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INTHODUCTION

Intermedlary metabolism is concerned with the chemical
ard physicel changes associated wilith tle assimilative and
dissimilative processes taking place in the living cell.

In the last several years, the use of isotopes of carbon
and nitrogen has greatly supplemented the usual biochemical
technics applied in studlies on lntermedlary metabolism.

The discovery in 1935 by Wood end Werlman of the assimi-
lation of carbon dloxide by the propionic acid bacteria has
gince been further lmvestigated and extended to many other
heterotrophlc bacteria and enimal tissues by the use of the
heavy carbon lsotope (C*3).

In this thesis studies wlll be described of the dlasimi-
lation of citric acid and glucose, and the assimilation of
carbon dloxlde by certain heterotrophic bacterla particularly

Streptococcus paracitrovorus and Aerobacter indolomzenes,

txperiments will also be described relative to the utiliza-
tion of acetic acid containing the heavy carbon lsotope by

Aerobacter indolozenss.




IIISTORICAL

Fermentatlon of citric acid

Brewer (19539) hags presented a comprehénsive review
of the dissimilation of citric aclid by bacteria, cdnse—
quently only those references which pertaln more specifi-
cally to the present investigation will be dlscussed here.

Deffner (1838) studied the anaeroblc breakdown of
citrate by an unclassified bacterium isolated from beer
ysast, and reported that the citrate molecule was split
into oxalacetlc and acetic aclds. Oxalacetate waa reduced
In part to succinate or furthor decomposed to formate,
acetate and carbon dioxide. The overall reaction was
proposed as follows:

4 citric acid —> 7 acetic acld + 5 COg; + formic acild

+ sucelnic acid

Brewer and Werkman (1959) reported on the anaerobic

dissimilation of citric acid by Aerobacter indologenes.

The fermentation obtained was similar to that announced

by Deffner, except that a small amount of lactic acid and
of 2,3-butylene glycol, and a trace of acetylmethylcarbinol
were also found. A scheme of dissimilation was presented

which proposed the occurrence of oxalacetate and pyruvate



B

as Intermediate compounds.
Deffner and Franke (19389) identified the organism used

previously as B. lactis-serogenes. Thelr results agreed

clesely with those of Prewer and Werkman (1939).
Brewer and terkman (1940) investigated the fermentation
of a combined substrate of pglucose plus cltrlc acid by

growing cells of Bireptococcus paracitrovorus in a yeast-

extract medium. The products obtained were CO,, formate,
acetate, ethyl alcohol, 2,3-butylene glycol and lactate.
Pyruvlc acid was isolated and su;gested as an intermediate
but owing to the use of a mixed substrate, proof as to its
origin was not concluasive.

S. paracitrovorus is unable to utilize cltrate as

sole source of carbon for growth; however, in the presence
of readily fermentable carbohydrates, the acid is rapidly
attacked. 'This fact wasg Cirst reported by ¥nudsen and
Sorensen (1923) and later by iucker and Pedersen (1932).
Thus nrevious attempts made to study the mechanism of the
dissimilation of citric acid by thils organism have been
complicated by tlhe presence of additional carbon sources.
rammer and his coworkers (1935) have shown that the

addition of citric acid to milk cultures of 5. paracitrovorus

resulted in large lncreases in the C, compounds, diacstyl,
acetylmethylcarbinol and 2,3~butylene glycol. The concept

was advanced that the latter compounds originated from citric



acid owing to the action of $. paracitrovorus. In order

to obtain more evidence for this proposal, Slade and
Yerlman (1241) prepared cell suspensions of the latter
organism wirleh nod been grown on cltrate plus lactose, and
were able to study the mechanism of the fermentation of
citric acid in ti:e absence of other carbon sources. It was
later found (Slade et al., 1942) that assimilation of CoOp

occurred during this fermentation.

Agsaimilation of CO, Dy heterotrovhic bacteria

The concept of The agssimilation of COz by heterotro-
phic bacteria was first proposed by Wood and Werkman in
1935, Previous to this time the chemosynthetic and photo-
synthetic auvtotrophs were the only bacteria known to utilize
inorganic carbon. U[lese organisms are able to satisfy the
carbon requirements of cell protoplasm from COp and simultia-
neously obtain their energy by the oxidation of simple inor-
ganic compounds, sucl: as ammonia, nitrite and hydrogen sulfide.
In contradistinction to this group of organisms are the
heterotrophic bacteria which require organic carbon compounds
for growtl: and cell synthesis. It can no longer be stated,
however, that heterotropiiliec bacteria satiafy thelir carbon
requirements excluslvely from compounds contalining organic
carbon. The significent polnt of demercatlon between auto=-
trophic and s terotrophle bacteria, is the fact that the

former can form a carbon to carbon linkage in which both
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members are inorganic, while the latter organlisms are able
to form a carbon to carbon linkage in which one menber is
organic and one inorzanic.

Wood and Werkman (1935) made thelr discovery while

studylngs the dlssimilation of glycerol by various species of

Propionibacterium in the presence of CaCOz as a buffer. It

was found that the COp at the conclusion of the fermentation

was not eguivalent to the CaC0,; added, and hence the fermenta=
tlon products contalned more carbon than was present in the
glycerol. It was further proposed (Wood and Werkman, 1936a)

that COg acts as a hydrogen acceptor for the slycerol permit-
ting the formati on of oxidized products. The formation

of the ¢, compound, succlnlc acld, from the G, compound, glycerocl,
presented proof of a synthesis.

Elsden (1938) presented indirect evidence that utiliza=-
tion of COg was concerned in the formation of succinic acid.
The rate of succinate fornation by E. coli from a number of
substrates wes a functlon of the concentration of CO0g in
the medium.

Wood and Werkman (1938) independently showed by both v

serl al analysis and final analysis of fermentations of
glycerol in the presence of NalCOz, that the CO0y utilized
and succlinic acld farmed were approximately egquimolar., If
HallCO, was omitted from the medium, little succinic acid

was formed. Fwther studles (1940a) showed tlat COg was

utlilized in the dissimllati on of a variety of substrates
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by Propionbacterium. Sodium f'luoride was shown to inhibit

the uptake of carbon dioxide, and this inhibltion caused
a simultaneous decrease in the formatlion of succinic acid
(Wood and Werkman, 19400b).

It was realized at this time that assimilation of COg
by heterotrophic bacteria was, in all probability, a general
phenomenon. The suggestion was made (Wood and Werkman, 1938).
that the synthesis of ecltric acid by animal tissue involved
utilization of COz. This suggestion has since heen proved
correct,

The propilonic acld bacteria were particularly adapted
to studles on the utilization of €0y because more COg was
agsgimilated than was produced, anrd thus a definite uptake

could be demons trated by manometric methods. The majority

\.

N\
of heterotrophic bacteria, however, vroduce more CO, than Y

\

they asgimilete hence 1t is 1mpossible to demonstrats a (0,4 }
uptake by non-isotopic methods. The timely avallability /
of the radioactive and heavy carbon isotopes nresented a 4
solutlon to thias problem. It bas thus been possible to lo-
cate the positlon of the assimllated carbon in the syn-
thesized compounds, and also to extend studles to other
heterotrophic bacteria.

The flrst studies were presented by Wwood, Werkmean,

Heminzway and Nier (1940) in which C*3® was used, and by

Carson and Ruben (1940) in which C** was used. The



assimilated CO, was found to reside in succinic acid and,
in contrest to previous predictions, also in proplonic acid.
wood et al. {194C) proposed the following gzeneral roeactlon
to account for COp utilizatlon:
COg + CBzC00.000H me—= GO0, CHg.C0.CO0H
—_— , 2

Tarther atudles were nade by Wood et 2l. (1941la) with

the coliforn bacteria. The digsimilation of =alactose and

pyruvic aclid by uscherlichla coli and citric acid by Citro-

bacter intermedium was found to occur with fixation of COgh

in succinic acid. Daba obitalined in tie dissimiletion of

~slycerol by Proplonibacteriuwm were in agreemsnt with the

suzgestlon tirat proplonic acld was formed by decarboxyla-
tion of sueccinic acid comtaining fixed C*® in one carboxyl
TI'OUDe

Lo provide additlional evidence of the ubilization of
C0p by condensation with a €, compound, Wood el al. (1941b)
determined the position of the ¢*® fixed in succinle acid
synthesized by the above organisms. In agrsement with their

o s a
proposal, iixed ¢t

was found to reside exclusilvely ia the
carboxyl zroups of succinate. ‘'he succinic acid was degraded
by two methods: (1) conversion to a wmixture of fumarate and
malale by a beef heart dehydrogenase preparatlon and oxidatlon
of the latter aclds to CO0p; and acebealdehyde, and (2) oxidation
to cxalacetlc acid which was subsequently decarboxylated with

citric acid and aniline to COg and pyruvoaniline. Also,
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calculations made on the basis that the 01502 avallable for
fixation was equal to the CJ’BO2 at the conclusion of the
fermentation, indicated that the fixed carbon was located
in only one carboxyl group of succlnlc acid.

ihe guestion naturally arlises as to the mechanism
involved in assimilation of CO,. Since the reaction evi-
dently involved carboxylation, i.e., the reverse of decar-
boxyletion, the results of Krampitz and ¥Werlman (1941) are
of interest in this connection. An acetone preparstion was

obtalned from Mlerococcus lysodeikticus which catalyzed the

reaction: COOIl.CHg.C0.CO0H =————» (0y + Cliz.C0.CO0H
tlagnesium lons were reguired for the reaction, whereas cocar-
boxylase and taiamin had no effect.

The proposal of assimilation of 00, by means of the
reverse of the above reaction had been made by ¥Wood, Werk-
man, Heminzway and Nier (1940). By the use of ¢*® and the
above preparation a method was avallable to test the reversi-
bility of the reaction. The recent resuvlts of Krampitz,
Wood, and Werkman (1942) have proved that a reversible ex-
change takes place between the CO; of the medium end the
carboxyl carbon adjacent to the methiylene carbon of oxal-
acetate. No exchange occurred in the other carboxyl group
of oxalacetic acld and also little or no exchanpe took place
in the absence of the enzyme. Thus these results conati-

tuted the first direct evidence that oxalacstic acid is a
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component of the fixation reaction. Pyruvie acid as such is,

~in all probability, not involved in the reaction; tlhe sugges-

[l ]

tion of & phegphorylated pyruvic ecid seems most likely.

it tlile time our knowledge of tlw assimilatvlion of COp
involving a carbon to carbon linkage nad been limited to
several genera of heterolrophlce bacteria and the asgsimilaetion
hed been concerned onbirely with €, and €, addition. .There-
fore, it was the purpose ol the iavestigzation reported in a
paert of this thesis, to deteimine, first ths extent of (04
asgimllation among heterctiophic bacteria, secondly the
extent ol Oz and ¢, addition, and tnirdly bthe posslibly of
assinilaetion by other mechanisms. As 2 weans of galnling an
Insight into possible mechanisms of photosynthesis and auto-
trophism, it seemed desirable to obtain further knowledge
of' all types of (0g Iixetlion, particularly those involving
& carbon to carbon linkage.

The resulits of this investigetion show the existence
of assimilation of €0y by & wide varlety of heterotrophic
bacteria with formetion of & carbon to carbon linkage.
Fixation of (COgz by Cs @xd £, addition is a very general reac-
tion. The possibllity of COg Iflxetion by other mechanisms
mast awzlt further investipgation,

wWood and Werimman in 1938 made the suggestion tlhat
assintlabion of €O, may constltute a part of the Krebs!

cycle of animal tissue respiration. This cycle (Krebs and
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Johuson, 1937), wihich is a

concerned in tre oxidotion of pyruvic acid to GO,

seriesg of oxldatlve reanctlons

and

pyruvic

water, involves the synthesis of citric acid from
acid. Accordin: Lo the hest evlidence ot that tise, pyruvic
and oxalacebic aclds condenssed to form a 7-carhon

Lritermediate

compoind wiileh was decarboxylated and oxidized stepwlsne to
citric, isoclitric, a-ketogluturic, succinic and oxalacotic
acldsy thwuz the cycls was completed and one moleculo of zyru=-
vic aeld was oxldized to 005 and water.

vang and Slobtin (1240) smnounced the utilizatlon of
G0s In the synthesis of a=imwboslubtaric acid by pi seon liver
from noruvice acid. Viood, Veriman, roaminogay oand Cdcr (1041e)
shortly afterward showed that the gsynthe ed a-lretolutarate
contained fixed carbon axclusively in the carboxyl group

ad jacont to the carbonyl group. Thls rosult eliminated the
occurrence of citric acid in the Hrehs' cyelo, otherwize
the a-ketoglutarate would have conbained Tixed carbon in

both carioxyl sroups. Laber bvens and Slotin (19
stantianted this finding. It was also found that

ths non=ketolutarate radioasctivity was relsased

[
La

by traabtment with ninbhydrin and chloramins

41) sub-

a port of
a8 D0,

mecianism

of the Ifixzation of (G0, in amino aclds may take place accord-
ing to the transamination reactions gtudied by Conen (1940):

zlutamic acld + cxalacetie aeld ==

aupartic

a~kotorlutaric

acid +

acid
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Slutanie acid + pyruvic acid == oa-"ehozlutaric acld + wlanine

Wood et al. (1942) extended thoeir previous observatlons
and found tiret the C,-dicarboxylic acids werc formed by two
mecnaniswg, one reductivo tarough tiie carbon fixation resc-
tlon, tue other oxidative by a tentative and modified XKirebs!
cycles widci: does nol involve ciiric acid. %hus tihese results
olfer direct evidence of the assimilation of CO0gx by animal
tissuoc.

