei14. :lcten:tity \faB· contil'Jtled lly c:oc~to~:pey wtth 

tmovn marker st1bs:te.bees. PhGapbates were :t'lr$t trea.te\1· :wtt.}l human .~ ae14 

p~spbatas& .~ 0.01 !•acetate w.tter, pl! ~~ before betna cechr¢I!Jat.ogra!1* ·v1.th . .~ . . 

Chlo"Ua· ~~idose. 

~ ·d1a~r1'but1on of act1v1ty Ui eompou.nds t~ ~hie o~gantem atter ~9a· 

t10ll periOd'S 1n t~ ~· Wtth ~eel carbon 41o&ld.e of 19 .aec. 32 sec, 4G sec, 

60 aee, 121 sec, and 183 see, &C4i in .e. sepaft\te ~Qerimeat, l80o ~eo" ts .sh.GWJl 

tn fable 1. ·fbe plot of the percent aettv:lty with ttme ~d n~tlw slopes 
.· 
in the cases of malte ac:i..d., c!trle aci\'11 ·.and alanine, ~sttna that all tbree 

. . . 14 
compoun.ds .are earl¥ pl"Qetucts ot C · o2 f:f..Katlcn. 1A tbe tier&. TJte. first phoa• 

pnoqlated conwou.n4 to ~ {J1bospboWQer1e ~14) was not seen •-tU til 1llin . . 

~~~h ·.~ substrate bad elapaed. ~l:e most of the f'i.xed .a.et1t.tity 1."e11lained 

in·~ ae.ids ((5,~) Ud. or$Udc ar.tia.s (~) after 30 mW., some ao\tvit~ (about 

j.5J) al:BG a~ 111 phosphorylated .su.l)stueea. ·The filet that ph0$pltoglyoer.1c 

. ...;,a vas the . tUst of these to ineortJGn;te c14, tol.J.Owe4 later by .trio~ ·and 
. . . . . .. . . ... 14 . .. . . . . . . 

hexose plu)spbates, 6\ol8PB:ts tha:t c ente~ the sugars b7 a. reversal ot the 

~lytic ~t1Qn.G. 

$e presence of lal:)el at the ea.rl:test. iceubation periods .in ettr1~ and mal~ 

~lds, $J1d in alani~te, 1c41aa.tee tb.Q.t three· carooqlati,oa ~1ons 'flifq pr.Qeeed 
d 

s1mul~ttelJ. One of tne&e 16 <the ·~qla.tion Qf )JNW'te ·w pll'Oduce oal• 

acetate.; tae .JCol s.1ze ot tile latt.el" is prestlmi\bly veq- smu., ·~ label .fust. 

~ in citl'Qte·. A (;eeond ~OOX;ylatlon of p}fftvate b7 tbe ma.Uc enzyme 
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would form ml1c acid directly. · However, the incorporation of label so· rapidly 

i.l:lto e.l.anine suggests that another ca:r'boxylatJ,on also took place, that of a· two­

carbon substance (possibly acet;ylth1octie acid) to .pyruvate·, which was ra.picUy 

transamiita.ted to al.a.nine.. Whether or not two different carbGqlations of pyruvate 

took pl..aee., or Whether both malic and citric acids a;rose from one ca.rboXflation 

only, cannot definitely be decided from the data. One of the radioa.utograms of 

·the Chlorella extracts is show 1n Fig. lo 

Nostoe.tilllscorum. 

A kinetic study of the incorporation of ci4o
2 

in the d.ark by the blue•green 

alga, N. ~orum, after several exposure periods to the isotope is reported in 

Table 2, and a radioautogram of the cell e~~a.et after 30min exposure shovn in 
.. l~~t. . 

Figo · 2. In contrast to c. ~!do~, only one compound, aspartic a.eid, showed 

a. negative slope of percentage incorporation of activity With time. Activity 

appeared 1n ci tri.c ana.· glutamic acids before: malic acid., indicating that uptake 
14 . . ·. 

of c o2 by the malic enz)'me was not significant 1n this alga. The main carbox;r­., 
la.tion reaction appeared to be tba.t forming oxalacetic aeid trom p~vic acid. 

