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CARBON DICXIDE FIXATION BY MIGROORGANISMS
Victoria H. Lynch and Melvin Galvin
Radiation ILaboratory and Department of Chemistry

University of California, Berkeley1

ABSTRACT
July 24y 1951

Resting cells of eleven microorganisms were exposed to radioactive
carbon dioxide for 40 minutes. The radioactive compounds formed during ‘
this time were separated and identified by paper ch:omatography.

| Resting cells of Lagighﬁgillna_;gﬁgi fixed no carbon dioxide and
growihg cells fixed carbon dioxidg primarily in malic and aspartic acids.

A1l of the radiocactive compounds formed could have become radioactive

by reversal of known decarboxyiation reactions.

”

(1) The work deseribed in this paper was sponsored by the U, S, Atomic
Energy Commission.




UCRL-1411

CARBON DIOXIDE FIXATION BY MICBDORGANISRS o
_ Victoria H. Lynch and Melvin Calvin
_ Radlatlon Laboratory and Department of Chemlstry .

University of Callfornla, Berkeleyl

The place occupied by_the:photosynthetic meqhaﬁism‘of energy conversion
in the stream of biochemical evolution haé been thé subject of considerable
speculatipn, (Van Niel, l§49; Blum,,;937) It is clear, however, that in
order to establish such a place, a more or less definite notion .of the
nature of the entire evolutionary gtfeam is‘necessgry._ In fegent yeérs_the
idea that the gtream isvflowing in,thg direction_of the‘loss of synthetic
biochemical abilities has gained a special prominence,_particularlyias a
result Qf 1§boratqry gxperimentgtionla§ well as the observation of naturally
occurriqé“sxstemgg _(Bead;e, 1945; Tatum, 1946; Knight, 1950) Such a view
quiteJciggr;yfplaces,the photosynthetic mechanismAvqry near the_beginniﬁg,.;
However,_é?varietyvpf very powerful arguments have been adduced (Oparin, 193§
Haldane,_;934)tagains£ the sudden appearance of the very complex, campletely
autotrophic,organism céntaining,extrgme;y’inyolved biosynthetic sequences in
an essentlally 1norganle world ’ ‘.

. A mechanism has been proposed (Horow1tz, 1945) for the evolutlon of these |
very 1nvolvea‘blqsyntheth_sequences_leadlng to complex comppupds by the
gradual acquisition of_;ypthgtic'abilities, ZSuch a view of the evolutionary

stream_wQuld,Vof gdurse, place the photosynthetig,energyvconvepting systém

(1) The work described in this paper was sponsored by the U. S, Atomlc
Energy Commission.
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near the top or the end rather than at the bottom of the scale or near the
beginning of the stream. It seemed to us not wireasonable to suppose that
the entire evolutionary stream consists of both types of change, the one
involving increasing bicsynthetic abilities being’the earlier leg, leading
 ultimately to completely autotrophic organiéms, and the other involving the
loss of biosynthetic abilities being a second leg and becoming the major
direction ¢omparatively later én the evolutionary time scale,

The fossil record that is left to us is, 6f'éOUrsé9 of very recent -
origin on such a.scaleo Presumably we have no direct.geologiéal record of
the events on the rising leg of such a streame It is, however, conceivable
that some heterotrophic organisms alive today might represent stages on the
rising leg, and the pfdblém becomes the one of seeking to find criteria to
determine whethér or not such an organism fepresents a precursor td an
autotroph or a product of the loss of synthetic'abilities'fromvan autotroph.