Solomon et al. (1941) have reporbted some interesting
observatlons on the assimilation of C**0, alfter adminisira-
tion ol lactic acid to fasted rats. ne liver glycozen
formed was found to contaln 0.3 Lo 1.1 per cent ofl the
aduinistersd ¢**. Solowon et al. believe that C0g is
invelved in tre Cformation of phosplopyruvate Lrom the Cu-
dicarboxylic acids, and trat the phosphopyruvate 1s subse-
guently synthesized to glycogen by a reverse glycolysis. ‘the

reacition may be pictured as follows:

jast

OH H H,05P0,
C**001 . C : C . COOH + H,PO, —E28 Moon. ¢ ¢ 0 . COOH

O0P0,4 7,
-0 i1 :
—Ep CTTO0H . C ¢ CHy

Vennesland et al. (1942) have alaso found that carbon
dioxlde-carbon 1s incorporaeted in liver glycogen on feeding

clucose to fasted rats. However, with rabblt liver slices,
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assimilation of COp was not a necessary reaction in the
formation of glycogen. Although the above results and the
interpretation given are of interest, they present only a
working hypothesis for future lnvestigations, The formation
of phosphopyruvate from the C -dicarboxylic acids remains

to be proved. Also it appears that the animal must be
syntheslzing and depositing glycogen in order for fixation
to occur.

Ruben and Kamen (1940) presented qualitative evidence
showing the fixation of COg by yeast suspensions and ground
barley roots. Attempts made to identify the radioactive
compounds were unsuccessful. AL the present time little
signiflcance can be attached to such experiments.

ffos ter, Carson, Kuben and Kamen (1941) showed that

Rhizopus nipricans fixed €0z in fumarlic acid during the
dissimilation of glucose. The fixed carbon was located in
the carboxyl groups of the (Cy-dicarboxylic acid by oxlda-
tion with K¥nO,, which ylelds three moles of COg; and one
mole of formle acid per mole of fumarate. Fixed cog was
also found in citric acid formed from sucrose by Aspergil-
lus niger. According to the most prevalent theory, cltrate
1s formed by oxalacetic acld and acetic acid condensation,
thus the fixed carbon would be loecated in one carboxyl group,

as follows:
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Clg« CCOH
C*100H..Cip s CO o COOH + CHz.COOH = OH . é . ¢ooH
éHz.COOH
On oxidation of the radioactive ciltrate to three moles COp
and one mole of pentabromacetone, Carson et al. found that
the carbon dloxide contalned fifty times more radioactivity
than the pentabromacetone. Fixation of CO5; in lactic acid
by Rhizopus could not be demonstrated.

Thus at the present time it is definlitely proved that
cssimilation of CQOp takes place In plant and animal systems.
Alsé, our present knowledge limits us to the existence of a
single reaction responsible fdr assimilation of CQOg with the
formation of a carbon to carbon linkage, i.e., condensation
of €Oy and a Cy compound (pyruvic acid?). Part of tle ma-
terial presented in thils brief review has been taken from
the excellent reviewsof Werkman and Wood (1942a, 1942b).

Utilization of acetic acld by Aerobacter

Utilization of organlic aclds by mewbers of the genus
Aerobacter has been known for many years. The methyl red
test, used in the bacteriologlcal analysis of water, 1ls
based on the fact that species of Aerohacter on continued
incubation in glucose=-peptone broth will convert the organic

acids, formic and acetic, which are formed from glucose, to
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alltaline carbonates and blcarbonates. The latter compounds
thus cause a raversion of the initial acld »pl to an alkaline
pH.

Untll the report of Ayers and Rupp in 1918, most workers
explained the presence of alkaline resctlons in fermentations
as due to the formation of amaonlia or other basic substances
from protelns. The above lnvestigators found, however, tlhat
the allkaline reaction in wmilk was caused by the fermentation
" of salts of citric ecid witii the formmtion of alkaline care-
bonates. The addltion of formic and acetic aclds to fermen-

tatlons of glucose by Aerobecter, were found to hesten the

breversion to an alkeline pH. Ayers and Zupp were abls to
ahow that acetlic acld Cflirat accumulated in the fermenting
medium and subsequently underwent a sizniificant decrease
during the fermentation of zlucose. It was suzgested that
scotic acid was chanzed to bicarbonate.

The various anaerobic reasctions listed in the llterature
which aye concerned with the utillzation of acetic acid by
heterotrophic systems may be summarized as follows:

(1) reduction and condensation to acetylmethylcarbinol

followed by reduction to 2,3-butylene glycol.

(2) oxidetive condengsatlon to succinic acid.

(3) reduction to ethyl alcohol.

(4) conversion to acetoacetic acid, B-hydroxybutyric

acld and acetone.
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(5) condensation with oxalacetic acld to form citric acid.
The firat three reactions will Dbe discussed in this thesis.

The first evidence tlat acetic aclid may be converted to
2,3~-butyleno glycol was presenbted by Reynolds and Weriman in

1937. By serial analyses of fermentations of glucose by

Aerobacter indologenes, it was shown that a reciprocal rela-
tionship exlsted beltween acetic acid and Z2,3-bubtylene glycol.
The former compound was conbtinuously destroyed during the
fermentatlon whille the latter was belng formed. The reductlon
of acetate to ethyl alcohol was not suggested Lo occur because
of tiw linear rselationship between glucose fermented and
alcohol formed.

A short time later Reynolds, Jacobsson and VWerliman (1937)
prosented addltional evidence of the converslon of acetats to
glycol. Acetlic acid was added to fermentations of glucose by

Asrobacter, and it was found in comparison to the control,

that the yleld of glycol had increased, ethyl alcohol had
decreased and hydrozen was reduced to zero. It was suggested
that in the presence of a compseting hydrogen acceptor, il.e.,
acetlec acid, acetaldehyde is converted to gzlycol instead of
the alcohol. iinety-elght per cent of the increase in gly-
col above the control was accounted for by the acsetate and
alcohol utilized. Also molecular hydrogen was not activated
to serve in the reduction of acetic acild.

Mickelson and Werkmen (1938) investigated the influence
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of an acid and alksaline piH on the fermentation of glucose plus
acoblc aclid by Aerobacter. At an alkaline pi (above 6.3),
acebic oeid accumulated and the yield of glycol was reduced
in comparison to the yleld ot an acld »H (below 6.3) at which
pcebtabe was ultlilized ond glycol inecreased. Whis resulb was
attrivuted to the necessity ol free, dissociated acid and
available hydrogen for the reduction of agetats to lycol.
Under alkaline condiiions, COy; was the better hydrozen ac-
ceptor resulting in the formation of formiec acid; under acid
condlitions CO, could not compste with scetate and the latber
was reduced bto tas glycol.

Coll sugpenslonyd of fAerobacter were nolb able Lo reduce
acetlc acld in the presence of formlc acid as a hydrogen
donator, but an experiment with E. coli resulted in the
formation of 2,5~butylene zlycol from acetylmethylcarbinol
in the presence of formlic acid. |

It should be mentioned ab this time (see Mlckelson
{(1939) for review of the literature) that acetnldehyde was
congidered Ly most workers to be the principal intermedliate
in the formation of acetylmeiliylcarblnol. Direct evidence,
however, was lacking. “Thereflore, Mickelson and Werkman (1938 )
presented resulis obtained on the addition of aldehydes and
Tabtty acids to fermentations of glucose by Asrobacter. In-
creases in the yields of 2,3~-butylence glycol and ethyl alco-

hol were noted when acetaldehyde was added under acid con-



ditlons. Acetic and propionic acida when added were recduced,
resulting in increeses in glycol and a decrease in gaseous
hydrosen. Proplonic acid was reduced to propyl alcohol.
Proplonaldehyde and bubyraldehyde were likewlse reduced to
the corresponding alcohols. It was suzmzested thal acetic
acld itself does nolt enter into the formatlon of 2,3-Lutylene
slycol, but shifts tie O/R balance in such a manner so thab
other €5 intermediates are converted to the glycol.

Silverman and vierkman (1941) by the use of a cell-free

preparation from Aerobacter, were unable to sl:.ow the neces-

sity of acetaldehyde in the formation of acetylmethylcarbinol
from pyruvic acid. If acetaldeliyde is a necessary inter-
medlate, it must be concluded that the bacterial preparation
did not possess the abllity to activate the added aldehyde
under the experimental condltions.

Green et al. (1942) have recently shiown that the addle-
tion of aceteldehyde to pyruvie acid in the presence of

washed cells of Aerobacter and Eacherlchia, resulted in

large increases in the yleld of acetylmethylecarbinol and
COge A preparation was also obtalned from pig heert that
produced a slmilar effect. It was suggested that pyruvic
acid and acetaldehyde condense and that the resuliting
compound 1s subsequently decarboxylated to the carbinol,
Thunberg (1920) postulated the formation of succinic acid

by B. coll commnig by an oxidative condensation of acetic
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acide The reaction may be pictured as follows:

CHg o COOH CligsCOOH
-2H
+ R S
CHg.COOH CHg.COOH

Viood (1934) has extensively reviewed the work of
Virtanen (1925). tieland end sSonderhoff (1932) claimed
that 'starved! yeast formed succinle acld and citric acid
from acetate under aeroblc condltions. Succlnate accounted
for five per cent and cltrate ten per cent of the acetats
oxidized. Targe concenbtrations of acetate were used. The
suggestion was made that acetate was oxidized throuszh succin-
ate even though the oxidation of suceinate was only 30 per
cent ag rapid as the oxlidatlon of acetate. Clitrate was
proposed to be formed by & condensation of acetlie and
oxalacetic acids.

Wood and Werlman (1936b)suzgested the formation of
succinate from acetate in fermentations of glucose by

Propionibascterium because ylelds of COy; were in excess of

the ylelds of scetic acid. In some cases the yleld of (04
wag greater or less than that required on the basis of Cp
conlensation. It was admitted that such evidence was not
conclusive.

Stone, Viood and Werkman (1936) found that acetic and
oropionlc aclds were activated by the propionlc acid bac-

teria to reduce wethylene blue at pH 5-7. Viood, Stone



and Werkman (1937) have also shown that slisht decreases in
acetic acld and slisht increases in the yleld of succinic
ecid occurred during the dissimilatlon of zlucose by Pro-

pionibacterium.

‘Weil-HKalherhe (1937) oropossd the formation of succinate
by way of acetate condenaation from data obtained with aeveral
animal tissues. An increase in the yield of succinate as
compared to the control, was obbtained aerobically when
acetalte was added. An increese in succinate under anaero-
bic conditions was demonstrated only after the addition of
pyruvate and a-ketoslutarate.
| sonderhoff and Thomas (19%7) investligsated the metaho=-
liam of trideubteroacetic acld by yeast. Sodlwa trideutero-
acetate contalningzg 86 atoms ver cent of deuterium was incu-
bated with yeast and the succinate formed contained 40.6 atoms
par cent deuberium. It was concluded that the acetice acid
had undersone dehydrogsenation to sucecinate. Tt in safe bo
comelude that the suceinate was derived from the acetate
but the mechanism is probably more complex than simple ds-
hydrogenation, otherwlise the succinate would have contained
the same percentage deuterium as the acetate, he unfer-
mented acetate contained the same percentaze deuterium as
tke orizinal,.

It is diffiéult to evaluate the results of Sonderhoff

and Thomas. The lablllzation of organic hydrogen abtoms 18
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difficult to predict even though tle hydrozen of wuethyl
groups 18 usually considered steble and no enzymes have
been roported wiicl merely labilize carbon-bound hgdrozen
atoms without ifurther involvin; the substance in a cliemical
reaction. Confirmation by other lnvestizetors hes never
eppeared. The olher crvantitative data discussed abeove are
hardly conclugsive. It 1a evident that additional investl-
gations employing t..e isotopes of carbon are necessary be-
fore concluslive evidence of thre reaction can be obtalned.

Therefore, it can be sgaloly stated thet there is no
positive covidence for tie formation of succinmabe by acetic
acld conderisation, or the condensation of g compounds to a
C4 dicarboxylic acid. kvldence will be presented in tie
expsvimental section of thisg thesis which gtronzly indicates
the coudensation of two {g compounds origzinating from
acetlc acid to O, dlcarboxylic acld.

Reilly et al. (1920) were probebly tue first to notice
the reduction of aliphatlec acids to LHthe corresponding alco-
hols by heterotrophic becteris., Thelr worl on the ascetons-
butyl alcohol fermentation of starches showed g rapid pro=-
duction of butyric acid in the sarly stages of the fermen-
tation whicli later decreased with a corresponding increase
in butyl alcohol. This result has teen confirmed by Speake
man (1920) and Osburn, PBrown and VWerlman (1937, 1938).

With other bacterial fermentations, ethyl alcohol has



usually been considered to arise by a reductlion of acetalde-
hyde with o simultanecous oxldation of another moleculoc of
aldenyde to acetic =2c¢id (Cannizzaro reaction), or a similar
reaction with the oxidation of a molecule obler than acetalde-
hyde. HMickelson and ﬁerkmah {(1939) found tlinat acetaldelyde,
when added to glucose fermentatlons by perobaciter under alka=-
line conditions, was quantitatively convertsd to sthyl alcohol
and acetlic acid. FPropionic acid was reduced to propyl alco-
nol and e similar reaction was postulated for acetic acid,
although the gquantitative results obbtained when acetic acid
was added, do not deflinitely prove this conclusion.

Lvidence will be presented in the expsrimental section
of this thesls which proves tre reduction of acetlc acid to
ethyl alcohol. This evidence has been obtained by the use

of Cliz.C*2001 and ¢ °1z.0*%00H.