. 14 
(With rapid transamination to aspartic acid). C was ti.so incorporated into 

citrulline (Table 2). Citrul.H.ne has earlier been reported in this organism 

by Linlw !! !!!_ (1950), who f'ound that the early label was in the carba.myl group, 

Zlgo~&Achua. moeUeri. 

The suspension ot fungal lcyphae was exposed ·to labeled. bicarbonate for fo~ 

teen different incubation periods. The distribution of aetivity in seven of these 

extracts (4 sec, 11 sec, 30 sec, SO sec, 105 sec, 180 sec, and 180o sec) is given 

1n Table 3· Rad.iraautograms of the extract after 30 min incubation, .showing all 

the compounds present, and of a chromatogram ot the extract after 165 sec dev• 
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eloped for long periods to spread the phosphate esters, are show in Figs. 3 

and 4, respectively. 

·With this organism, as with the two al.8ae described abOve, there is evi­

dence for carboxylation of pyruvate. As 1n the case of C. pgenoidosa (Table 1), 

the percentage of activity 1n m.al.ic tmd citric acids slwwed e. decrease with in .. 

creasing time~ .Amino acid products (particularly aspartic acid) became prominett 

W1 th increasing time. C1 trulline · appeared ·after 30 min. In a nlJl'llber of way,e, 

14 
however 1 the incor;pcmation of C s'bowed differences from the a.lgae. Most 

premihent of these was the very early appearance of tracer carbon 1n pbosphogluconic 

acid, which reached a tnaJdmum percentage actiVity 1n 11·15 sec; and thereafter 

showed a. decline 1n the percentage activity incorporated. Phosphoenolpyruvate 
. . . ~ 

was the only other phosphorylated respiratory intermediate to contain C un.tU 

sugar monopho·sph&.tes ·and phosphoglyceric S.Cid appeared after 30 · ~lh Considerable 

amounts ot radioactivity aJ.:so e.ppeared in various nueleotides, and 1n tac~ after 

. . . 14 '-----..0 . . ' 30 min more C was .f'ouuu. in these compoun<S.s than in arq other group of substances 

except the amino acids (Table 3). 

The presence of 'Wll..abeled glucose 1n the medium (0.022 ~, added 30 m1n before 

the labeled bicarbonate, increased the uptake of' c14 at -all the inCubation periods 

stu.di·ed ( e.g., to ~i~, lso,i, and 131~ of the cf4 f~ 1n the absen.ce of glucose 
180 sec, . . · . -14 

at'ter ·45 eec,j and 1800 see, re$peat1vel.y) o With glucose present, the percent ·c-

·taken up into suga.r phosphates, nuoleot1des, nucleotide-sugar comp1~xes, -and amino 

acids fell, after 30 min, by 45-75~, · Wbll~ tbat ineo:pJrated into organic ae1ds of 

t~e Krebs cycle increased some 5. 5 times (Table 3 and fig. 5) • This can probSbly 

be ex,plained by the rele.t1vel' large pools of unl.abeled auger· phosphates remaining 

. . . . . .. . ·u. 
from the unlabeled .glucose 1 while the l.Gwered incorporation -of C into the nucleo• 

tides end amino acids was probably due to the e.bsen<:e of available nitrogen for the 



0 

·., 

,. 

UCRL-8368 

sNtttb.eSis of ·sueh eubatances owiDg to the prior metabolism of external glucose 

in the e.Oseace of a. source ef r:Litrogen.. Other studies (MQses, 1959) bave shown 

tbat 1n b;njhae starved of n1rtogen the S3J1thes1s of nucleotid.es is greatly de· 

pressed unle~&s an 'external source of tdlrogen 1e. aupplied. However, the unlabeled 

glueos~ prob&b_l;r ena'b~ mre c14oa tQ be fixed by the carboxylation of pyruvate 

-derived from tlae sugar, with the formation of organic &cidB of the triearbaxyl1e 

acid eycle •. 

