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'IC PIXATION OF CARBON DIOXIDE BY TRAEE MICHO-CHGANIEMS

V. NGBES®, 0. BOLM-HANSEN, and M. CALYIN

Radtation Leboratory snd Departmes

t of Chemistry, dversity of Qalifornia,
Berxalay, Californis

Introduetion

Studies by lynch sud Calvin (1352,1953) have established the nature of the
eompounds lncorporating e“" mouphstosynthetically from c"‘ %2 in thirteen mioro-
argsnisms: a yeast, a protosoun, tvo weter moulds, one slime mould, three alges,
three bacteria, and the greem flagellate Buglema grmcilis. With the ewception of

B, graoilis, snd of Lactobscillus casel which fixed no detectable amounts of oarbon
dioxide, sll these orgenisms fixed cazbon dloxide into emine and orgenic acids de~
rived from the triearboxylic acid eyal#, and {nto a few other gompmmds in individ-

-

‘ual cases (tyrosine, phenylslanine, polysaccharides probably glucose polymars) ,
scetic acid sod butyric acid). The authors coucluded that the preseuse of 6114 in
almost all.these compounds ocould be ascounted for by the sarboxylation of pyruvatle
to yisld oxalacetic or malie acids, followed by transaminese resetions.

In B. gracilis, however, ccasidersble quantities of activity aleo appesred
in phosphorylated compounds ia the dssrk, especially in the sugsr monophosphates,
phosphoglyceric scid, end phosplvenolpyruvie acid. Only with this orgenism was
s kinetic study performed to determine the ldsatity snd degres of labsling of the
acapounds ecntaining €' after varying pericds of time. It was ot stated definite-
ly by viich route earbon dioxide entered the photosynthetlie intermediates, but it
was implied (Fig.h, Lyneh end Calvin, 1953) that it was incorporated directly into
phosphoglyceric acid, apd that the epergy for this process, witleh in photosynthesis
is derived from sanlight, wai provided by respiration or fermswtation. CGertain
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sspoets of thwse presumpbtions hovever, do not adequately aceonnt for all the
exparisental deta.

Stoppani, Fuller and Calvin (1953) have also investigated the dark fixstion
of carbon dicxide by the nomsulfur purple bacterium Rhodopsendomonas capsulatus.
As in B, grecilis, this organism incorporated a eonsiderabls proportisn of the
total fixed c" o into phosphorylsted compounds, as well as into the saino acids

A Durther investigation has novw been carried out with three micrv-orgasisss
olie pathwmys by which earbon dioxide is

assinllated nonphotosynthetically. HNew light bes been shed on the route by which
it may enter the phosphorylated mmmmu@mmwmw
aynthetic mechenimms. The three organisms studisd were the algee Chiorells

K, mascorum (Mdnko, Holm-Hsnsen, Basuhas and Calvin,1957), and Z. moelleri ( Moses,
1956, 1959) have been deseribed elsevhere., After growth, the ¢ells in each case
vere harvested, washsd, snd

sded in distilled wnter at & concenmtration of
0.033 =l of wet~packed celles/ml of suspension for the algse, and 0.0% nml of wete
packed cells/ml of suspemsiountbr the fungus. Aliquots of the cell suspeusios {1 =l
fmmﬂw,M5ufwmm}m§mtmmwaMaa2mm*k~
meyer flasks which weres shaken at rocom temperature for 30 minutes on & Warburg
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respircaeter. The preliminary shaking end subsequenti incubation of the slgee
with lsbeled substrate vers perforaed in complete darkness; no such précmations
to exelude light were taken with the mould. At the beginning of the inecubsticn
paricd, each 1 ml ssmple of algsl cell suspension regeived ¢.1 ml of 0.01887 M-
W“‘@s(&;ﬁa}mmeensmmﬁammofmmmmm@
by the sidition of & ml of ethancl. To each § ml sample of fungal eell suspension
ves added G.25 ml of the Eai0™’0y (100 ue), and 20 ml of ethancl wes added at We
end of the lncubation period to kill the cells.