The availability of methods, paper chromatography and radicautograrphy,
of observing the ability of aiwide variety of:organiéms to fix carbbn'dioxide
into organic compounds and to determine the nature of the organic compounds
into which this carbon had been fixed suggested its use as a criterion for
the classification of these organisms. The study herein reported was under-
taken to determine the compounds in which carbon dioxide was incorporated in
the dark by a variety of organisms, They were chosen to try and be représehtaa
tive of both the plant and theé animal world and both heterotrophic and duto-
trophic. The generallproeedure was to expose a sample of the orgéhisms'to
radioactife carbon dioxide and then analyze the fixed'carbén by means of paper’
chromatogrépny.. |

AW
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- Experimentel
Each'organism was grown in an_abpropriate médium and harvested while sub-
strate was still pfesent an@ the cells were actively dividing.
Cell_sﬁspensions‘of-Hanseng;g gggg;;gbénd Tetrahymena geleii were pre-
pared in the following manher,. The cultures were cehtrifuged and washed once
with distilled water and lmle of packéd-cells suspended in 100 ml, of dis-

tilled water. 7.2 M NaHCO containing 4, ¢8 BC- of 014 was added to the

3
suspension and shaken occasionally. After 40 minutes the suspension was
poured into 400 ml. of ;oiling_alcohol‘,_The total amount of activity fixed
in nonwvolatile products was determined'immediatelj on the entire suspension
and the amount of activity in soluble:non-folatile compounds measured after
filtration through celites o | N |

Cultures of Allomyces arbgggulg.and Blgstogladia_gginggheimeii_were har-
vested by filtration and the mycelial mats washed with water. Care was '
taken to prevent the mat from becoming éomplétely dry. 1e7 g of mycelium
was then suspended in 100 ml. of water and treated as described above for

+ Tetrahymena and Hansenula. . Only.the alcohol extractable aétivit& was deter-
mined because of the difficulty of countirg the mycelium. -

One ml., of Azotobacter agilis cells was suspended in 1/ ml, of water,
lloﬁjJM;NaHCOB cénﬁaining 71°7I+C~Cl4>wére added and the suspenéion shakgn
constantly. , After 40 minutes thé mixture was dumped into 56 cc. of boiling
ethanol, The;activity of the>suspén$icn wés_determined_before and after
filtration through celite. Gellvsuspeﬁsions that were not shaken fixed

little activity.
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Two obligate anaerobes, Butyribac t‘eriﬁmfivettger; and Clostridium kluyveri, J
were treated in the followingmannerz’ -1 ceo of unwashed cells was resuspended
in 5 ml. water and placed in & Thunberg tube, A solution containing 14.4 KM
' NaHGOB' and 89,6 HC of G'u’ was placed in the:side army frozen in 1liquid nitro- |
gen and the system evacuated. The- Na'HGOfB’ solution was then thaved, mixed with -
the cells and the solution shaken for AO minutes. - The cells were ‘then killed o
and extr;cted with 20 ml, of boiling ethanol, - The solutibﬂ was filtered
through celite and concentrated to 2 ml. - - |

One ml, of washed cells of Physarum polvcevhalum was suspended in 3,5 ml.

of water and 3.8 MM NaHGOB containing 40 HC of 014 added, ' After 40 minutes

the cells were killed with 15 ml. of boi}ling ethanol and filtered. -

Three photosynthetic algae, Scenedesmus 'P‘B’ Ch
Synechococdcus cedorum, were exposed to carbon dicxide in the dark. One mle
packed célls was suspended in 100 ml. of distilled water, the flask covefed ’
with aluminum foil and placed in a completely dark room. A solution contain-

1

ing 7,78 KM NaHCO., and 48.5 HC C  was’ added to the ‘algae in- the dark, shaken -

3
and after 40 minuﬁes in darkness the algae were killed by dumping in 400 ml.,.
of boiling alcchol. The total amount of activity fixed into non-volatile
compounds was determined before and after filtrations