·DISCU58ION 

The e~n:t~ with the dark timtion of cl4o2 by the two_ algae have 

co~irmed and extended 1D8.11Y of' tbe find1ngs of Lynch end CalVin (1952). The 

kinetic cur-ves for the :entry of cf4 into the compounde of these cells bave in­

dicated that the only carboxylation reaction of importan.ce was that of pyruvic 

. acid. to olCal.ace·ttc or malic aci.d.s, except for the s;rnthesis ot citrulline 1n 

.N. muscorum; and of .alanine in c. pyrenpid.Qsa. The e.ppearanee of label 1n the 

sugar pb.oapbe.tes of various types is con.:s1lUnt With. a reversal 9f glycolytic 

reaetiens being the route by which this was aocompllshed. Phosphoglyceric acid 

was the. first of the _phosphOrylated compounds ~ which cl-4 _appeared, and onJ.y 

·tml<:h later was tracer found 1n the hexose phosphates (the pOol of phospb.Oeriol­

pyruvate was probS.bly too small for the detection of' label 1n this substance 1n 

the-early stages) • 

. Evidence is a.lao pree~ted for cl-4o2 uptake by carboxylation of pyruvate 

1n z. ~elle~i. In this organism, however, label did nGt a.~l. to -enter the 
·:r. . 

nexoee monophOspbe.tes by a rewrsal of glycol.ycis, but rather by a reversal of 

. the well•.Imown decarbox~vlation of 6•pb0sphogluconic acid to pentose phosph4te 

(Gunsa.lus,.Horeelter and Wood, 1955). L6beled carbon appeared in p:OO.spl:loglW!enate 
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in significant quanti ties at the shortest incubation t~s, and was fOUnd .in the 

hexose illOnophosphates without fi~st appearing 1n the hexose diphospha.tes; the 

activity 1n phosphoglyceric acid was. also very low· coot,pared with ·tbat 1n the 

hexose monophoep}lates, particularly :when un.labeled glucose was present ... Never ... 

thel~ss, minute q\IS.llitites of cl4 did appear 1n phosphOenolpyruvate after. abOut 

60 sec, and mueh latezt showed up in phospl:lptJ,ycerate, so that whlle hexose synthesis 
to be 

by a. rever.sal o~ glycolysis does not seem/iuwase1ble 1h this mould, cl4o2 entered. 

the hexose much more readily by carbolcy'lat1on of pentose. · 

Other work {Moses, 1959) on the metabolism ot l.a.beled glucose by z. moelleri 

bas shown that glucose is degraded by both the .pentose phosphate cycle and v'i:.a 

glycolysis 0 The fir.st three substances 1n wht~h c14 
appeared from ·uniformly label-

ed gluc0se were the hexose mono phosphates and dipboapbates, and phGsphcglyceric · 

acid. Yet when the ~ were SUPPlied Yith c14o2 llb.ile s:bnultaneousl.y oXidizing 
. . 

glucose, partly via fructose diphosphate.; actiVity appeare:at in the sugar mono-

phosphates but not 11l the di~hosphates. These results appear to be particularly 

sign1fice.nt with regard to the physiceJ. separatioil within the cells of different 

·me~olic pools of the same substances, and thet suggest that there .must be two 

pools, at least of phosphoglUconate and ·of hexose mouopboepbate, to account for 

the absence. of l.a.bel 1n hexose dipbosphate o Other work with C. menoido.aa 

( Moses, Rolm•Hansen,Basshsm and Calvin, 1959) has a:Lso suiget?ted that pools of 

. respiratory and photosyntheti-c~ intermediates are not in a state of rapid equilibriutn, 

even though many Of the substsnces in both systems are chem!eall,- identical. 

These conclusions appear to be rele~t :tm the fitldings of Lauch aad Calvin 

(1953) with E~ £!CU1s. There, too1 c14 from cf4o2 entered. the hexose ~nophOs• 
. phates very rapidly, and littie variation ita the percentage C?f the tGta.l fixed c14 

Which was present 1n the hexose ~nophosphates was apparent in the period from 5 
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to 40 .Iilin. Furthermore, ilo aeti vi ty was present in the sugar diphOsphate area. 

.on the radioautogram of dark fixation of c&rbon dioxide ~ E.Hgr~1l1s {L~b and 

Calvin, 1953). It seen'lS reason8.ble 1 therefore, that the initial. ce.ri>oxylation into 

hexoses in the dark in E. @Ca.cilis, like i· ~lleri,. may be vi~ phOsphogluoonic acid, 

and not by carboxylation ot ribulose diphosphate to yield phosphoglyceric acid. 