MLTHODS
General Considerations

In the experiments to be described, the non-proliferating
coll suspension technic was zenerally used. 1In this pro-
cedure, the organism 1ls grown on a favorable wedium, removed
from thls mesdium, and suspended in a nitrogen-free substrate-

buifer solution. In the absence of nitrogen, the orzanism



will not reproduce yel it will abback the added substrate,
nndey sultable conditions off c¢ell perunealility to the uube-
strate, By the uwe of call suspeusions, engywblc processes

abed with reproduction are eliwuiln:ted, lience il is

=

a8s0e
convonlent to gstudy tlhe dissimlilation ol gpecii{iz substrates
and compounds consldered to boe intermediates in ile Ureal:-
down of tlhw compound being investigated. Also the tschinic

ls well adapted to tie study of the effect of cell inbibi-
tors ond poisons on enszywmatic reactions councerned in waciterial
metabolism, Wilson (1833) has adeguately discussed the ad-
vantages of thw cell suupension tochnic.

Cell susvenslons were obtcined by centrifuzing the
bacteria from liguld medla Ly means ol eliher & Sharples or
Swedish tansle head! cenbtrifuge. he cell paste was re-
moved from tre centriiuze and tresnaferred to a sterlile tered
test tube or an Hrlemmeyer ilasik containing gzlass beads.
After addition of sterile water to the deaired concentration,
the organlsms were resuspended and an allqguot removed te the
experimental flask. The concentravion used was generally
2 por cent, calculated on a welght-welight basis. In the
case of solid medla, the cells wera removed by scraping the
agayr sgu face with a rubder policomen in the presence of &
little water; the suapension was thon flltered through ;lass
wool and centrifuzed.

In the above procedure astrict asepsis waa nob practised,
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however, pgross contamination can be prevented by the obser-
vance of the seneral princlples of bacteriological teclinice.
An incubation period of geveral days does not reyuire a

cell preparatioan harvested under aseptic conditions, provided
the remaininﬁ congbituents of the reaction mixture are steri-
lized, nhowever 1 lonzer incubation periods are required
greater care must be exercised.

The growth media employed witl: the vuarlous bacteria will
be descrived in the respective sections to follovw. In all
cages 10 per cent by volume of tap wabter was used. Acidic
substrates were brought to neutraliity withh HaOd befoxe
storllization. All materials were sterilized at 20 1lbs.
pressure for a period of time depeniing on the amount of
mediume. Because solutions of K HPO, and KlizP0, attack
carboliydrates during autoclaving, the phosphate bulfer
solution was sterilized separately and added to the medium
at the time of inoculation. Brom-thymol blue was used as
an indicator.

Actively growing cultures, elther in liquid media ov
on agar slants, were used as source of inoculum. Purity of
the cultures was checked at periodic intervals by the (ram
staln and other characteristic tests.

All experimental reactions wers carried out under an
atmosphere of nitrogen. All comstituents of the reaction

mixture, Ilnscfar as possible, were autoclaved at 2C 1lbs,



preagure or 30 mimates. Pyruvic acid was sterilized by
Seltz filtration. Oxalacebic acid was added to ths reaction
mixture witiout stverilizatlon since it is guite unstavle.
Phospnate buffer mlxtures in a {inal coucentration of approxi-
mately 0.1 » were _:enernlly enployed. A councentration of
substrate was clwosen 8o vaat complete fermentution was reason-
ably assured, trus thie determination of uﬁfermented subgbrate
was avoeided.

in ~eneral, thae ekperimcnts were of Lwo types: (1)
manomebtric and (2) non-manomebric. In Lotl. cases wicro-
and macro-tecinics wers uwgsed. The mlcro-manometric experl-
ments were conducted in a manner similar to tlie usuwal Varburg
tecunic, 4n incubatlon temperature of 30° was used in all
cages. The stbatrate and bulfer were placed in the maln
cioamber of tiw manometric flusk, and the cell suspension
and any otner additional constituent of the rcactlon mix-
ture, were placed in each of two side arms ol the vessel.
Wien 1T was unecessary to absorb evolved CO0g, 40 per cent
NaQH was pleced in the alkali chamber of the wWarburg {lask
plus folded filter paper to increase the absorbing surface.
The total volume was eitlier 2 oy 2.3 mle. ¥he alr in the
manometer was tThen replaced Ly nitrogen, stopcocks were
closed and the apparatus placed in the water bath. After
temperature equilibration, the cell suspension was tippsed

into the substrate~buifer mixture and the initlal reading



recorded. Controls without substrate were used to cieck
endorenouy fermentation. I those experiments in wiich 1%
was necessory Lo rocord i as well as CCg ovolution, two
aanometery were used, one contalning alkall for ahsorptlion
of C0g3 the difference babween tle Lwo vslues wes & measure
o the L, produced in the dissimiluabion of tihie substiate.
vacro-manometric exgeriments were carricd out in 125
ml. drlenmsyer {lasks equipped witli two side arms, each of
whicl: was capable of contalning 4 ml, The leciinic employed
wag similar Lo that described above for the micro-manometric
experiments. ‘e btotal volume in all cases was 30 ml. Ab
the conclusion of the fermentation, tihe roeaction nixture
wag poured into a centrifuge tube, acidified to Congo red
with 1:1l §ig504 and centrifuged. <The supernatant llguld weas
anulyzed as described in tne following section.
Hon-manometric experiments were carried out in Irlosn-
meyer llasis which coantained a reaction mixture of 50, GO,
200 or 300 ml; Ywo belbtlss were attuched Lo bLiwe reaction
Ilask In serles for the collection of COg und hg. ‘he
firat botitle conlained normal carbonete-f{ree uHnldil for the
absorption of C0g. ‘The amount of alikall displaced into
tle second bottle of the gus train ls determined by the
quantity of iHg evolved, Deiore additvion of tie cell sus-
pension to the reactlon mixture, the outlet to the gas train

was clamped oif and the air above the mixture was replaced
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with nitrogen by means of o glass tube enterin: through the
rubber stopper and extendiny below the surface of the roac—
tlon wmixbture. Inmedletely alter addition of the csll sus-
pers ion, the [low of nitrozen was stopped, end the tube to
the gas train opened., ‘ho lrain was connected to tlo re-
action ilask by means ol rubber-jlass tube wilch entered
through the rubber stopper. AT the conclusion ol tie
fermentation, a known amount of B5it carbonate-Iree ilali
containing dry phenolphtiialelin was added to the reactlion
mixture by weans ol a tuird opening in the rubber stopper.
Susficlient alkeli was added to ensure an alialine reuctlion
as evidenced by the indicator. fhe reaction rflask wibl: i1ts
attached gas bottles was ilien placed in the ice-box over-
night to ensure lLhe complete absorption of COg.
wuantitatlve determinations of fermentation products
are expressed as millimoles per 100 millimoles of i'ermented
gsubstrate. The amount ol carbon recovered in the fermenta-
tlon analysls was calculated Ly nmultiplying the millimoles
of products by the nunber of carbon atoms in the respective
compounds, and dlviding this totael value into the value
obtalned from the millimoles of substrate fermented times
1ts number of carbon atoms. The product obtained times 100
expreases the carboen recovery on a percentage basis.
Oxldatlion-reductlon balances were calculated according

to Krb, Wood and Werkman (1936). ‘hey represent




betal oxidation value and a perfect balance is indlcated by
total reduction value

a value of one.

o N
Oy use 0i

both carbon recovery and O/R index, the
fermentation analyst hasg two values by which to judge the
gecurascy of kils analysis. Inbterpretation of the carbon
recovery is cbvious., The 0/R index iz based upon the fact
that, in an anaeroble sxperiment, the only ascurce of hydro-
een and oxyrsen, in additlion vo subsitrate, la the water oreg-
ent., These two elements exist 1n water Iin a ratio of 2:1,
end if carbobydrates are uwsed as substrate they also exist
in the same ratio. .Since there is an eguivalent reduction
for each oxildation, thre ratlo of hydrorsen to oxyzen in the
final products should be the gsame as in the mnfsrmented
substrate. An 0/R velue in excess of one indicates a
defilciency of reduced produsts or an excess of oxidiged
rroducts, and vice versa,.

in order to determine the Cla content of thes resgectlve
compowmds lsoleted from fermentations in which the isotope
was added, it was firat neceessary to convert them to CO,.
The oxidetion was nerformed a~cordins to Osburn and Werkman
(1932) and the €0, evolved collected in 1.5 ¥ carbonate-
free WadDH, Compownds such as 1odoform, wblch are not readily

oxidized by the above proosdurse, were oxidlzed by the method

of Triedemann and Kendall (1929). The €0, was then liberated



from the alkall, and the
spectrometor analysis asg
many cases t.lis procedure
cipitated as 3a00, by the

vag washed several tinmes,

C
d

1% content determined by mass
egeribed by sier (1040). In

was varied end tue CC, wus pro-

arldldltlon of SaClae Ihe £a00,

contiriluged, and dried at 110°C.

“Le carbonate was tien treated withh 4 1 laectic seld and th

liberated C0; analyzed by tho mass specirowetor.

dioxide, enriched with C

P 15
mothano, in whkich the ¢~°

13

Carbon
s, was prepared by oxidation of

hod been concentrated in a tnerimal

diffusion colunm ags described by iiler and Lardeen (1lv4l).

dier and Guloransen (19&D) have found that all aaturally

occurring mterials contain approximetely 1l.09 per cent

10
C o

. . ' g 13
acid, and gucecinle acld were enricused with C

various fermencations,

Ia the course oi the following study, #ailC0s;, acsetic

and added to

Inasmucit us any one ol the above

compounds was tre only moterial in the reactlon milxture

woleh contalned an oxcess of the carbon isotope, the

presence of C*® in any other compound at the couclusion

of tuhe fermentation in exceuss of 1.09 4+ 0.02 per cent indl-

13 . . . - ;
cated the C had its origin in tue compound added.

. ' 13 N . .
Whe per cent C 18 an expresslon of thie guantitative

. - ] 13
relationship of C to ¢

o 13
actual amount of ¢ .

and 1s not an expression of the

- n L3 .
The amount of €~ present was calcu-

lated as: per cent ¢*® x millimoles of compound x number of

carbon atoms in compound.
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sodivm bicarbonave coubtaining sxcess ¢ vay piepared
e AT gt e AEB e ALB A s 1 s T
by liverating C7 Jg froui gl Y0s by tho addition of & i
oo . - T . LU C TR J R - - oaen 2na . “13» ae
1‘2.404_ 11 a yl\)uud G FSusll Wxieyr & vacuauly, vaa U UP ¥I 83
collectad ia au sgulvalent amount ol i curbonebo~Lrce Ladil
Other detuily ol feciinic relatlny to the use of ¢ will

oG described in the sccebions Lo follow.

Analytical ilethods

guelltative procedures.

“he presence of reduclny sugsars wag detected by lLeating
1 wml. of fermented medium witiv 1 wl. each ol PFelling's A and
L solution. A red pfecipitate of Cugl 1s & positive test
under the experinental condiiions.

Citric acid wag detected by lLeating 2 ml. of substrate
wlus 2 wl, of Deniges! veagont (B0 . HsC, 75 wml. concentrat-
ed LgBU, and Lp0 Lo one liter) plus 1 ml. 1:1 [£,00, in o
steam bath for several minutes. The golution wasg Iiltered
when necessary, strongs KinO, was added in excess and 30 per
cent 1i,0p until decolorization. 4 white precipltate indi-
cated the presence of citric acid. This test will detect
10 mg.

o test for pyruvic acid, (lfH,)a50, wos added to 2 uml.
of substrate until satwated, plus four drops of 2 per cent

nitroprusaide and 1 ml. of concentrated Nigoid. A bluse color
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constitutes a positive test. Other keto-acids, such as a-
ketoglutaric and oxalacetie, will give color reactions.

Acetylmethylcarbinol or diacetyl can be detected by
adding 1 ml. 40 per cent HaOH and a plnch of creatine to 1
ml. substrate. A pink color develops on standing.

Compounds which contain the group CHz~C = 0 atbached to
C or L, or compounds wilch are oxlidized to this group, can be
detected by the addition of dilute NaOH followed by weak
iodine., The odor of iodoform, CHI,, 1s characteristic of
the sabove group.

Formic acid can be detected by heatins an alkaline AglO,
solution in a clean test tube. The formation of a silver

mirror is a positive test.

guantitative procedures.

The use of macro-fermentations (total volume 300 ml.)
and semi;micro-fermentations {total volume 30 or 60 ml.) in
"this study determined the course of the analysis. In the
former case, sufficlent fermented medium was availabls to
use several allquots for the analysis, while in the latter
case, the complete analysls was performed on the entire
fermentation, 1his necessltated a change In the order of
separation of the components‘of the fermented medium although
the quantitative methods for determination of the respective

compounds remained the same. In regard to distillation
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procedures, the llquor from macro-fermentations was usually
distilled to 20 ml., and that from semi-micro fermentations
wes distilled to 6 ml. before beginning the steam dlstillation.

Jageous products. Carboa dioxide was determined eitherxr

gravimetrically or manometrically. 1In the [irst case the
absorbing azent was elther KOH (1 volume saturated KOH +
1 volume water + dry phenolphthalein), or ascarite. When
large {ermentatlons were analyged, an aliquot (50 - 100 ml.)
was acldlfied to congo red with 1:1 HgS80, and the liberated
C0g aerated into a Bowen bulb containing 1:1 KOH. In semi-
micro-experiments the CO, was aerated into the alkali origi-
nally contalned in the gas train and thien made to convenlent
volume. An aliquot containing about 50 mg. CO0, was removed
and aerated into a small ascarite tube. |

HEydrogen was determined by volume displacement of alkali
ag described in the preceding section.

Carbohydrates. Glucose was determined by the micro-

method of Stiles, Peterson and IFred (1926). The clarifica-
tion procedure as given by them was used when it was impos-
slble to run a control simultaneously which contained all
the constituenta of the reactlon mixture except substrate.