A1l of the filtered solutions were"c»onéé'ntra‘bed in vacug to 2 ml. and
aliquots chromatographeds - & solution cq'ntéai"ning 'ﬁh‘e 80% ethanol extractable
material from 100 mg. wet weight of ‘cells was found to give satisfactory N
_chromatograms with all organisms. Iwo-dimensional descending paper chroma~ - .
tograms using water-saturated phenol as the first developing splv'ent and

butanol-mropionic acid-water as the second solvent were prepared.
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The radiqéctive-compqunds présent.werg determined by qxposing the chroma-
tograms to "No Screen” X-ray film. Aftér }pcafion:of.the radioactive areas with
the radiogram, the amount of activity in each spot wﬁs determined by placing a
thin window_Geiger—Muller counting tube over the spot.. Radiocactivity measure-
ments from duplicate chromatograms agreed within 5%

| The,resul?s‘gre shown in Table I,..The:amount. of carbon dicxide activity
fixed:éﬁring 46 ﬁinﬁtes is reported as counts per minute per ml. of packed
cells. hSlnce each organlsm will have different packing. characterlstlcs and
varying concentratlons of 014 were usedy no dlrect comparlson should be made
of theﬁamognt:of capbon dioxide fixed by different organismsgwwrhevactiVity
of each cpmpoﬁﬁd;isrggﬁmessed‘as;thexperlegntvof'thé total soluble non-
volatile accivity. | - |

; R?§ults_;1;. | _

The compounds containinngixed_carbonﬁdiqxidé'may héverbéen produce& by

exchange reactions or may represeﬁt;a,net,éynthesis. No attempt was made to

determlne by what reactlon each compound was. formed.

The data obtalned from radlograms of the .extract, are only for non-

B

volatlle, soluble compounds.u»Carbon dlXmde incorporated into cellular mate-
rial such as protelns and complex polysaccharldes would not be detected, The
difference between total activity fixed and the 80% alcohol eytractable
material would“give a measure of the amount of carbon ‘dioxide incorporated.
into celluléf ﬁatepi;l, Thls varies from A% in Tetrahymena geleii to 5% in
Azotobacﬁephggiiggo The alcoholaextract of Azotobacter agilis also con~

tained a con31derable amount of polysaccharldese. The two water molds,

;;ggxges ar gggg; and ;g§tgclgd1a gglnggheimll also flxed carbon diox1de =
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into polysaccharides. Fais are extracted by the 80% ethanol znd would appear
on the chromatograms, No radicactivity was found in fats of any of the
organisms.

" Volatile compounds would not be detected as they would be removed dim-

ing the plating operations, the vacuum concentration and the chrométographicf

procedure. A striking example of this was’with extracts of Butyribacterium
retigeri where a cohciderabie amount of radicactive acetic and butyric acid
wag formcdﬁ With the chromatographic solvents used these acids were lost
durlng devel<omenu of the raper chromatograms.

With Hangenul a agg 1a, an ox1dat1ve yeast, 75% of the fixed activity
was found in- aspartlc, glutamic and succinic acids. Alanine, malic and
citric acids were other compounds having measurable activity. |

The proﬁozon, Tetrahymena geleii, fixed 63% of the carbon dicxide
activity in succinic acid. This is in agreement with the results of
Vén:Niel,uggog;. (1942) who foundAﬁhat resting cells of this orgainsm
fixed carbon dioxide in succinic acid during'the fermentation of glucose.

The two water molds, é;gngxggg g;ﬁgggg;g and Q;ggggg;géig g;;ggéggig;;
Formed maiﬁly radicactive as}artic aﬁd glutamic acids, Relativc smaller
amounts of radioactive succinic acid was formed by these organisms (See
Cantinoe 1949). | | o

ﬁoré than half, 59% of‘t*e activiﬁy fixed by Azotobacterigg;l;g was
found in insoluble cellular material. Of the soluble act1V1ty, 5% was
found in coppounds whlch are probably complex polysaccharldes. Hydroly31s
of these compounds with 1 N hydrochloric acid for 30 minutes at 100° gave
01ucose and another unldentlfied compound. This compound is not an ac1d

degradation product of either glucose or fructose.