SUMMA.RY 

An investigation has been made ot the nonph?tosynthetie uptake of c14o2 

by the. algae Chlo"lla. fll'!nOidosa a.ild N9stoc mu~co:tum, a.nd the mould ezgorr.hyp.cpus 

moellez.-1. In both t~ a.l.ga.e the entry of carbon dioxide in the dark ifa& pri:marily 

by carboxylation of pyruvate to organic acids in, or close to, the ci:tr1c a.e1d 

cyel.e. Tracer aliPEtared a.:tter about half an hour 1n phoephoryla.ted sugars, prob• 

ably by a reversal. of glJCOlyais reactions. 

While carboxylation reactions leading to amino end organic acids also wete 

prominent 1n the f'ungal hyphae, the first labeled pb.Osphate obeerved was phospho• 

gluconic acid, which made 1 ts appearance ·as early as_ 4 seconds after. the a.ddi tion 

of labeled carbon dioxide 1n the cells t thi.s was· the sho:ttest period. studied. c+4 

appeared in the hexose monopbo.aphates withOut firat being pre.sent in the hexose di ... 

14 . . . 
phosphates or, phosphoglyceric acid. Very little c was seen in phosphoglyceric acid 

. . . a 
after 30 min, and none -at all in the diphospb:ates. It is conc1uded that C o2 was 

incorporated into hexoses by ea.rl)oxylation of pentose phosphate to 6•phospho .. 3-

keto•Sl.u.oone.te, which was later reduced to glucose•6•phosphate through 6-pho~pho .. 

gluconate. The significance of these findings with regard to separate pools ·of 

metabolic intermediates is discussed. 

Another significant difference 'between tbe fungus and ·the algae was the large 

14 
amount of C which, 1n the f\mgus, appeared 1n several nucleotides • 
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. . . - . . a .. 
Earlier investigations ef the dark f1xati<m of c o2 by $US).ens. gt:ac111s 

(Lynch and :Calvin, 1953) ·have been considered 1n view of the present stwiies, 

and ·alterp:ative ccmclusions from those ori~y pr~eed. have b.een suggested. 
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TABLE 1 

F1~t1on of' labe),e4 ~bon ~lqxide 1n tp,e .4ark bl Chl.orella. p~idose. 

1 ml al.iqu0ts of cell suspension, c~n:taining 0.033 m1 of wet.;.paclted cells, 
Ulcu;a:;ted With 0.1 ml of o.tus8T !-NeBel o3 -(40 -~) for the periods· ind1cate4. 
The values g~ven represent the· pe~.entages of the total ttxed cl4 in Soluble 
material. W'hi4h were present ill eacn eomj;>C)und. · 

Incubation period 19 sec 

Sugar monophosphe.tes 
Triose phosphat~ 
PhoSphoglyceric acid.. 
Phosphoenolpyruvic e.c1d** 
Uridine•phospho-sugar**. 

Malic acid 2"(.5 22.3 
Citric acid 10.1 6.5 
Fuma.rte a;eid ·1.8 
Succinic acid 

Glucose** 

Asp~ic e.eid 40.4 50.7 
Glutamic acid 
Alanine 21.9 18.s 
Serine plus glycine*** 

Unidentified substances 

Total c14 fixed in sol• 
uble .. ~teria.ls (dis/min/ml cells 
X "10.. ) o.o89 0.245 

* Separate experiment 
** Identity not eonfirmed by cocbrbma.tog.ra.pby 
*** Not separated chromatographically 

46 sec 

19.4 
7-0 
6.9 

45.5 
6.8 

14.5 

O.'jTf 

60 sec 

0.60 o.4o 

.1.6.-3 13-3 14.3 
J.8 4.6 3·SI 
3·3 J.O 3·6 

56.2 58.2 55.6 
5·9 S:h3. U.9 

14.6 11.0' '10.4 

0 . .597 0.822 1.68 

1.2 
0.59 
0.47 
0.14 
0.95 

15-7 
1.6 
:;.o 
1.7 

1.0 

26.9 
35-2 
2.0 
1 ... 1 

8.1 

. 12.1 
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fix&.t.io~ of l.a.'beled c~on ci1ox14e. in . the !lark by .Noe·toc m.uscor.um 

· l tal al.iquots of cell suspension, containing 0.033 ml of wet:..packed cells, 
incubated witb 0.1 Dil of 0.0168; ~-Ne.Hcl4o (4o ~e) for the periods iDAice.ted. The · 
values given represent the percentage.e. 'of ~e total fiXed cl4 Which were present in 

· each compound. 