After extraciion with 80% ethancl, the suspemsions were centrifugsd, and the

esll residues extrscted with 20% (v/v) eibanol, asd them with water. The residues
were dlscarded snd the extructs comcentrated in vasuo belov 40° to & mall volume.
Witk the algel extracts, mmwmmmmﬂt@mmaﬂm
acid-vasbed Whstman Jo. 4 filter paper; the first solvent vas phencl-water (10 hr),
and the sscond solvent pvbutancl-propionic acid-weter (8 ) (Bensoa, et al,1950).
Radiometive substances wmre located by exposure of the chremmtogrsms to Dupont
blus-sansitive single-conted X~ray fllp OTE. Tiw consentrated Tungal extracts
wore adjusted to & wiuwe of 1.5 mi, of which 0.3 =i was chromstographed as des«
eribed above. A further 0.8 al from each sxtract was ol

poriocds (2% hr in pheuol-vatsr, and %0 hr in proutancl-proy
order to atiain a better separation of phosyborylsated compounds (Moses and mvip,
1958). The remmining 0.6 ml of sach extrsct was beld in reserve. The chromaio-
#grams were sxposed to X-rsy film as abovae.

Toe radiosetivity in esch substesve on the chuvmmtograms was counted with a
Seoti-type Geiger-Miller tube having a thin ( 1 ng/on®) “Mylar” window. The counte
ing tube was flushed with a mixture of 99.05% (v/v) He and 0.95% (v/v¥) iscbutane.
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Badicactive substences were identilied in the first instance by thelr
chromatographic positions, and identity was conflrmed by cochromatoygraphy with
knoun meriker substsnees. Poosphates were first ireated with human seminal acid
phospbatase in 0.0 Mesaetate buffer, p#f 5, before beinmg cochromatographed with
agpropriate sugars, asids, ete.

Chlorells pyrepoidosa.
The diatridution of activity in eompounds from this organism after incubav

tion periods in the dark with labeled carbon dicxide of 19 sec, 32 see, 44 see,
60 nee, 121 sec, aund 183 sec, asd, mamuw,mm, is shows
in Table 1. The plot of the percent activity with time showed negative slopes
in the cases of mallae acid, citric seid, s»nd alenine, suggeeting thet all three
compounds are early mroducts of ena@ fization in the dark. The first phos-
phorylated eompownd to appear (phowphoglyceric seid) wes not seem until & min
with labeled substrate had slapesed. While most of the fixed activity remained
in amino scids (85%) and organic scids (22%) after 30 min, some astivity (sbout
3.5%) alsoc appeared in phosphorylated substances. The faet that phosphoglycerie

acid wes the first of these to insorporate em, foliowed later by triose and

hexose phospbates, suggests that emmm sugars by a reversal of the
glycolytic memctions.

The presence of label at the esrliest ineubation periods in citric and melic
selds, and in alanips, indicates that three carboxylation resctions may progeed
simlm:euﬁly. Cne of thess is the curboxylation of pyruvate to produce cwml-
scetute; the pocl size of the latier is presumebly very small, sod lsbel first

sppeared in citrate. A second carboxylation of pyruvate by the mslic enzyme
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would form malic acid directly. BHowever, the incorporation of label so rapidly
into alanine suggests that another carbeoxylation also toock place, that of a two-
earbon substance (poszidbly acetylthioctic scid) to pyruvate, which was rapidly
transamimte& to alanine. Whether or not two different carboxylations of pyruvate
took piaee, or whether both malic and citriec acids arose from one carboxylation
only, cannot definitely be decided from the data. One of the radicautograms of
the Chlorella extracts is shown in Plg. 1.

Nogtoe mmacorum.

A kinetic study of the incorporation of 01“92 in the dark by the blue-green
alga, N. muscorum,after several exposure periods to the isotope is reported in
Table 2, and a raiicautogram of the cell extyact after 30min exposure shown in
Fig. 2. In contrast to C. pyrenoidoss, only one compound, mspartic aei&,’ showed

a negative slope of percentasge incorporation of asctivity with time. Activity
sppeared in citric and glutamic acids before malic scid, indicsting that uptake
of c}.ﬁ% by the malic enzyme was not significant in this alga. The main carboxy-
lation reaction sppeared to be that forming oxalscetic acid from pyruvic acid |
(vith rapid transamination to aspartic acid). clh‘ was dso incorporated into
eitrulline (Table 2). Citrulline has earlier been reported in this organism