Citric acid. This organic acid was determined by the

pentabromacetone method of Reichard (1934). The cells should
be removed by centrifugation before performing the oxldation.

Ethyl alcohol. "The residue of the CO, determinatlion was




cooled and placed in a XKjeldahl flask. This material was
dlrectly disgtilled to half volume to remove ethyl alcohol
end part of the volatile aclds. The distillate was then
neutralized to dry phenolphthalein with HaOH and directly
distllled to half volume; the distillate was collected in
a volumetrlc flask immersed in cold water. The distillate
vas brought to a convenient volume and an aliquot removed
for determination of ethyl alcohol. Acetylmethylcarbinol,
but not 2,3-butylene zlycol, also will be present in the
distlillate.

An aliquot of the distillate was placed in a Kjeldahl
flask, 15 ml. of oxidizing solution (135 am. KaC:c’,;,O.7 plus
675 ml. 10 I HgS0, plus water to 1 liter) added and the
volume made to 65 ml. A rubber stopper was wired in the flask
which was then placed 1ln a steam bath for ten minutes. The
acetic acld was then removed from tiie oxidizing solution by
direct distillation to 5 or 15 ml., followed by ten volumes
of steam distillate. The distillate was refluxed and an
aliquot titrated with 0.02 K NaOH. The predence of aclds
other than acetlic was checked by the pertlition method of
Osburn, Wood and Werkman (1936).

The alcohollc dlstillate before oxidation was tested
for acetylmethylcarbinol. This compound is completely
oxldized to two moles of acetlic acld and a separate determi-

nation must be made on the distillate and the necessary
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correction applied to the alecohol value., Omall guantities
can be removed by the addition of 2,4-dinitrophenylhydrazine
In 2 N HgB304e

Acebtylmethylcarbinol. A separate aliguot of the fer-

mentation liguor was generally uwsed for this determination.
The method of Stehly and Verkman (1936) was employed. A
steam’distillation of seven volumes is sufficient to remove
the compound quantitatively. A 50 ml. aliquot was distilled
to 20 ml. and an additional 140 ml. collected by steam dls-
tillation.

2,3-Dutylene plycol., A sgeparate aliquot was taken for

this determimation when sufficient medium was available.

When seml-micro-ferment ations were belng analyzed, the glycol
was removed after the dlstillation of the neutral volatile
compounds. ‘To tie glydol-containing solution was added 10
gm. anhydrous lap30, por 50 ml. of liquid; the solution was
directly distilled to the saturation point and 14 volumes
were then removed by steam distillatlion.

The oxidatlon of the glycol was carried out according
to a modification of the Brockman and ¥Werkman (1933) method.
An aliquot of the distillate containing not more than 0.6
millimole of glycol was oxidized with 5 ml. of KIO, reagent
(5.75 gme KIOg in 100 ml, of 3.6 N Ly80,) and the aldehyde
distilled into NaHSOz«. The aldeliyde-bisulfite complex was

tlien tltrated according to Clausen (1922).
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In the presence cof acetylmethylcarbinol, the glycol
valub must be corrected. One mole of carblnol yields one
mole of acetaldehyde and one mole of acatic acid, thus it
wag necessary to subtract one-half the carbinol value from
the glycol value. Citric acid and sugars interfere in this
determination and were removed by use of Cu804-0a(OH)2 as
proposed by Hewitt (1931). PFifteen ml. of 20 poer cent Cusl,
and 15 ml. of 20 per cent Ca(OH)p will remove 0.5 gu. of

zlucose.

Volatile acids. The residue of the original nsutral

volatile distillation was combined with the residue of the
alcohol distillation and the whole acidified to Congo red,
directly distilled to 20 ml. or five ml. and 14 volunes of
steam dlstillate recovered. The distillate was refluxed,
an aliquob removed and titrated for total volatlile acids
with 0.05 ¥ NaOH. '

Formic acid was determined on a separate aliquot of the
dlistillate after neutfalization wlth NaOH, in the absence
of phenolphthalein, according to the total volatile acid
tltration., The method of Auerbach and Zeglin (18922) was
used.

Formlic acld in the distlllete from semi-micro experl-
ments was oxidized to CO, according to Osburn et al,

(1933) and the CO, collected in 1.5 N carbonate-free alkali.

The €0z contalned in the alkali was determlned manometrically;



a control is necessary.

In studies in widch ¢*° was used, 1t was necessary to
recover the acetic acid from the oxldation residue in order
to determine the C*® content of the acid. This was done by
filtration (to remove 1iI30), neutralizatlon and evaporation
to a small volume, acidification and distillation.

Non-volatile aclids. The aclds were removed from solu-

tion by continuous ether extraction for 24 hours and then
talkken up in water., Volatile acids when present were removed
by distlllation. 7Total non-volatile acids were then deter-
mined by titration with 0.05 ¥ ¥a0H, and saturated Ba(Nlz)a,
added to precipitate phosphates and aulfates. If the latter
were present, the above titration could not be used as a
meagure of totel non-volatlle aclds. The precipitate was
filtered off, a slizht excess of 10 per cenbt AgNO, added,
and the precipitate of silver succinate was filtered and
washed in a tared Gooch crucible. The salt was dried at
110° C. for four hours and welghed.

Lactic acld wes determined according to Friedemann and
Graeser (1l933). Compounds which yleld aceteldeliyde on
oxidatlon with X¥MnO, wlill lInterfere in this determlination,

In the case of seml-micro~fermentations, succinic and
lactic acids were determined on the residus of the volatile

acid dlatillation, provided 2,3~butylene pglycol had been
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previously removed. When separate allguots were taken for
gucclnate detemminatlon, lactic acld could not bLe determined
on the residue because of the preasence of the slycol; in such
cases, lactate was determined on the residue of ithe Flycol

v

Gistillation.

EXPHRIUVRLTAL

inaeroble Dissimilation of Citric Acid by Cell

Suspensions of Jtreptococcus paracitrovorus

Hechanlsm and intermedlary metabollsm.

Three theories have been advanced at the present tlime
in regard to the mechanism of fermentation of citric acid
by e terotrophic bactervia. ¥irst, cleavage of the citrate
molecule lnto oxalacetlic and acetic acids (Deffner, 1938;
Brewer and Werlkman, 1939), secondly, by cleavage into pyruvic
acld, acetic acid and COg (van Beynum and Pette, 1939) and
thirdly, decarboxylatlion and dehydropgenation to acetone di-
carboxylic acid (Butterworthy and Walker, 1929). Fvidsnce
obtained in the »nresent Investigation supports the first
theory.,

Streptococcus paracitrovorus ls a hetero-~fermentative

lactic acid organism assoclated with S. lactls in butter
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cultures. In milk culbture it is thought to ferment citric
acld with the subsequent production of diacetyl, the princi-
pal flavor end aroma constituent of cultured butter. 3.

paracitrovorug is mmable to utilize cltrate as sgole zource

of carbon for zrowth; however, in the presence of readily
fermentable carbohydrates, the acld is rapidly abtacked.

All previous attempts made to atudy the mechanism of
the dissimllation of ciltric acid have besen complicated by
the presence of additional carbon sources. Thus in order
to obtain definite information of the dissimilation, it ap-
peared necessar; to obtaln a bacterial preparation wiich would
be able to rerment citrate wlthout the addition of carto-~
hydrates, The results of thls work are described below.

The cell suspensions were preparsd by grawing the
organism on a medium of 1 per cent sodium citrate, 0.5 per
cent lactose, 0.5 per cent peptone, 0.2 per cent peptonized
milk, 0.1 por cem yeast extract, 4 per cent filtrate of
tomato juice, 0.05 per cent #izClg, C.05 per cent X HPO,, 10
per cent tap water and distilled water to volums. The cells
were harvested by centrifugation after 48 hours! growth at
30°C. and resuspended in distilled water. 3Strain Mu29 was
used.

The fermentati on mixture consisted of a concentration of
substrate as indicated (Table 1), 2 per cent c¢ell suspension,

0.125 M phosphate buffer pH 6.6, and 0,05 per cent NgClz. The
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experiments were conducted in Frlenmeyer flasks contalning
300 ml. of medium under an atmosphere of nitrogen. The
flasks werse held at 30°C. for four to five déys.

The quantitative distribution of the products obtained
from citric, oxalacetic, and pyruvic aéids is presented in
Table 1. The following points are to be noted. A comparison
of the products from cltrate with those from oxalacetate
reveals that the former is the source of practically 100 m¥
of additlonal acoetic acid, indicating the formation of one
mole of acetate per mole of cltrate fermented. Thus it is
posaible that the citrate molecule i1s cleaved into Cg and
Cq4 fractions. If such is the case, oxalacetate may be the
necessary intermediate compound. Reference to Table 1 will
demonstrate that the products from oxalacetate are qualitative-
ly and quantitatively similar (with the exception of the ace-
tate difference mentioned above) to those formed from citrate.

Bxperiments wlll be described which prove that cell

suspenslons of S. paraclirovorus fix carbon dloxide in the

carboxyl group of suceinic acid during the fermentation of
citric acid. This assimilation of COg; is belleved to take
place according to the Wood and Werkmen reactlon. Thus,
under these conditiong, it appears that the citrate molecule

is fermented according to the followlng reactions:



TABLE 1.
ANABROEIC DISZIMILATION CF CITRIC, OXALACETIC AHD’PYRUVIC ACIDS BY

CELL SUSPEISICHNS OF S. PARACITROVORUS

s Substrate: : S : : H : s Carbon
Substrate tfermented: COp, : Hp :Formic:sAcetic :Lactic :Suc- :0/R :recov-

spexr liter: : tacid :acid zacid scinic :index :ered

s mif : : : : : zaeid s s %

Citric acid 49,20 124,9 13.9 20.9 187.3 14.9 24.1 0.94 99.8

r ] 46,99 128.8 20.6 18,1 158.7 14,0 24,8 0.94 100.1
Oxelsacetic

acid 43,71 129.6 24,2 18.2 59.8 15.6 20.5 0.92 27.8
Fyruviec acid 47,12 51.9 327 15.8 68,3 17.0 4,1 0.93 90.1

Products expressed as m¥ per 100 mM substrate fermented.

e



cltric acld —>» acetic acld + oxelacetic acid
oxalacetlic acld === pyruvic acld + CO,4

oxalacetlic acld + 4H —= succinle acid + Jz0

. _+2H
pyruviec acid ;:%%: lactic acid

-~

pyruvic acld + HpaO —= formlic acid + acetic acid

formlec acld —> g + COpg

Further analysis 1s Justified in 1light of the above
reactions. The entire CO, produced in the fermentatlion is
plctured as being derived initially from oxalacetic acid.
Thus, 1f succinate is formed by reduction, the total CO,
canmot be greater than twice the difference between tre milli-
moles of citrate fermented and milllmoles of succinate formed.
In addition the formation of succinate in this manner, rather
than by acetic acld condensation, requires ths yield of COgh
plus formate to be less than the acetate. The data are es-
sent1ally in agresment with these contentions.

With regard to the yield of acetlc acid, the theorastical
value formed from citrate according to the above reactions
is 161.2 mM. The experimental value is 1568.7 mi. Likewiss,
from oxalacetate, the theoretical value 1s calculated to
be 63.9 mM, while the experimental value 1s 59.8 mM. On the
other hand, the hydrogen formed from the three: substrates was
in excess of that calculated, ihdicating there may be another

source of tils element,
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The carbon recovery of the dissimilation of pyruvic acid
was not completely satisfactory. It appeared that part of
the pyruvlc acid was converted to a substance which did not
give a positive nitroprusaide test. This material may be
a polymer of pyruvic acid. A carbon recovery of 90 per
cent was obtalned when a ceric sulfate oxidation (Fromaneot
and Desnuelle, 1935) was performed at 50° to 55°C. on the
residue of the 2,3-bubtylene glycol distillation. A correction
was necessary for the lactlc aclid present.

The succinate produced from pyruvate was probably formed
by means of Cz and C, addition, however, a balance still
exigted betwzen the C, and C, compounds. An explanation of
thilis result is not at hand but a Cz compound must have bro-
ken down to 005 in suffiliclent quantity to balance the amount
of COg fixed in succinic acid.

The arzunent mey be presented that the data do not
support the proposal of tle formation of oxalacetic aclid in
the initlal cleavage of the citrate molecule. It ls doubt-
D1l whether this can ever be definitely proved, since oxal-
acetate is quickly reduced or decarboxylated in lfermentation
mixtures and thus has never been shown to accumulate. Also,
the possible formation of oxalacetic acid by Cy and C, addi=-
tion probably would confuse the origin of the latter compound,
if 1t were ever isolated and identified.

It 18 well known thalt oxalacetic acid decarboxylates



spontaneously to form GOy and pyruvic acid. Thus, the point
may be presented that in bthe experiment in which oxalacetate
was added, pyruvic acid was the actual substrate asnd oxal-
acetate gerved 1n part as 2 hLydrogen acceptor. T.ere scems
little doubt but that the pyruvic acld formed by apontansocus
decarboxylation was actually fermented in a manner similar
to added pyruvate. However, thie vroof obtained of the fixa-

tlon of COg in sucecinic acid hy 8. paracitrovorus (3lade et

al., 1942) when takon with the work of hrampitz et al. (1942),
stronsly indlcates that the enzyme necessary for the decar-
boxylation of oxalacetabte 1s present in this orzanlsm. It
is ilmprobable also, that a living cell would rely on the
spontancous, non-enzymatic decarboxylation of a substrate,
8.3. oxalacetic acid, in order for that subatrate Lo be
metabolized,

Prawver (1039) dld not obbtaln zood agreement between
the end-products racovered from fermentations of oxalacetic
and cliric acids by Acrobacter. In contraat te cltrate,
no athyl alcohol, hydrogen and little 2,3-butylene zlycol
were formed from oxalacetate. The data in Table 1 agzree
well with tlie proposed cleavage of clirate to oxalacetate
and acetate,

Other experiments were performed by use of the Warburg
technle to test the effect of certain inhibitors on the

dissimilation of citrate and 1ts proposed intermediary come
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pounds. The reactlion mixture was composed as follows:
0.025 M substrates, 0.125 M phosphate buffer pH 6.6, 2 per
cent cell suspension, and 0.005 to 0.0l ¥ inhibitor in a
total volume of 2 ml,.