Incul)at1on :Period 

Sugar monophosphates 
Pentese phOsphS.tes* 
Phosph0glyeeric acid 
Phospb.oenolp)Tllvic acid* 

Malic acid 
Citric acid 

Aspartic acid 
Glutani.1c a.cid 
JU.an~e 
(}lutamine 
Threonine· 
. ci ttuli!rte 

unidentified ·eubste.nees 

'Total cl4 fixed 1n 

3 aee 

100.0 

solubl~. materials (cUe/ min/ 0.0235 
xni~-:c·ellsd('Jlo -5) 
~f·~ ~l~r-·':-;.~:j~ ;,·: 

10 se~ 

100.0 

o.oo85 

* Identity not confirmed by coehiamatograpby 

30 sec 

100.0 

so. sec 

4.8 

95·2 

160 sec 1800 see 

1.5 
1.6 
1..8 

0.91 
1.8 

8o.2 
4.6 
1.4 
1.3 

4.1 

0.79 

1.59 

5.0 
1.2 
1.1 
0.21 

2.2 

0.30 
2.5 

40.; 
24.8 
2.3 
1.7 
2.6 
7.0 

a.g 

4.;o 
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!rixa.ti~n o~ la.beled ee.rbc:m dtol(iae :t>r Z:morr9lPohus ~ellert 

· 5 ml e.liquots ef cell-. eu.spensian eontainf:ng 0. 25 ml. of wet .. packed. cells 1 
· tncubatea With 0.25 ml of 0 • .01687 M .. Ifsacl4o (100 ftC) t~r the ~nOds ·indicated. 
· . The values given represent the pereentages df the total fixed cl4. which were present 

in each eompo~. CUueose concentration, 0.022 M. 

ltiCu.batio~ll\ period (sec) 4 11 

sugar monop:bospha.tes** 
Phosphoglycerl9Pa.cid .. 

··Phosphoenolpyruvtc e.ctd 
Phospnogl.uco.nie aeid. '10.9 u.1 
Uri dine triphosphate 
Undine diphosphortbose 
(plus tnosiri.e triphos-
phate) 
Uridine dtphospboglucose 
Aden~sine triphosphate (plus 
uridine diphosPhate) 
Adel:lostne d1pbospba.te 
Nucleotid~ dipbosphates*** 
tJrd.dentified nucl~side. 

monophoapbate 
MeJ.tose 
Fruetcuse 
Sue rose**** 
Malic ae1d 23•6 21.2 
Citric acid S5.5 l9.0 
Fuma.rie acid 6.0 
Succinic acid 

Asp&.rtic acid 22.6 
.Glutamic acid 
Seriile plus glycine 
Threonine 
Alanine 
Proline 
Valine 
Glutamine 
Citrulline 
Tyrosine 
Histidine 

Unidenti{ied substances 
Tot&.l. cl fixed 1n solu-
ble materials !dis/min/ 
ml cells x 1o· ) · 0.183 0.965 

* Separate experlliients 

105 

o.s 0.2 s.·, 1.1 0.4 

o.4 
0.7 2.0 5·3 

0 .. 1 1 •. 2 

o.a 2.7 4.4 

0.5 0.7 3.1 

0 .• 8 1.0 
o.a 0.5 

1.5 

11.3 14.8 9.0 
31..0 11.2 7.6 
1.0 2.j 1.4 

40.9· 51.5 48.9 
2.2 3·3 4.4 

1.0 2.0 
2·.2 0.7 1.3 
3.'5 5.9 6.0 

0.4 
o.s 0.4 

o.e 

3-36 i4.8 44.3 

180 

0.02 
0.2' 

1.1 

4.0 

1.8 

2.8 

4.9 

0.8 
0.3 
3.0 

8.0 
. 5-2 
l.l) 

49.5 
5.1 
l•.3 
2.3 
4.2 
();5 
0.3 
Oo7 

0.5 

. 8~ •. 2 

18oo* 1800* 
(plus. 