by Linke et al (1950), who found that the early lsbel was in the carbamyl group,

Zygorrhynchus moelleri. .
The suspension of fungal hyphee was exposed to labeled hicarbonate for foure

teen different incubaticn perlods. The dlstribution of activity in seven of these
extracts (4 sec, 11 sec, 30 sec, 60 sec, 105 sec, 180 sec, and 1800 sec) is given
in Table 3. Radioautogrsms of the extract after 30 min incubation, showing all
the compounds present, and of a chromatogram of the extract after 165 sec dev-
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eloped for leng periods to spread the phosphate ssters, are shown in Figs. 3
and &, respectively,
With this organism, as with the two algae described above, there is evi-

dence for carboxylation of pyruvate. As in the ecase of C. pyremoidosa (Table 1),

the percentege of sctivity in malic and citric acids showed a decrease with in«
creasing time. Aminc mcid products (particularly aspartic acid) beceme prominedt
with incereasing time. Citrulline appeared after 30 min. In a number of ways,
however, the incorporation of clh showed differences from the algas. Most
prominent of these was the very early appearance of tracer carbon in phosphogluconic
acid, whiech rmhed & maximum percentage sctiviiy in 11-15 sec, and thereafter
showed a decline in the percentage activity incorporated. Phosphoenolpyruvate
vas the omnly other phosphorylated respiratory iuntermediate to contain Clh until
sugar monophoephates and phosphoglyceric ascid appeared after 30 mjn. Congiderasble
amounts of radicactivity also appeared in various nucleotides, and in fact after
30 min more Gm was foun@ in these compounds than in any other group of aubatmcéa
except the amino acids (Table 3).

The presence of unlmbeled glucose in the medium (0.022 M), added 30 min before
the labeled bicarbonate, ineressed the uptake of C-* at all the incubation periods
studied ( e.g., to221%, 160%, and 131% of the c:"h fixed in the sbsence of glucose
after 45 m,/ii% SieS%)b sec, respectively). With glucose present, the percent cl"
taken up into sugar phosphates, mucleotides, mleotide—»ﬁgar complexes, and amino
scids fell, after 30 min, by 45-T5%, while that incorporsted into organic acids of
the Krebe cycle increased some 5.5 times (Pable 3 and Fig. 5). This can probebly

be explained by the Q-elatim large pools of unlsbeled sugar phosphates remaining
from the unlabeled glucose, while the lowered incorporation af. cl b into the nucleo-

tides and amino acids was probably due to the sbeence of available nitrogen for the
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synthesis of such substances owing to the prior metaboliam of external glucoae
in the absence of a source of nitrogen. Other studies (Moses, 1959) have shown
that in hyphas starved of nirtogen the synthesis of nueleotides is greatly de-
pressed unless an external source of niirogen is supplied. However, the unlabeled
glucose probably ensbled more 4:""(;2 to be fixed by the carboxylation of pyruvete
derived from the sugar, with the formation of organic acids of the tricarbexylic
acid cycle, |

DISCUBSION

The experiments with the dark fimation of C-'0, by the two algae have
confirmed and extended many of the findings of Lynch and Calvin (1952). The
kinetic curves for the entry of C-' into the compounds of these ocells have in-
dicated that the only carboxylation reaction of importance was that of pyruvie
acid to oxmlacetic or malic acids, except for the synthesis of citrulline in

. muscorum, and of alanine in C. pyremoldosa. The appearance of label in the

sugar phosphates of various types is consibent with & reversal of glycolytic
reactions being the route by which this was accomplished. Phosphoglycerie acid
vas the first of the phosphorylated compounds in which L' appeared, and only
mch later was trmcer found in the hexose phosphates (the pool of phosphoencl-
pyruvate was probably too emall for the detection of label in this substance in
the esarly stages).