1y

W/
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The anaerobic bacterium, Bgtx;ibagtgium Tettgerd, during fermentation
of lactic acid flxes carbon dioxide in acetlc and butyric acids. (Barker and
Haas, 1944) The resting cells of thls experlment also fxxed carbon dloxide
1nto acetic and butyrlc acids. Of the non—volatlle compounds formed9 the
magorlty of the activ1ty was in mallc acld and tyros1ne and phenyl alanlneol
No act1v1ty could be detected in alanlne. ‘ v _ »

Another anaerobe, Glostrldiug k;gzzg;_, fixed 78% of the amtivity in
-alanlne... ' . ,

A slime mold9 ggxgg;gg pg;x__pga_gm, flxed carbon dloxide malnly in |
aspartic, glutamic, malic and cltric acids. ‘ 4

" The pattern of carbon dioxz.de fixation in  the dark for the 'bhree algae
examlned was s1m11ar to that for the non-photosynthetlc organlsms._ The prln- v
cipel compounds labeled were aspartic, glutamic, suceinic and mallc aclds.
None of the phosphorylated compounds formed by carbon diox1de flxatlon in
the llght were observed. _ 7 o

Lagtgbagll;gg gggg; dlffered from the other organlsm in this study by
its very slow rate of carbon dioxide flxation._ Restlng cell suspensions of

Laotobacillus casel from 24 houwr cultures did not fix any measurable améunt

of earbon ledee durlng a 40 mlnute exposure. (See Glbbs, 1950) Therefore
the organlsms were grown in the presence of radiocactive carbon dioxide,
.5J$M carbon dlXmde containlng 71.71*6 carbon 14, for 16 hours. The

total amount of actlvity flxed in the cells and supernatant was 88,000 cts /mln.

Of thls9 4000 counts were 1ncorporated in the cells. Over 90% of the activ1ty

in the supernatant was found in one compound, mallc acid, The aotlvity ,
of the cells was in water insoluble materlals. 6N acld hydroly81s at 100°

for 8 hours gave one radioactive compound, aspartlc acld.



 _10- UCRL-1411

Dis. 5LS,,£:,av:.t

It is clear from the foreg01ng results that the original purpose of the
search has not been fulfilled, that 1s, a criterlon for the distinctien between
anlorganism lying on the r131ng leg and one lying on the falllng leg of the
biochemical evolutionary sﬁream is not.anparento Qulte the contrary. Thevpaté
tern of dark carbon dioxide fixation seems to be very much the same in all the
\organisms so far tested, and leads to a conclusion of the s1ngle origin of all of
these biochemical systems in much the same way as the generalized Vitamin B

nutritional requirements do. ‘This is particUlarly true for Lactobacillus ¢

vhere its inability to fix carbon dioxide corresponds to its fastidious mutri-
‘tional requirements; | . : |
Furthermore, the pattern of compounds into which carbon dicxide is incor-
porated is most readily’and simply acconnted for by the universal existence of
a single, wellmestablished reversible carboxylation reaction of pyruvic aCld
‘leading to oxaloacetic acid and malic acid. From these, via the wellmknown
reactions of the tricarboxylic acid cycle, £ogether with a few transamination
reactions, the carbon could be transported into practically all of the com=
pounds which we have observed, | ) |
The'tWO most noticeable differences from the-average.carbon.distribution
are the small amount of glutamic acid fonnd.among the bacteria, togefher with
the apparently larger quantities of tjrosine.and phenylalanine found in the |
anaserobic bacterium, Butyribacterium rettgeri. It is quite possible that fur- 1_‘*.?"’
ther more‘extensive and precise work on the aistribniion pattern night lead
to systematic differences capable;of classification utility. In this‘con-'
nection it should be mentioned that Egglggébggggglig'hasrbeen run and found
to produce a pattern distinectly differenﬁ fromvtnose herein‘reporiedo' It

will be discussed in a forthcoming publication,
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Summary
Resting cells of eleven bmicroorgéhisms were exposed to radioactive car-
bon dioxide for 40 minutes.  The radicactive compou_nds_ formed during this
time were separated and 1dent1f1ed by paper chromatography. ‘
Resting cells of Lactbal

u casel fixed no carbon dloxide and growe-

ing cells fixed. carbon dloX.lde primarily in malic and. aspartlc acldso
A1l of the radicactive compounds formed could have became radloactive
by reversal of known decarboxylation Teactions.