gl,:ucose) 

1.2 0.59 
0~8 0.05 
Ch3 0.07 
0.1 0.23 

1.0 o .•. o1 

1.3 0.23 

1.3 o.31 

1.0 2.3 
0.39 

21.5 G.O 

0.2 i.l 

0.40 
6.6 48.1 
2.4 6.1 
0.9 4.0 
Ll 

19.9 4.1 
20.5 13-.8 
3·9 0.85 
2.3 0.38 
2.3 0.52 
0.4 1.1 
j.4 0.30 
3·8 4.4 
().2 1··2 

0.05 
L8 

3·9 3·5 

103 lll 

** Contains mo~phospha. tes of' glucose, fructose 1 and possibly sedoheptulo.se . 
*** Contains diphosphe.tes of inosine, ur1d.1ne, -a.n4 guanosine **** !denti ty not confirmed bJ 

f'l"\i'4,.,.,......__ 
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Figure 1. Dark fixation of l abeled carbon dioxide by c. pyrenoidosa. 

Radioautogram of extract of Chlorella cells incubated in the dark for 

14 
30 min with NaHC o

3
• Key to abbreviations: PEP, phosphoenolpyruvate; 

PGA, phosphoglyceric acid; Sugar mono-P, sugar monophosphates; Triose-P, 

triose phosphate; UDPG, uridine diphosphoglucose; 
UK, unidentified. 

UDPR, uridine diphosphoribose; 
J 
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ZN-1985 

Figure 2. Dark fixation ot labeled carbon dioxide by N. musco:rum. 

Radioautogram of extract of Nostoc incubated in the dark for 30 min with 

14 
NaRC o3• Key to abbreviations: Pent0se-P, pentose phosphates; Sugar di-P, 

sugar diphosphates; others as 1n Figure 1. 
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43 

BUTANOL- t 
PROPIONIC ACID-

WATER 
It 

ZN-1981 

Figure 3· Fixation of labeled carbon dioxide by z. moelleri. 

Radioautogram of extract of Zygorrhynchus cells incubated for 30 min, with Na.t·tc14oy 

Key to numbers: 1, uridine triphosphate; 2, uridine diphosphoribose plus inosine 

triphosphate; 31 phosphogluconate; 4, phosphoglyeerate; 5, phosphoenolpyruvate; 6, 

uridine diphosphoglucose; 7, sugar monophoaphates; 8, nucleoside dipho sphates~ 9, 

adenosine triphosphate plus uridine diphosphate; 11, unidentified; 121 unidentified ; 

14, maltose; 15, sucrose; 16, serine; 17, glycineJ 19, unidentified; 20, glutamine ; 

21, citrulline; 22, alanine; 24, tyrosine; 25, proline; 27, valine; 29, glutamic acid; 

32, malic acid; 34, unidentified; 35, fumaric acid; 36, citric acid; 37, aspartic acid; 

38, threonine; 39, succinic acid; 4o, phosphoglycollic acid; 41-50, unidentified. 
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Figure 4. F'ixation of l abeled carbon dic~cide by z. moelleri. 

Radioautogram of extract of Zygor:r;-hynchus cells incubated. for 165 sec with 
14 

NruiC o
3

• Chromatogram developed for 24 hr with phenol-water, and for 20 hr 

with !!_-buta.nol-propiGnic a.cid ... water in order to spread the phosphate area. 

Key to abbreviations: P.JJP, adenosine diphosphate; ATP, adenosine tripho sphat-e~ 

ITP, inosine triphosphate; UTP1 uridine triphosphate; others as in Figure 1 • 
• 
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Fi gur e 5. Fixation or labeled carbon dioxide in the ;presence of' gl ucose b~-:_~-=--~~~~~} .. !: ·:'!~.!:. · 

Had los.utogrrun of extract or·..z,;m~chus ·cells incubated for 30 nlin with Ne.Hc
1 \;3 

in t he presence of unlabeled glucose (0.022 !i). Key to numbers : 10, o.d.enoBlne 
I 

d:tphOSJ:)ha te; 13, unidentified; 18, histidine; 23 1 unidentified ; ::.6 , unidt.'!nt.tf ej ; . 
' ;~:3 , unidentified; 301 unident ified; 31, unidentified; 331 unidentified ; res t :uJ . 

i n Fi gure 3· 
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