Bvidence is aleo presented for clhoe uptake by carboxylation of pyruvate
in Z. moelleri. In this organianm, Eowefm, label did not appead to enter the
hexose monophosphates by a reversal of glycolyels, but rather by a reversal of
the well-known decarboxylation of 8-phosphogluconie acid to pentose phosphate
(cunsalus,Horecker snd Wood, 1955). Labeled carbon sppeared in phosphogluccuste
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in significant guantities at the shortest incubation times, and was found in the
hexose monophospbates without first appearing in the hexose diphosphates; the
activity in phosphoglyceric acid was also very low compared with that in the
hexose monophosphates, particularly wvhen unlabeled glucose was present. Never-
theless, minute quanitites of CL¥ d1d appesr in phosphoenolpyruvate after about
80 sec, and mueh later showed up in phosphoglycerate, so that while hexose symthesis
by & reversal of glycolysis does mot w?;’iimle in this mould, Cl%0, entered
the hexose much more readily by carboxylation of pentose. |

Other work (Mosea, 1959) on the metaboliam of labdeled glucose by Z. moelleri
has shown that glucose iz degraded by both the pentose phoephate cycle and via
glycolysis. The first three substances in which (23'it sppearad from uniformly labele
ed glucese were the hexese monophosphates and diphosphates, and phosphoglyceric
acid, Yet when the hsphue were supplied with C‘u"‘.';!:a vhile simultaneously oxidizing
glucose, partly via fructose diphosphate, activity appeares in the sugar mono-
phosphates but not in the diphosphates. These results appear to be particularly
gignificant with regard to the physical separation within the cells of different
metebolic pools of the same substances, and they suggest that there must be two
pools, at least of phosphogluconate and of hexose mounophosphate, to acecount for
the absence of label in hexvse diphosphate. Other work with . pyrenoidoss

( Moses, Holm-Hansen,Bsssham and Calvin, 1959) has also sufgested that pools of
respiratory and photosynthetic intermediates are not in a state of rapid equilibrium,
even though many of the substances in both systems are chemically identicel.

These conclusions appear to be relevant in the fimdings of Lyneh and Calvin
' (1953) with E. gracilis. There, oo, C-* from ¢, entered the hexose monophos-
‘ phates very rapidly, and uttie variation in the percemtage of the total fixed clh
which was present in the hexpse momophosphates was spparent in the pericd frem 5
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to 40 min. Purthermore, no activity was present in the sugar diphosphste ares

on the radicsutogram of dark fixation of carbon dioxide in B. graeilis (Lyneh and
Calvin, 19%3). It seems reasonable, therefore, that the initial carboxylation into
hexoses in the dark in §. gracilis, like Z. moelleri, may be via phosphogluesonic acig,

and not by carboxylation of ribulose diphosphate to yleld phospboglyceric acid.

SUMMARY

An investigation has been made of the nonphotoeynthetic uptake of clkﬁa

by the algae Chlorella pyrencidosa and Nostoe musecorum, and the mould Zygorriymchus

moelleri. In both the algae the entry of carbon dloxide in the derk was primarily
by carboxylation of pyruvate to organic acids in, or clese t0, the eitric acid
eycle, Trecer eppeared after about half an hour in phoephorylated sugars, probe
ably by a reverazal of glycolysis reactions.

While carboxylation resctions leading to amino and organic scids alsc were
prominent in the fungal hyphae, the first labsled phosphate observed was phospho-
giuconic acid, which made its appesrance as early as 4 seconds after the addition
of labeled carbon dioxide in the cells: this was the shortest period studied. Clh
appeared in the hexose monophosphates without first being present in the hexose di-
phosphates or phosphoglyceric acid. Very little Clh was seen in phosphoglyceric acid
after 30 min, and none at all in the diphosphates. It is conecluded that clhag was
incorporated into hexoses by carboxylation of pentose phosphate to §-phospho-3~
keto-gluconate, which was later reduced to glucose-f-phosphste through &-phospho-
gluconate. The significence of theese findings with regard to separata poole of
metabolic intermediates is discussed.

Another significant difference between the fungus and the algee wes the large

1k
emount of ¢ which, 1n the fungus, appeared in several nucleotides.
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14
Barlier investigations of the dark fixation of € 0, by Euglens gracilis
(Lynch and Calvin, 1953) have been considered in view of the present studies,

and alternative conclusions from those orifimally proposed have been suggented,
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TABLE 1
Fixation of labeled carbon dioxide in the dark by Chlorells pyrencidosa

1 ml aliquets of cell suspension, cﬁntainins 0.033 ml of wet-packed cells,
incbiited with 0.1 ml of 0.01687 W-NeBCl0; (40 we) for the peripds indicated.
The values given represent the percentages of the total fixed Cl% in soluble
material which were present in each compound.