Table 2 shows that sodlum azide, sodium iodoacetate,
and sodium arsenits are very effective inhibltors of the
breakdown of cltrate, oxalacetate, and pyruvate by S. para-
cltrovorug. Sodium fluorlde had a weask inhibitory action.
It 1s clear that each inhibitor possessed a similar effect
on each of the three substrates. These results support the
occurrence of oxalacetic and pyruvic aclds as intermedlates
in the dissimilation of cltrate. Inasmuch as tke proposed
intermediates are both keto-acids, the effect of a aingle
inhibitor on Loth compounds would be expected to he the same.
Also, since no gas is evolved in the initial cleavage of the
cltrate molecule, the per cent inhibition of both citrate
and oxalacetate would likewise be expected to be the same,
provided that the initial cleavage of citrate was not in-

hibited. Sodium pyrophosphate had no effect on any of the

substrates.

Hammer et al. (1935) have shown that in butter cultures,

S. paracltrovorug produced varying amounts of the C, com-

pounds, dil acetyl, acetylmethylcarbinol, and 2,3~butylene
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TABLE 2.
ERFECT OF INHIBITORS ON TRE ANAFROBIC DISSIMILATION OF
CITRATE, OXALACETATE, AND PYRUVATE BY CwLL

SUSPENSICHS OF S. PARACITHOVORUS

ve

: 7 Inuibition
Inhibitor : : :

: Jitrate 10Oxalacebate i Pyruvate
.01 ¥ godium azide 83 94 96
« 01 ¥ sodium iodoacstate 26 95 91
« 005 i1 sodium arsenite 100 100 o7
L0285 M sodium fluoride 14 16 12
.01l M sodium pyropuospuate 0 0 0

Duration of experiment, twenty four hours. Inhlbition
. caleulated on basiz of total ;j3as evolubtion as compared
to the contral. '



slycol. At & neutral pil (6.5), the carbinol and the slycol
prodominate whille at an acld »pH (4.5) the latter compnunds
wore converted to dlacetyl.

van Beynum and Pette (1339) state that the sdditlion of
citric acld to & lactose, peptone, yeast aubtolysate medium
dld not result 1In the formabtion of acetylmethylearbinol atb
a nautral pH, while at an scid pH, acetylmethylecarbinnl was
formed.

brewer and Uarkman (1940) found that Strentococcus

paracitrovorus produced principally ethyl alcohol and lactic

acid from glucoss, bub on the addition of citric acld, acetic

acld and 2,5~butylene glycol were also foymed. Thua, it
appears that cltric acld, 1in the presence of lactose or
slucose, is fermented Ly butter culture gbtre;tococel with
the formatlon of scetylmethylcarbinol. The latter compound
ig reduced to 2,%~butylone ;lycol as the alkalinity of the
medium increzged,

™The resulis expressed in Table 1 show that neither
acoehylmothylearbinol nor 2,3-butylene giycol was formed by

cell suspensions of 5. paracitrovorus at s pil of 6.6. 1In

order to determine whethier an acid reaction will affect the
production of these compounds, analyses were made of fermen-
tationg of eitric secid af increasingly acld reactions.

The reaction mixture consisted of approximately 0.05 M

citric acid, 0.1 11 phosphate buffer mixtures, and 2 per cent
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coll suspenslon in a total volume of 200 ml. A pH of 3.6
was obtained by the addition of 10 per cent Ha30, to a 0.1 I
KHgPO4 solutlon. It is nobt necessary to buffer the salts
of organic aclds as strongly as carbohydrates because they
serve as Jood buffers. In undisturbed fermentations in which
COg is not removed, little change in pH has been found to
occur.

The results expressed in Table 3 show that an acid pH
(3.6 to 5.7) influenced the dissimllation of citric scid in
such a mamner that the C, compounds, acetylmethylcarbinol
and 2,3=butylene glycol were formed. As the reaction became
inereasinzly acid, the carbinol was reduced to the glycol
in increasing «mounts. This result is in essential azreement
with the results of Hammer et al. (1935) on skimmilk cultures.
However, a substantial amount of (, compound exlsted as the
glydol at the most acld reaction.

The absence of the compounds, acetylmethylcarbinol and

dlacetyl at a neutral pH, is in agreement with the work of

van Reynum and Pette (1939). The latter authors have attempted

to construct a scheme of dissimllatdon of citric acld to
account for the effect of pH on the products formed. The
present results are not in agreement with thls scheme on the
following points: (1) absence of ethyl alcohol, (2) presence
of lactlc and succinle acids, and (3) variation in the yield

of COg plus formlc acid at an acid pH and at a neutral pH.



TABLE 3.
EFFECT OF pH ON ThE® DISSIMILATION OF CITRIC ACID BY CELL

SUSPENSIONS OF STREPTOCOCCUS PARACITROVOEUS

:Substrate:

: : : z 12, 6= ¢ sCarbon
Ini- :fermented: COg :

: - - L 4 ’ -
Hd, :Pormic:AceticsLactic:Suc~ Acetyl~ :Butyl-:0/R :recov=
m

sh.

tial :per liter: : cacid :acid :acid :cinic tmethyl :ene tindex:ered
pH : mi. s : : : : tacid scarbinol:glycol: s £
6.3 46,90 128.8 20.6 18.1 158.7 14.0 24.8 0 0 0.94 100.1
5.7 52.1 167.9 18,1 0.7 150.5 19.8 9.6 0 11.7 0.98 102.4
5.0 50.5 171.7 21.2 1.4 146.4 20.2 J.1 2.4 9.9 0.99 102.0
«6 4G, 5 176.9 5.2 2.2 141.8 21.9 2.7 345 13.2 1.02 104.7
3.6 49.5 175.6 1.6 3.5 134.9 19.8 3.6 6.5 14.8 1.00 104.6

-Products expressed as m} per 100 mM of citric acid fermented.

- Ab -
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It ig interesting to note in Table 3 the decrease in
yleld of succinle acld and increase in yield of acetylmethyl-
carbinol and 2,5-butylene slycol as the pH became inereasing-
ly acid. The total amount of (¢, compound formed in each
fermentation, however, wes approximately the same. Apparently
the piH has a preferentlal effect ou the various systems con-
corned. The effect on the yleld of succinic aclid is particu-
larly marked. It will be shown that a certaln relatlonship
exists 1n regard to the formation of guccinic acid and Z,3-
butylene glycol from added acetic acid.

It is interesting to compare tihe elfeclt of p:d noted
here with the results obtained by Silverman and ierkman (1341)
with a cell-{ree enzyme preparation obtained from Asrobacter.
The labter snzyme converts pyruvate to acetylmstlyylcarivinol
and COgz and has a pH optimum of 5.6 to 6.0, althouzh some of
the carvinol was obtalined as high as pHd 7.2. Asrobacter
cells grown at a pH of 7.5 did not produce an enzyme system
capable of evolving CO5 from pyruvate at pl 5.6. Thus an
acid prn appearsd to affoect primarily the gquantity or actlvity
of the enzyme produced.

It 1s possible that a similar enzymatic system is involved
in the formation of the carbinol and the glycol by 3. para-
citrovorus. The sharp reduction in yield of formic acid
between pH 6.3 and pH 5.7 indlcates that the hydroclastic

enzyme does not possess optimum activity at an acid reaction,
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in agreement with Silverman and Werkman (1941).

From a preliminary report of the work of Green et al.
(1942), it is not clear at what pH A. serogenes was able to
couple acetaldehyde and pyruvate. It 1s probably more alka-
line than the system of Silverman and Werkman. The mechanism
of formatlion of these compounds wlll be discussed in more

detall in a subseguent section.

Summary and concluslons.

Strentococcus paraclitrovorus 1s a heterofermentative

lactlic acld orgenism which is unable to utillze cltric acid
as a sole source of carbon for growth. In the presence of
fermentable carbohydrates, the acid is rapidly attacked.
All previous attempts made to study the dissimllation of

- cltric acid by this organism have been confused by the pre-
sence of carbohydrate.

It has been found that cells of S. paracitrovorus, Which

have been grown on citrate plus lactose, when suspended in a
nitrogen~free medium, are able to ferment cltrate in the
absence of carbohydrate., Analyses of fermentations of ci-
trate, oxalacetate, and pyruvate are pressnted. The data.
support the occurrence of oxalacetlc and pyruviec aclds as
intermediary compounds in the dissimilation of citrate. A
series of reactions are presented to illustrate the probable

intermediary mechanism of the fermentatlion of citric acid.
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The compounds, sodium azide, sodium arsenite, and sodium

~+ ilodoacetate effectively inhibit the fermentation of cltric,

oxalacetic, and pyruvic acids.

An acid reaction (pH 4 to 6) has heen shown to be neces-
sary for the formatlion of acetylmethylcarbinol and 2,3-butyl-
ene glycol from cltric acid by cell suspensions of 5. para-
citrovorugs. As the yleld of the latter compounds increased,
the yileld of succinic acid and acetic acid was found to
decrsase. The total yleld of C, compounds, however, remains
approximately the same. A relationship probably exists in

thie methods of formation of these compounds.

Assimilation of Heavy Carbon Dioxide by

Certain Ilisterotrophlc Bacteria

The concept of the assimilatlion of carbon dioxide by
heterotrophic bacteria 1is due, in large measure, to the in-
veatigations of Wood and Werkman (1935, 1936a, 1938,) and

Wood et al. (194la). Species of the genera Propionibacterium,

Escherichia, and Citrobacter were used. The proposal was

advanced that CO; was fixed in heterotrophic systems according
to the following rsactlions

COg + CHg.CO.COOH COOH. CHge CO. COOH

This reaction was not lIntended to gsive a detalled plcture of

the actual fixation mechanism, but it was intended to serve
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as a workling hypothesls for future investigations. It is
commonly referred to as Cz and C, addition. Studies with
C13 by the above workers have confirmed the principle of
this reaction.

Aside from the above lnvestigations on the propionle
acld and coliform bacteris, studies on the location of the
00, assimilated 1n compounds syntle sized by e terotrophic
bacteria have not been made. Since such information is es-
sentlal for an understanding of the mechanlsm of assimilation
of CO0g, it is of primary importance that these studies be
extended to other bacteria. Therefore, it has been the pur-
pose of the following Investigatl on to determine, first the
extent of assimilation of COgp among heterotrophle bacteria,
gsecondly the extent of C, and C, addition, and thirdly the
posslbility of assimilation by other mechanisms. As a means
of galning an inslight lnto possible mechaniams of photosyn-
thesis and autotrophism, it is deslirable to heve further
knowledge of all typeé of assimilatlion of COg, particularly
those involving a carbon to carbon linkage.

Briefly it can be stated that the results of this

investlgation show the existence of assimilation of COgq

with formation of a carbon to carbon linkage by a wide
veriety of genera of heterotrophic bacteria (Aerobacter,

Proteus, Staphylococcus, Streptococcus, Clostridium).

Evidence obbtalned does not allow definite conclusions to be
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drawn 1n regard to the exlatence of other mechanisms of

fixation of 00, besides that of C; and C, addition.

General distribution of fixed carbon.

tiith the exception of Clostridium acetobutylicum, non-

proliferating cell suspensions of the respective orgenisms
were used. The majority of the experiments were carried out
in large manometric flasks wlth s capecity of 125 ml., and
possessing two side arms. The substrate and NaluC*®0, were
placed in the main chamber of the vessel, and in each of the
two side arms, the c¢ell suspension and phosphate buffer

(pH 6.3)s The vessels were attached to standard Warburg
manometers and the enclosed air was replaced by oxygen-free
nitrogen. The phoaphate was tipped into the substrate-
blcarbonate mixture Just before the manometers were placed
1n the water bath. The addition of the phosphate lowered
the pli of the reaction mizture to approximately 7, and si-
multaneously CO,; was liberated from the bicarbonate., Thus
the acid phosphate ensured the presence of a partial carbon
dioxlides atmosphere above the rsaction mixbure and also a
favorable pH. After equilibration, the cell suspension was
tipped into the main chamber of the vessel, and the inltial
reading recorded. iVhen thie fermentation, as measured by

gas ovolutlon, had ceased, the vessel was removed, and the

-contents acldified to Congo red with 1l:1 550, and centrifuged.
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It must be remembered tiat all naturally occurring
materials contain approximately 1.09 per cent 22, Inas-
much as the I\IaM’CO.3 was the only material in the reaction
mixture whleh contained an excess of ths carbon lsotope,
the prosence of *® in a compound in excess of 1.09 + 0.02
por cent indicabes assimilatlon of CO,; from the HaHCOz.

The oxact composition of the varlious reactl on mixbures,
srowth medla, ste,, used in the experiments presented in

Table 4, is as followa:

Fermentation l. Reactlon mixtwe, 0.125 I glucose,
0,153 M NaHCO, (5 per cent ¢13), 2 per cent cell suspension,
volume 60 ml.; incubatlon period 7 hours at 30°C.; pi
maintalned above 7 by addition of NaOiH; cells grown for 24
hours at 30°C. on 1 per cent glucose, 0.3 per cent peptone,
10 per cent tap water.