We gra'tefully thank Dr. H Ao Barker for supplymg cul‘bures of

Azotobacter aglllg and Clostridium kluyveri, Mr’o L P:Lne for But-glbacterlum

rettgeri, Drs R, E, Emerson for Alloymees arbus wlg and laétog ladia

oringsheimii, Dr. Je 0o Thomas for Ietrehymena geleii, Dr, J, Tabachnick

for ansenggg aatnoma‘l.a.3 Dr, K. Hok for Physar @;z ephalum and Dr. M. B.

s cedorum, Their generous assm‘ban\,e made ‘this

comparative study possible.
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TABLE I
. 1 .
Organism C 7 Activity
cts/min¥*
" Total .Soluble
1, Hansenuia - : :
anomala 152,000 132,000
. 2o Tetrahymena
geleii 494,000 476,000
30 Allomyces
arbuscula o 1004000
L. Blastocladia .
pringsheimii - 52,000
5. Azotobacter K |
agilis 260,000 106,000
6o Butyribacteriﬁm.‘ SR
~rettgeri s 92,000
7o Clostridium
kluyveri s 755000
8, Physarum g
polycephalum ——— 18,000
9. Scenedesmus D, 600,000 371,000
10, Chlorella
pyrenoidosa 103,000 71,000
11, 8ynechococcus
cedorum 36,000 25,000

(#) Counts per minute of actiXity fixed by 1 ml. of
packed cells exposed to C

O2 for 40 min,

(3
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Table I (cont1d)
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h Rédibécﬁivé Gﬁmédﬁnds'fbrméd“
% of total non-volatile soluble activity
Organism
’ o - 15} e
or{ og O o ) ©
ﬁ 3 ‘ °§ . ord 0 orc-i) a.?a' Y
i 1F |3 19 (B 1% |d
S ®m ~ = S ord !
<¢ (@] - 0 g e 'ﬂ (=
11. Hansenula. “ . A . .
: anomala 25 25 12 26 .} 6 o -
2, Tetrahymena | :
geleii A 13 5 163 8 s 2 1
3. Allomyces :
: arbuscula. . : 22 13 2 4 6 — 2
4o Blastocladia _
pringsheimii - 32 28 O0.4) 5 15 2 5
5. Azotobacter : : -
agilis i 8 A s 1 18 .
6., Butyribacterium .
rettgeri 5 6 - e 23 - -
7. Glostridium | |
kluyveri 5 2 78 - 1 e e ey
8. Physarum -
polycephalum 20 13 o e 2L | 11 e 7
9. Scenedesmus D3 34 L e VO°7 7 :14 m%' 004‘
10, Ghlorella : ' - | B
pyrenoidosa . 10§ 43 4 7 21 = 5
1 Synechoéoccus B K _ .
cedorum ' 15 | 36 s 18 '} 16 e - 2
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Table I (cont?'d)

Organism

, -Radioactive Compounds formed
% of total non-volatile soluble activity

Glycine

Glutamine
Asparagine

Poly% -

saccharides

Tyrosine

Phenyl
alanine

1.
2o
3e

bo

7o
8o

9
.;[_O°

11 .

Hansenula
anomala

Tetrahymena
geleii

Allomyces
arbuscula

Blastocladia
pringsheimii

. Azotobacter

agilis

Butyribacterium
rettgeri

Clostridium

kluyveri

Physarum
polycephalum

Scenedesmus D3

Chlorella
pyrenoidosa

Synechoccus
cedorum

R4

54
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