Incubation pericd 19 sec 32 sec L8 sec 80 see 121 sec 183 zec 1800 se
Sugar monophosphetes 1.2
Triose phosphat 0.59
Phosphoglyceric seid 0.80 0.40 0.47
Phosphoenolpyruvie acid*+ O.1k
Uridine~phospho-sugar¥e. 0.95
Melie acid 27.5% 22.3 19.4 18.3 13.3 1.3 15.7
Citric scid 10.1 6.5 7.0 3.8 k.5 3.9 1.8
Fumaric scid 1.8 6.9 3.3 3.0 3.6 3.0
Buceinic mcid 1.7
Glucoge*# 1.0
Aspartic acid 0.4 50.7 b5,5 56.2 58.2 55.6 28.9
Glutemic acid ‘ 8.8 5.9 9.3 11.9 35.2
Alanine 21.9 18.8 1h.5 1h.6 11.0 10.h4 2.0
Serine plus glycinew¥¥# 1.1
Unidentified substances 8.1
Total ¢1% rixed in sol-

uble materials (dis/min/ml cells

x 1077) 0.089 0.245 0.377 0.597 0.82¢2 1.88 iz.1

# Separate experiment
**  Jdentity not confirmed by cochromatography
e Not separated chromatographically
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TABLE 2
Pixation of lasbeled carbon dioxide in the dark by Rostoc muscorum

1 pl aliquots of cell auapemi , containing 0.033 ml of wet-packed cells,
incubated with .1 ml of 0.01687 EM (%0 pe) for the Eeri@ds indisated. The
values given represent the perceniages of %h total fixed Cl% which were present in

each cempound.

Incubation period 3 sec 10 sec 30 sec 60 sec 180 sec 1800 sec

Sugar monophosephates 1.5 5.Q
Pentose phosphates®* 1.8 1.2
Phosphoglyceric acid 1.8 1.1
Phosphoenolpyruvic acid* 0.21
Buerose 2.2
Melic acid 0.91 0.30
Citric acid , 4.8 1.8 2.5
Aspartic acid - 100.0 100.0 100.0 95.2 80.2 k.5
Glutamie acid 4.8 2.8
Alanine 1.4 2.3
Glutamine 1.3 1.7
Threonine 2.8
Citrulline .1 7.0
Unidentified substances 0.79 8.8

Total ¢t* fixed in
solubié materials {ais/min/ 0,0235 0.008% 0.034 0.185 1.59 k.50
ml cells x.1079)

* TIdentity not confirmed by cochromatography
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TABLE 3
FPixstion of labeled carbon dioxide by Zygorrhynchus moelleri

: 5 ml aliquots of cell suspension, containing 0.25 ml of wet-packed cells,
incubated with 0.25 ml of 0.01667 M~-NeBcl%o, (180 uc) for the periods indicated.

. The values given represzent the percesntages a8f the total fixed C1# which were present
in each compound. Glucose concentration, 0.022 M.

Incubation pericd (see) 4 11 30 80 105 180 1800% (1800*
plus
glucose)

Suger monophosphates* 1.2 0.59
Phosphoglyceric acid 0.8 0.05
Phosphoenolpyruvie acid 0.8 0.2 .02 C.3 0.07
Phosphogluconie acid 0.9 1.1 8.5 1.1 .h Q.2 C.1 0.23
Uridine triphosphate 0.4 1.1 1.0 .01
Uridine diphosphoribose
{plus inosine triphos- 0.7 2.0 5.3 4.0 1.3 0.23
phate)
Uridine diphosphoglusose Q.1 1.2 1.8 1.3 0.31
Adencsine triphosphate (plus
uridine diphosphate) 0.3 2.7 bk 2.8 1.0 2.3
Adenosine diphosphate G.39
Nuelectide diphosphateghs 0.5 0.7 3.1 k.9 21.5 8.0
Unidentified nuclecside
monopbosphate ‘ ' 0.8 1.0 0.8
Naltose 0.8 0.5 0.3 0.2 1.2
Fructose 1.5 3.0
Sueroset s , 0.40
Helic acid 23.6 21.2 11.3 14.8 9.0 8.0 6.6 ksl
Funaric acid 6.0 1.0 2.3 1.b 1.8 0.9 4.0
Suceinic acid 1.1
Aspartic acid 2.6 k0.9 51.5 k8.9 k9.5 19.9 k.1
Glutemic aeid 2.2 3.3 L.k 5.1 20.5 13.8
Serins plus glycine 1.0 2.0 3.3 3.9 0.85
Threonine 2.2 0.7 1.3 2.3 2.3 g.38
Alanine 3.5 5.9 8.0 k.2 2.3 0.52
Proline 0.4 0.5 0.k %
Yaline 0.6 0.k 0.3 3.k 0.30
Glutamine 0.8 0.7 3.8 b L
* Pitralline 6.2 1.2
~ Tyrosine 0.08
Histidine 1.8
Unidentified substances 0.5 3.9 3.5
Total (1% fixed in solu-
ble materials gdis/min/ :
ml c¢ells x 10™7) ) 0.183 0.965 3.38 14.8 k4.3 8r.2 103 11l