Fermentation 2. Keactlon mixture, 0.1 I glucose, C.125

M HeHCOs (5.29 per cent C¢*®), 0.066 I phosphate buffer pH
6.3, 2 per cent cell suspenslon, volume 30 ml.j; incubeblion
pericd 10 hours at 30°C.; growth medlum same as Fermentatlon
1.

Fermentation 3. Reaction mixture, 0.1 Ii citriec seld,

0.0625 I WaliCOy (5.29 per cent ¢*®), 0.02 M phosphate buffer
pH 645, 3 per cent cell suspansion, volume 30 ml.; incubation
perlod 24 hours at 30°C.3; cells grown for 48 hours at 30°C.

on 1 per cent lactose, 0.5 per cent We, citrate, 0.5 per cent
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TABLE 4.

IBUTION OF ASSIMILATED C*®0, AMONG FERMENTATION

PRODUCTS COF EETEROTROPEIC BACTERIA

¢ Aerobacter :Strentococcus:llostri- :sClostridium:Proteus :3taphylo-
: indologenss = parg- + dium H aceto- :vulegaris: coccus
H : citrovorus :welchii : butylicum : scandidus
Fermentation No.: (1)¥ : (2) : (3) = (4) ; {5) ; (6) ; (7) ; (8)
Acetic mi 62.7 16.C 137.0 30.8 22.5 34.5 = 22.7 54,7
Butyric i 8.9 33.9 =
acid %cas 1.11 1.11
wBthyl mi 40.3 64.0 68,0 77 28.7 + 18.0 27.6
alcohol 2033 1.11 1.10 1.08 1.09% 1.10 1.08 1.09
Butyl mM 0.3 4l.4
alcohol PR 1.09% 1.10
Acetone mh 25,7
#ct? 1.10
Lactic mh 1,60 14,3 73.3 10.0 17.1 92.1 20.0
acid L3 1,36 1.09 1,17 1,31 1.16 1,18 1.19
Suceinic mi 32,0 15.4 21,2 2.4 21.3 1l.1
acid 4ci3 1,68 1.42 1e31 1,27 1.50 1.25
2,5-Butyl~- mM 43,0 27.2
ene glycol #C13 1.09 1,09

Yield of products expressed as mi per 100 mi¥ substrate fermented, except Cl.
acetobutylicum which is expressed as m} per liter.
¥68 mi formic acid were also produced which contained 3.13 per cent C23;
*Per cent G123 in combined alcohol distilleate.
Xper cent (013 in combined volatile acid distillate.

Underscored figures denote assimilation of C23Q0;.
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peptone, 0.2 per cent peptonlzed milk, 0.1 per cent yeast
extract, 4 por cent rllirate of tomato juice, $.035 per cent

MpClgy, 0.05 per cent KgiHPO,, 10 per cent tap water.

Fermentatl on 4. HNeacbion wixture, 0.1 1 glucose, 0.0625
M HaHCOs (4.79 per cent C*®), 0.02 M phosphate buffer pH
6.3, 3 per cent cell suapension, volume 30 ml.; incubation
period 30 hours at 30°C.j cells grown for 48 hours at 30°C.
on medlum of Permentatl on 3.

Permentation 5. Reaction mixture, 0.05 M glucose,

0.0625 M MN&alil0y (4436 per cent Cla), 0.02 1 phosphate buffer
pH 6.5, 9 per cent cell suspension, volume 30 ml.y incubation
period 6 1/2 hours at 40°C.; cells grown for 20 hours at 38°C.
on 1 per cent glucose, 0.5 per cent peptone, 0.l per cenb
yeast extract, 0.5 per cent KghP0, adjusted to pk 7 with
HaSO4.

Fermentation 6. Reactlon mixture, 25 ml. of 5 per cent

corn mash, 5 ml. of C.375 M NekCCy (10.64 per cent C*3), 2
ml. of 0.2 M phosphiate buffer pi 6.33 inoculum consisted

of 2 ml. of 24 hour corin mash culture; bicarbonate and phos-
phate sdded 5 hours after inoculationy incubation periocd

2 1/2 days at 38°C.

ffermentatlion 7. Reactlion mixture, 0.05 ¥ rslucose
— 2 <) F

0.0625 11 NaFCO, (4.%6 per cent C*®), 0.02 Ii phosphate buffer
pH 6.3, 3 per cent cell suspenslion, volume 30 ml.; incubation

period 30 hours at 30°C.,3; cells grown for 24 hours at 30°C.
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on 1 per cent glucose, 0.3 per cent beef extract, 0.5 per

cent peptone, 0.4 per cent NaCl, 2 per cent agar.

Fermentati on 8. Reaction mixture, same as for Fermenta-

tion 73 incubation period 7 hours at 30°C.; cells grown for
48 hours at 30°C. on 1 per cent glucose, 0.3 per cent beef
extract, 0.3 per cent peptone, 0.2 per cent NaCl, 0.2 per
cent KoHPO,.

The cells weore harvested from the recapective growth
media by centrifugation, washed once, and resuspended in

dlstilled water. Cell suspensiong of Cl. acetobutylicum

were not found to be satisfactory in regerd to the produc-
tlon of neutral compounds (acetone, alcohols); so that a
growing culture in 5 per cent corn mash contalning Z‘IaHCwOa
was used.

The general distribution of the assimilated €0, among
the fermentatl on products of tle wvarious bacteria 1s indi-
cated in Table 4. Two species of homofermentative lactlc

acld bacteria, Streptococcus lactis and Lactobacillus plan-

tarum, were found to fix no COg. It is interestlng to

note that such compounds as 2,5-bulylene glycol, butyric
acid, and butyl alcohol, whiéh are probably formed by syn-
thesls, contalned no assimilated carbon dioxide. On the
other hand, succinic acid contained fixed c*® in every case
in which 1t was formed. The obher compounds which contalned

fizxed (€18 are acetlc acld and lactlc acild.
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The location of the assimilated COg in suceinic, lac-
tlic and acetlc aelds obviously presented the problem of
determining the posibtion of the ¢*® in the vespective mole-

ciles.

Pixation of carbon dloxide in succinic acid.

The degradation of succinie acid was performed by a
succlnlc delivdArozenase-runarase preparation from heef Laeart
according to Frebs (1837)., Suceinate, obtained ag the
sllver salt from the fermented mediwm, was acidified, ex-
tracted with ether, and tlsn converted o the sodium salt.
The rcactlon mlzbure consishted of approximately C.08 U
guccinate, 0.04& i phosplate Tnffer (pil 7.4), and 10 ml, of
enzyme preparatlion. She oxidallon was performed zercblcally
at 30°C. in large manometrlic flasks. 3Succinate was oxidized
by this prépnration o a mixture of malate and fumerate.

Tre former compound wien oxldlzed wlth XInOg ylelds CHgze.CHO
and C0g and furwrate yields CO, and a vrace of Clz.CHO,

thus tie presence of fumarate does not introduce an error.
Carbon dloxide originates from thie carboxyl groups and
acetaldehyde from tie methylene carbons of succinic acld.
The COp and CIy;.CTHO were subsequently treated as in the lace-

tic methods. The reactlons are:

COOIL, CHge CHge COOE _=8X |  COCH.CH: CH. COOH mrt izl
"1’1‘.20

COOH. CLOM. Cligs CO0H L/2 Ozy COg + HpO + /COOH.CHg.CHO/
[CO00. Clige CIi0/ ey COp + Cliy.CHO



Table 5 ahowg that the succinle acld produced by Aero-~

bacter, Strepbococcus and Proteus contained fixed carbon

dloxide in the carboxyl gsroups. A similar [ixetion of (0gh
in the crrboxyl groups of the Cg-dicarboxylic acids pro-

g

duced Ly Eschexichla and Propionipacterivi huas clso been

found by Wood et al. (1841b). ihe {follewin; rescilons were
proposed by tho latter aubhors (1940) to sxplain the syn-
tlhiagls of succinutbe,.

C*20y, + Clig+C0e000H mommmmm CPCULL Clip. COLCOCH
G300 CiigCOsCONH + 4H somems CF®000H. Clig. 0llp. COCH + H,0

It ls probable that tihe same or similszr reactions ars involv-
ed in the present study.

The above reactlons postulate the Tormation of sueccinate
containing fixed carbon ln one carboxyl group. OSince suc~
cinic acid is a symmetrical molecules, the carboxyl groups
no longer possess thelr original orientation in respect to
the original fixation reaction, and hence it is not possible
to prove tlat tle fixed ¢*® resides in only one carboxyl
group. However, by quanbtitative methiods it 1s possible to
show with soms certainty that a symmetrical (g -dlcarwvoxylic
acid containg fixed carbon in one or both of its carboxyl
groups. To accomplisli this {¥e per cent C13 in the COg
avalilable to the cell for fixation sliould be knovn. “he
best metlicd uvailable at present is to employ the concentra-

tion of C*® in the final COg at the concluslon of tle rermen-



TABLE 5.
POSITION OF ASSIMILATED C30g IN SUCCINIC ACID

SYNTHE3IZED BY HETEROTROPHIC BACTERIA

zouccinic za and ¢ = COOH ¢ Celculated®
s acid scarbon :carbon : COOH carbon
Bacterla : O : : ,
. #40i® . g . #or3 7013
Streptococcus
paracltrovorus 1.27 1.10 1.36 1.45
Proteus
vulgaris 1.50 1.12 1.82 1.91
Aerobacter
indologenes 1. 42 1016 lo 61 1075
Aerobacter
indologenes 1.37 l.14 1l.84 1.61

*Caleulated by means of equation: 2 x 1.09 + 2X = 4 x.per
cent C:2 in succinlc acldy X = average per cent Ci3
in carboxyl groups of suceinlic acid.
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tatlon. It is admitted however, that this value is not 1ldeals
at bedt it is a mininum value. There is no assurance that
the carbon dloxide produced within the cell reaches complete
equilibrium with the carbon d oxide in the medium before it
is utilized. However, assuming complete equllibrium was
reached the per cent C*® avallable for fixation would be
greater in the early stages than ln the later stages of the
fermentation. In the extreme it is hardly to be expected
that the ¢*> available to the cell would be as great as the
c*® added in the bicarbonate.

Thus with these limitations in mind the calculation can
be made in the following manner. If the concentration of
¢*® in the carboxyl groups as determined by experimentation,
1s greater than the average value calculated on the basils
that one carboxyl gzroup contained 1.09 per cent C*® and the
other a concentration equivalent to the final 01302, fixati on
of COg in both carboxyl groups has occurred in soms of the
C, acid molecules. If the average calculated value 1s greater
than or equal to the C® concentration of the carboxyl groups
as determined by experimentation, it cannot be stated that
any one molecule of dicarboxylic acld contained fixed (3
in more than one carboxyl group.

In most of the experliments the concentration of c*?

was not determlned in the bicarbonate and COy &t the con-

clusion of the fermentation. However, calculatlons have



been made on the basis of an equivalent formation of C; and

Cg compounds. In tle fermentatl ons by Staphylococcus candi-

dus, Streptococcus paracltbtrovorus, and Proteus vulgaris, the

C*® content of the final COg was too high to indicate a sto-
ichiometric fixation of COg by (5 and C, addition. However,

in one fermentatlion 1n which Aerobacter indologenes was used

(rable 4, fermentation 1) the C® content of the final COgh
was determined. This value amounted to 3.13 per cent and
the succlnate formmed in tle experiment contained 1.68 per
cent C*%, On the basis that all fixed carbon in succinate
resldes in one carboxyl group, the calculated value for this
carboxyl carbon is 3.45 per cemt C*®. It is possible that
some of these succinic acid molecules contained fixed ¢*°
in both carboxyl aroups. In view of recent results to be
described leter with this organism, which have shown the
condensation of G, compound to Cg4 dicarboxylic acid and
the reverse reactlon, the above result is entirely possible.
Although suceclinate contained fixed carbon in every case
in which it was formed, it does not necessarily follow,
however that this is the only mechanism of succinate forma=
tion. It does indicate that ths formation of succinic acid
by means of fixatlon of carbon dioxide is & general reaction

among heterotrophic bacteria.

Fixation of carbon dioxide in lactic acid.

The KMnO, method of Friedemann and Graeser (1933) was
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used to degrade lactlic acld to CHyzCHO and COg. The aldehyde
was trapped in NaHS0z and the COp collected in 1.5 N car-
bonate~free NaOHs Calcium carbonate was added to the alde-
hyde-bisulfite complex and tle liberated aldelhyde distilled
into ice cold water. Ba(0H)p was added to the distlllate
and the precipitated carbonate filtered off; the aldehyde
was then oxidized to COp with persulfate (Osburn and Werkman,
1932). The aldehyde ofiginates from the a, f-carbon atoms
and 004 from the carboxyl group of lactic acid. The reactlon
is as follows:

CHge CHOH,COOH + 1/2 Of w———3 CHz.CHO + COgp + ¥HgO

The data presented in Table 6 show that 1ln every case in
which Tlxation of carbon dloxide occurred in lactlic acid,

the fixed carbon was found in the carboxyl group. Of the
number of posslble mechanisms for this Tixation, either C,
and C, addition or a secondary conversion of a (g-dicarboxylic
acid contalning filxed carbon in tie carboxyl group seems
most probable. Lactlc acld is generally accepted to be
formed by the reduction of pyruvic acid, so that any scleme
which accounts for assimilation of COg5 in the carbvoxyl group
of pyruvic acld provides a probeble source of lactic acid
containing fixed carbon in the carboxyl group. The exchange
of COg with the carboxyl group of pyruvic acid through the
action of carboxylase seems a likely mechanism for Cixation
of the heavy carbon. Thus far, however, all experimental

evidence indicates that decarboxylation of pyruvic acid by
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‘'ABLE 6.
POSITION OF ASUSIMILATED C*®0g IN LACTIC ACID

SYNTHESIZED BY HETEROTROPHIC BACTERIA

: Lactic = GOOH : o and B
H acid¥* : carbon + carbon
Bacteria : : :
:  #gs s Joe : _ 3cr®
Staphylococcus
candidus 1.19 l.34 1.11
Strephtococcus
paracltrovorua 1.17 1.33 1.09
Clostridium
welchll 1.31 1.68 1.13
Clogtridium
aestobutylicum l.16 l.22 1.13
Proteus
vulaarls 1.18 1.34 l.11
Aerobacter
indolorenes 1.36 1.81 l.13

¥Calculated by means of equation: 2 x per cent C*3
in a, { carbons + per cent C13® in carboxyl carbon =
3 x X3 X = per cent C*® 1n lactlc acid molecule.
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carboxylase is irreversible. This point has beén investi-
cated both by Bvans (1942) and Carson et al. (19041a) with
C! and the yeast carboxylase system and by Krampitz ot al.