*  Separate experiments
¥% Contains monophosphates of glucose,fructose, and possibly sedoheptulose
#¥%# Contains diphosphates of inosine,uridine, and guenosine  ##¥% Identity not confirmed by

PO N s Al el e
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Figure 1. Dark fixatlon of labeled carbon dioxide by C. pyrenoidosa.

Radiceutogram of extract of Chlorella cells incubated in the dark for
30 min with NaHClhO3. Key to abbreviations: FPEP, phosphoenolpyruvate;
P3A, phoephoglyceric acid; Bugar mono-P, sugar monophosphates; Triose-p,

triose phosphate; UDPG, uridine diphosphogluccse; UDPR, uridine diphosphoriboses
UK, unidentified, ' !
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PROPIONIC ACID-
. WATER

N. MUSCORUM

30 MIN.. DARK: -
WITH ™0,

[PHENOL-WATER
———T1

ZN-1985

Flgure 2. Dark fixation of labeled cerbon dioxide by N. muscorum.

Radiosutogram of extract of Nostoc incubated in the dark for 30 min with
1k v '
NallC 03. Key to abbreviations: Pentose-P, pentose phosphates; 8ugsr di-P,

sugar diphosphates; others as in Figure 1.
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ZN-1981

Figura 3. Fixation of lebeled carbon dioxide by #. moelleri.

Radicautogram of extract of Zyzorrhynchus cells incubated for 30 min, with Naﬁcluo3.

Key to numbers; 1, uridine triphosphate; 2, uridine diphosphoribose plus inosine
triphosphate; 3, phosphogluconate; 4, phosphoglyeerats; 5, phosphoenolpyruvate; 6,
uridine diphosphoglucose; 7, sugar monophosphates; 8, nucleoside diphosphates; 9,
edenosine triphosphate plus uridine diphosphate; 11, unidentified; 12, unidentified;
1k, maltose; 15, sucrose; 18, serine; 1T, glycinej 19, unidentified; 20, glutamine;

21, eitrulline; 22, alanine; 24, tyrosine; 25, proline; 27, valine; 29, glutamic acid;
32, malic acid; 34, unidentified; 35, fumaric acid; 36, ecltric acid; 37, aspartic acid;

38, threonine; 39, succinic acid; 40, phosphoglycollic acid; 41-50, unidentified.
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Fizure 4. Fixation of lsbeled carbon dicxide by Z. moelleri.

Radiloautogram of extract of Zygorrhynchus cells incubated for 165 sec with

14
NaliC 03.'Chrsmatogram developed for 2h hr with phenol-water, and for 20 hr
vith n~butanol-propionic acid-water in order to spread the phosphate area.
Key to abbreviations: ADP, adenosine diphosphate; ATP, adenosine triphosphate!

ITP, inosine triphosphate; UTP, uridine triphosphate; others as in Figqu 1.
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Figure 5. Fixation of lebeled carbon dioxide in the presence of glucose by Z. mo

L
todtoautogram of extract of _Zymorrhynchus cells incubated for 30 min witn Nazicl T

(]

in the presence of unlabeled glucose (0.022 M). Key to mumbers: 10, adenosine
dlphospbate; 13, unidentified; 18, histidine; 23, unidentified; 6, unidzntillei;
=3, unidentified; 30, unidentified; 31, unidentified; 33, unidentified; rest sz

in Pigure 3.