(1942) with ¢*® and an acotone rreparation ol llcerococcus

lysodeikticus which oxidatively converts pyruvate to ace-
tate and carbon dioxlde., Carson et al, state thét they have
isolated a carbonyl compound which possessed a very small
amount of radioactivity. However, the amount of CO; assimi~
lated by this reaction was far too small to account for the
COgs wtllized In many systems. Thus it can be concluded that,
according to our present lnowledge, the decarboxylation of
pyruvate iz an irreversible reaction. )

In regard to the possibility of G5 and C,; addition, the
work of Lipmann (1941) is of importance. The latter investi-

gator has found that cells of Lactobacillus delbrueckii, when

dried with acelone or over Py0g in & vacuun, were able to
oxidlze pyruvate to acetone and COgz. The system contained
no iron oxidatlon catalysts, and possessed the following
components: (1) thiaminpyrophosphate, (2) flavin-adenine-
dincleotide, (3) mn*™, mgtt or co't, (4) protein and (5)
inorganic phosphate. Lipmann has proposed the occurrence

of acetyl phosphate in tlhe reactlion:

OH 0
CHg+CO.COOH + HgPO, gmmmm=d CHz.0.C00H —Z2H 5 ©H,.C + COg
OP0, g OPO4 Hp

Lipmann belleves that acetylphosphate, due to the fact that
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phosphorylation has raised the 0/R potentialvof the systen,
is possibly the intermedlate in C, and C; addition to form
pyruvic acid. Such a reactlon involving acetylphiosphate,
ﬁou]d provide & means of generating phosphopyruvate, the
orly compound in glucolysis not regenerated by a reversible
reaction.

It should be reallzed that no rellable evidence exists
at the present time in support of the hypothesis of Cp and
€, addition involving carbon & oxide.

An alternative meclhianiam for the fixation of CO; in
lactic acid, l.e., by formation of lactate from a C -dicar-
boxylic acid, offers more attractive possibilities tmat there
are at present certaln unexplained facts.

The following series of reactions serves to illustrate

e poa3glble nmechanism,

020, + Clp.C0.C00H zmmme G001, Clg.C0.COCH qoemmx  C °0OIL
CHz COH. COOH == G 3Q0H, COHz CH. COOH ommex C*20CH. CO.CHg +
COg ?%.; C*200H. COH. Clly + COg

This scheme incorporates the suggestion of Meyerhof (1942)
that there oexists a dynamic, non-enzymebtic interchenge of H
and OH between the alpha-carbon and the beta-carbon of

enol oxaiacetic acid. The results of Krampitz et al. (1942),

however, have shown that the above Interclange does not occur

due to chemical influences, neither does it occur in the
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presence of an enzyme which brings sbout a reversible ex-
change of COg and the carboxyl carbon adjacent to the
methylene carbon of oxalacetate.

Carson et al. (1941b) have proposed the reversible con=-
version of pyruvic acld and COg to the symmetrical molecule,
fumarate, as a possible mechanism te explain the formation
of pyruvic acid contalning fixed carbon in the carboxyl
group. Lactic acld would then arige by reduction of the
latter compound, Such a moechanism would lead Lo the forma=-

- tion of succinate containing fixed carbon in both carboxyl
groups, since part of thne pyruvate containing heavy carbon
would agzaln condense with Claog and be converted to succinate.

The following are some observations which at first sight
may seem inconsistent with the ebove theories. Lactic acid

formed from glucose by 3treptococcus paraclirovorus contaln-

ed fixed carbon, whereas that formed from citrate did not.

On the othsr hand, the succinate formed by both fermenta-
tions contained fixed carbon (cf. Teble 4). It follows that
the lactate was formed from citrate by a mechanlam which
differs from that responsibls for the formation of lactate
containlng ¢*® rrom glucose. Assuming oxalacetate was formed
containing fixed carbon 1ln both fermentations, and ths lac-
tate contalning ¢*® was fomed by the fermentation of glucose
from oxalacetate, there must have been a mechanlsm present

in the fermentatl on of cltrate which prevented thie breakdown
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of oxalacetate to yield pyruvate conbalning heavy carbon.
Horeover, in other fermentations tlore does not seem to bs
any relationshlp between the concentration of ¢**® in the car-
boxyl groups ol succinate and lactate, as might be expected
1f both had a common origin. Recent results (Slade and
Werkman, 1942) have shown an additional means of formation

of succinate, hence it is doubtiul whether the above relation-
ship would oceur, Also, the discrepancy may be caused by
oxalacetate being removed prior to its breakdown to pyruvate
more completely 1In some fermentations than in others.

Clostridiwe welechil produced lactlc acid containing

fixed carbon but there was no Cy~dicarboxyllic acid formed.
If tle latter compounds functlon in the formation of lactate
in this organism, 1t would be necessary to assume that all
the C, acid formed was broken down to compounds contain-

ing fewer carbon atoms.

The homofermentetive lactic acid bacteria produce sub-
atantlally only lactic acid, and little Cg compounds from
zlucose. Hence, 1t is loglcal to suppose that these bac-
terln have a weak carboxylase actlvity. It is apparent
therefore, that these bacteria might be used to test the

formation of lactic acld by Cp and C, addltion. However,

Streptococcus lactis and Lactobacillus plantarum were found
to fix no carbon dioxide in lactic acid. These results are

in agreement with those of Carson et al. (194la). As was



- 68 -

pointed out above, pyruvate carbvoxrylase probably has no
comection with fixation of COg, on the basis of the
evidonce avallable. These negative resulis, however, do
not exclude the possibility that assimiletion of CO5 is
involved in some unknown manner, in the metabolism of thesae
oY ENisms.

% is apparent that the above reactions lscussed do
not agsl m an egseniial rols Lo the flxation of CO4i in tle
carbouyl sroup of lactic acid, il.e., lactate would be
formed regzardless of the [fixation of carbon dioxide. 1t 1s
aduniit ted also, that the mechianism of tldis fixation is largely
a uatter of gpeculatlon. 1o delinite evidence cxists for
sither Cgp and C, addition or a secondary conversion of a (,-
dicarboxylic acld. The statement can be made in favor of
the labtter nechenism however, thut tlw reversivility of the
reactions concerned has been proved in the case of animel
tissues (Szent-OybBrsyi, 1939) and bacterla (Krebs and Tzglea-

ton, 1841).

Fixation of carbon dloxide in acetic acid.

‘he procedure used for the degradalion of acetic aclid
was simllar to that of Ardagh et al. (1924). Wood et al.
(1941d) have proved the relliability of this method to deter-
mine the position of fixed CO5 in propionic acid. After

recovery of tie acetlc acld from the Termented medium, its



purlty was checlted by the partition method of Osburn, Vood
&nd Werimman (1936). In the presence of brom-thymol blue,
Ba(0il) g was added to neutrality and tl® solution evaporated
to dryness. ‘The dry Ba(CHz.C00)g was placed in a 25 ml.

dis t11ling flask and held at 460°C. in a Wood's alloy metal
pati: or 850 minutes. The flask was contlnuously flushed with
oxygen-free and C0p~free nitrogen. 'he reaction is as fol-
lows:

(CHgCO0) B8 wmemed=  (CHz00.CHy + Bal0g

The carvonete orizinates from the carvoiyl group of acetets.
Acetone was collected in ice~cold wubsr. The Glg was liberated
from the residual carbonate by addition of 2 [ ICl.

The acetone was distilled from tle origlnal solution and
then converted to iodoform (Coodwin, 1920) by treetment with
successive allguots of a0l and Iz. Tie solutlon was allowed
to stand half an hour in sn ice bathy & slight excess of
HeSC,4 was added and the liberated I, titrated with UagSy05.
The degradatlion reaction is as follows:

Clige COL.Cily + SIg + 4NaOH weeme—s» CIIy + CHzCO00R& + 3hal 4+ 3Hg0
ITodoform originates from tlhe methyl carbon atom of acetate,
The latter compound was filtered onbo a sintered slass disik,
dried over CaClg at room btemperature, and oxidized to COg

with chromlo-phosphoric acld according to Friedemann and Ken=-
dall (1929).

The ylelds of COg ranged between ¥0 to 95 per cent of
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theoretlical, and acetone 45 to 50 per cent. The rccovery
of lodoform isg practically guantitetive.

In order to secure sufficlent acetato to perform the
degradation, stationary fementatlions by Asrobacter (Table

4, number 1) and Zlestridium were carried out in « volume

of GO ml, In the latter cage the reaction mixture consisted
of 0.1 ¥ slucose, 0.085 I NaliCO, (7 per cent ¢*®), and 2
per cent cell suspenzicony the incubation temperature wes
30°C.

In the case of fermentatlons produced Ly Clostridium

welchil, 1t was necessary to separate a wmixture of acetic
and butyric acids before the former could be dejraded. The
venzene Adlstillation method of Schicktanz eh al. (1940) was
used. A thrse fool sil1ll packed with porcelain saddles was
employed., After the distlllation, the acetic acld was re-
coversd from ths benzene solution by allkaline evaporation,
acidification with [,S0,, snd subsequent steam distillation.
The purity of the acetle acld was checked according to
Osburn et al. (1936).

The residue containins butyrle acid, benzene, and p=
toluenesulfonic acid was filtered, water added, and ti
mixture neutralized and evaporated to a small volume., 4fter
a second filtration, the solutlon was acidified and stean
dis tilled, and the distillate neutralized,vevaporated to a

small volume, acldified, and again steam distlilled. The



partition constant of the distillate indlcated the presence,
in addltion to hutyric acld, of traces of an uanknown acid.

The results in Pable 7 show thiat Aerobucter indolo-enes

and Clos tridiwn welchil (ixed €20, exelusively in the car-
boxyl ~roup of acetic acid., The per cenb c*® rixed in ace-~-
tate by the latter orpanism has been conslatently lower when
compared to Aerobacter. In a sinzle experiment these values
would be guestlonable but from repeated experiments it is
concluded that none of the {ixed carbon is located in the

netoyl grouvp. In an addl tional experiment with Clostbridium
o & it

wolelili, the scetic acid Tormed contained 1.84 per cemt (3
and. the acelone derlved thereifrom contained 1.1¢ ver cenb
€33, Calculating all the fixed C*® to reside in the carboxyl
srovp of the aceltic aecld, a value of 1.19 per cent c*® was
obtained for the acetone which agrees exactly with the experi-
mental value. In tlis experiment, tie COyp orviginating from
tha carboxyl group of the acetic scid was lost.

Acecording to most schemes of fermentetlon, accvlc acld
is belleved to arvise by oxldation of pyruvic acid, as follows:
Clige COeCOOH + Iip0 emmmme—> (liz«COCE + COg + 20
In this reactlon the carboxyl carbon is transformed to CGCg
therefors even thiouzl thexe was fixed carbon in the carboxyl
group of pyruvete, the acelic acid would be devoid of fixed
carbon dloxide., It thus is apparent that two mechenlsms exist

for the formation of acetic aclid, one in which the acelate
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TARLE 7.
POSITI ON OF A3SIMILATED C*20, IN ACETIC ACID

SYNTHESIZED BY HETEROTROPHIC BACTERIA

: Acetic : Methyl: Carboxyl: Calculated®

s acid ¢ carbon: carbon :carboxyl carbon
Bacteria : s 5 : : 13

: 4 T BCr2 z  dcr® <G
Aerobacter
indologsenes 1.33 1.1l l.34 1.57
Aerobacter
indologzenes 1.17 1.10 1.19 1,23
Clostridium
welchii 1.13 1.11 1.15 1.18

¥Calculat ed by means of equation: 1.09 + X = 2 x per
cent Ci2 in acetic acid; X = per cent C*® in carboxyl
group of acetlic acid.




contains filxed carbon in the carboxyl group and the other in
which it does not.

Slade et al. (1942) suggested that the reaction of fixa-
tlon may not be directly concermsd in the formation of acetic
acid, in that the acid may arise by secondary conversions
following the initial fixation of COz, Gege., by Cz; and C,
addltion. The recent results of Slade and YWerkman (1942)
have shown thet this suggestion 1s substantially correct.

It appears that the fixatlon takes place by means of tie
Wood and Werkman reactlon, and the acetate is subsequently
derived from the C ~dicarboxyllic acid by a splitting of the
molecule into two C, fragments. This material will be dis~
cussed in a following sectlon of thls tlesis.

There are several otheyr possiblilities which may be
conasidered in regard to the fixation of COyp in the carboxyl
group of acetlc acid. The possibillity of an exchange reac~
tion seems remote. If such a reaction did occur it would
involve a new type reactlon of fundamental importance, i.e.,
C, and C,; addition 1n whiclh one component 1s not CO; or formed
from C0z. The possibility also exlsts of a separation of a
Ce Tragment from an intermediate compound which contains more
than four carbon atoms. One of the six carbon or seven car-
bon atom compounds which occur in the modified Xrebs cycle

(wWood et al., 1942) may be cited as en example. Finally, it
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is possible to theorlze that acetate may arise by alpha de-
carboxylatl on of oxalacetate to malonic aldehyde, followed

by oxldatlion and subsequent decarboxylation.

G1®00H. CHg. C0.CO0H 28025 C*®00H. CHg.CHO ........;."”2;0

0" 00M, CHlg e COOH mmmme> G ®00H.CH, + COg

Little evidence 1s avallable to support these posaibilities. .
It should be emphaslzed that the type of fixation of

CO0g in acetic acid discussed here, differs fundamentally

from that reported by Barker et al. (1940a) and Wieringe

(1940). The former have found that Clostridium acidi-uricl

is able to reduce COg to acetic acid in the presence of uric
acld as a hydrogen donator. Radioactlive carbon was used as
a tracer and tle COp was found in both methyl and carboxyl
zgroups. The methyl carbon possessed twice as much radio-
activity as the carboxyl carbon. A dirsct reduction of COgh
to acetic acld would be expected to result in an equal dis-
tribuld on of the redloactivity between the two carbon atoms.
Thus 1t 1s possible that the individuel acetate molecules
synthesized by this organism did not originate entirely from

carbon dl oxide.

Wieringe (1940) found that Clostridium aceticum was

able to reduce carbon dioxide to acetic acid with gaseous
hydrogen as a reducing agent. This organism and also that

used by Barker et al., are considered as representative of
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types intermedlate between the avtotrophic and heterotrophic
groups of bacterla. It is obvious that the type of fixation

found with Aerobacter indolosenes and Clostridium welchii is

fundementally distinet from that of the two species mentioned
above,

In passing 1t may be of interest to point out that, in
fermentation 1, Table 4, 68 mM of formic acid were produced
which contained 3.13 per cent G¢*®., The concentration of Cla
in the final carbon dloxide was also 5.13 per'cent. Lvi-
dently, under the expressed conditions, complete equillibrium
was reached between formic acld and COg, as in the following
reaction: HCOOH === CO0p + Iz. \Woods (1936) has shown
the reversibility of the above reaction.

Mickelson (1939) found a cell-free, non-volatile, non-
ether-soluole residue from alkaline fermentations of glucose
by Aerobacter. This materlal has not been identifled but
is known not to contain adjacent hydroxyl groups. In one
experiment (Table 4, fermqntation 1), the cell-free residue
remaining after steam distillation and ether extraction was
found to contain fixed carbon (l.24 per cent Gla). Barker
et al. (1940b) in experiments with cell suspensions of

Methanovacterium in the presence of 01102’ have found fixed

carbon in tie fermentatlon residue which contained cell
mnaterial and probably other non-volatile substances. Barker

et al. believe those results show tke incorporation of COg4
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into cell material. The results reported here indicate the
possibility that the fixetion may have been in other than

cell material.

Sunmary and conclusions.

Assimilation of carben dloxide with the formation of a
carbon to carbon linkage ls established as a general pheno-
menon among heterotrophic bacteria. It is shown by the use
of heavy carbon, Cla, as a tracer, that the fixed carbon
1s located in the carboxyl groups of succinic, lactic, and
acetic acids., The essimilated carbon is distributed as

follows: Aerobacter indoleosmenses, acetate, lactate, and suc-

ecinete; Proteus vulraris, gtreptococcus paracltrovorus, and

Staphylococcus candidus, lactate and succinete; Clostridium

welchll, acetate and lactate; Clostridium acetobutylicum,

1actate.
Succlinic aclid contained assimilated cafbon in every
case in which it was formed. This fixation of carbon dioxlde
-in the carboxyl groups of succinate is believed to arise by
Csz and C, additlion according to the VWood and Werkman reac-~
tlon. |
Conversely, lactic ascld did not contain fixed carbon

in every case. Streptococcus parecltrovorus produced lac~

tate from glucose which contained flxed carbon, while lac-~

tate produced from cltric acid did not contain flxed carbon.
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Two possible mechanlsmy are suggested to explain the fixa-
tion of carbon dloxide in the carboxyl croup of lactic acid,
(1) 0, and C, addition, and (2) s secondary conversion of a
0o dicarbvoxylic acid containing fixed casrbon in the cartoxyl
croup. No concrete evidence 1s at present avallable to sup-
port either possibllity, however, itls latter sppears most
likely.

Acctlic acld contalning fixed carbon dloxlde in the car-

boxyl group was produced by Aerobacter indolozenes and Clos-

tridlum welchlli. The suggestion 13 made that the reaction

of fixation mey not be directly concerned in the formation
of acetic gcld, in thet the acetic acld may arlse from a
cleavage of a C, dicarboxyllec acld containing fixed carbon
in the carboxyl groups into two (g molecules. 3Several other
poasibilities are presented. ‘

The homofermentativerlactic acld bacteria, Streptococcus

lactis and Lactobacillus plantarum did not fix cearbon

dioxide in thelr products of the fermentetlon of zlucose.
A esll~free, non-volatile, non-ether-soluble residue Ifrom

alkalline fermentations of glucose by Aerobacter wasg found to

contain fixed carbon dloxlde.

Asgimilation of Acetlc Acid and Sucelnic Acid Containlng

Heavy Carbon by Aerobacter indolozrenes

Slade et al., (1942) have showh the fixation of carbon



dloxide in the carboxyl group of acetlc acld during the

fermentation of glucose by Aerobacter indologenes and

Clostridium welchil., The suggestion was made that the acetic

acld may arigse by a cleavage of a C, dicarboxyllc acld con=-
talning fixed carbon in the carboxyl groups into two Cp
molecules. It has been the purpose of thls investigation,
to prove the occurrence of this reaction by ths use of
synthetle heavy acetic acid and blologlcal succinlc acld
containing heavy carbon as a tracer, in fermentations of

glucose by cell suspensions of A. indologenes.

Briefly, definlite evidence has been obtained for (1)
the formation of succinic acid by the condensation of two
Ca molecvles, probably those of acetic acid, and (2) the
reverse reection, l.e., the cleavage of succinic acid into
two Cg molecules which are isolated as acetic acid. In addi-
tion, the first positive proof has been obtained for the con-
version of acetlc acid to 2,3-butylens glycol and to ethyl

alcochol.

Synthesis of acetic acid.

Two types of aoétic acld were syntheslzed; the heavy
isotope of earbon was contained in (1) the carboxyl group
(type 1) and (2) in both tls methyl and carboxyl groups
(type 2). <Type 1 acetats was synthesized according to the

following reactions:
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CllgT + g &x Tal:
Ia a ?‘E%é? Cha IGI

CHgHMgI + C¥30p ey CHg.C 200MaI

CHa+ € °00MIT + HgQ ememmwy Clg.C*®00H + MgIOH

The Grignard reagent was prepared by adding cold methyl
lodide in dry ether to magnesium turnings under an atmosgphere
of nitrogen. Al the coneclusion of the reaction, the reagent
wasg Iflltered into a Woulff flask which was tlen connected to
the flask containing the NagC*®0, solution. The delivery
tube entered below the swface of the Grignard reazent and a
drying tube was placed in the 1line between the two flasks to
prevent the entrance of water into the reaction mixture.
Tl system was placed under a vacuum and the COg released
from the carbonate by the additl on of i{,80,. The Grignard
reagent was vigorously astirred dwwing the resction period.
Dy weans of a small mercury manometer attached to the reac-
tion flesl, ths uptake of COy was followed, In this manner
the C0; was released from the carbonate as needed. Approxi-
mately C.08 I COp, was taken up in four hours. Vater was
then added to destroy the excess CH,Mazl and to convert the
acetlic acid complex to the magnesium salt. The solution was
acidlfied and distilled to one~half volume to remove acetone
and ether. "Yhe dlstlillate was made alkaline and evaporated
to a small volums, acidified and combined with the residue of

the original distilletion. The acetlc aclid was then removed



by digstillation. The distlllate was again made alkaline,
evaporated, acldified, and redistilled. The distlillate con-
tained pure acetic acld when checked according to Osburn et
al. (1936), and gave a negative test for iodides. A yield
of 60.6 per cent was obtained. .

Acetlc acid contalning c*® in tle me thyl and carboxyl
groups (type 2) was synthesized by a modification of the
method of Cramer and Klstiekowsky (194l). The reactionsg are
ag follows:

BaC30, + Mg —~L902C. BaCl®

13 13

13, 4 13 13
G- Hp + Hg0 EEE.TA__S-»SO c*®u,.C
3 TR 2 Feg(804)s ® HO

C“’I{a.claﬁo + 1/2 0y KalraOy, claﬁa.cmoon

All materials used in the preparation of the acetyllde must

be perfectly dry. Fifty mM BaCO, and one mole Mg(40-80 mesh)
were ground carefully in a mortar, and the mixture placed

in the center portion of an iron plpe 1 3/8 inches 1n diameter.
Dry hydrogen gas was passed through the tube for several min-
utes, and the tube was then placed in a previously heated

oven at about 700°C. until the tube reached a red heat. The
heating was then continued for 5 to 10 minutes longer. Pas-

sage of the hydrogen was continued during thls procedure, and

the tube then cooled in running water.



The BaCg-lig mixture was placed in a dry Clalssen flask
whilelr had been previously swept out wlth nltrogen. A salt-
ice bath was placed about the flask, and then 60 ml. of water
were added slowly to the mixture during vigorous stirring.
After addition of the water, the mlxture was warmed gently
until three liters of gas were obtalned. The acetylene and
hydrogen gases were collected in a three liter flask over
water, and then passed through a sintered glass disk which
was immersed in 100 ml. of the catalytic solution (2 gm.
HgB80,. plus 4.2 gm. Feg(S0.)3.9H0 plus 5 zm. Hg30, plus
water to 100 ml.). The solutlon was placed in a boiling
water bath during the passage of the acetylene. A reflux
condenser was placed above the catalytic solution and the
aldehyde displaced lnto 30 ml. of five per cent NaHSO5.
Because 10 per cent of the acetylene escepes conversion to
the aldehyde, the gas from the bisulfite tower was collected
and agzgaln passed through the hot catalytic‘solution. The
yleld of acetaldehyde was 58.4 per cent of theoretical. The
aldehyde was then reileased from the bisulfite solution and

oxldized to acetlc acid as in the determination of ethyl

alcohole.

Condensatlon of acetlc acid to sucecinic acid and the reverse

reaction.

Aerobacter indolozenes was grown for 24 hours at 30°C.
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on a medium conslisting of 1 per cent corn sugar, 0.3 per cent
peptone, 0.3 per cent (1il,)a504, 1 per cent KgHPO,, 10 per
cent tap water, and distllled water to volume. Strain 23B
was used.

The experiments listed in Table 8 were conducted in
0.1 1 phosphate buffer (pH 6.2) in tis presence of a 2 per
cenl cell suspension. The experiment to which succinic acid
was added contained 0.05 M glucose 1in 30 ml.j; that to which
type one acebtate was added contained 0.05 M glucose in 60 ml.,
and that to which type two acetate was added contained 0.1
M glucose in 60 ml.

Suceclnic acld, containing C15 exclusively in the car~
boxyl zroup, was obtained as tne silver salt from various bac-
terlal fermentations, acldified and extracted with ether.

The acids were neutralized to brom-thymol blue with a carbonate-
free solution of NaOH before being added to the reaction mix-
tures.

It should be indicated that all naturally ocdurring carbon
materials contain 1.09 per cent C®, and for the purpose of
this discussion, such values will be considered normal with
reapect to Cla content .

The addltion of sueccinic acld containing 1.57 per cent Cis
fermentations of glucose by Aerobacter resulted in the formation

of acetic acid contalning 1.22 per cent G13.(lable 8). This result



TABLE 8.

FERMENTATION OF GLUCOSE PLUS ORGAKIC ACIDS

SUSPENSIONS OF AEROBACTER INDOLOGENES

Y CELL

se

e €9

. -

tAcid : COg Hy :FormictAcetliciLacticiguc~ sEthy.
tadded : : tacid :sacid :acld :icinicialcol

s : : : : : tacid @
Control mi 0] 149.0 48,5 18,7 3.4 1.2 18.1 56
Y [ X o ¥ %) mM 6806 18600 50-1 4.0 5503 5.5 1100 51-‘
CHia* C*700H ¢ Ci8 2,39 1.08 2.0l 1.21 1.
.laI. e(113 mM 6406 179.8 45.3 4.5 26.2 2.0 12.2 54:.:
C* iy C25000 @ g8 4.51 1.12 1.10  3.27 1.07 1.33 2.
COOH* CHg* Clig® C1200H mii 130.0 133.0 5.3 126.0 6.l
4 Cas 1. 57 1.09 lo22 1.37 1.

Products expressed as mi per 100 mi of glucose fermented.
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TABLE 8,
MATION OF GLUCOSE PLUS ORGANIC ACIDS BY CELL
SUSPENSIONS OF AKROBACTER INDOLOIENES

- -

e o8

H s $2,3- :Carbon

: COg Hg :Formic:Acetic:Lactic:Suc- tEthyl :Butyl-:recov- :0/R
H : tacid :acld :acld scinic:alcohol:ene sered tindex
H : : : : tacld : sglycol: % $

149.,0 48.5 18,7 .

1.2 18.1 56.0 58. 6 99.5 1.00

3.4
186.0 50.1 4.0 35,3 3,5 11.0 5l.4  70.1  94.1 1.10
2.0

3 1.08 1 1.21 1.64  1.21

179.8 45.3 4.3 26,2 2,0 12,2 54.3  69.6 92,7 1.04
L 1.12 1.10 3.27 1.07  1.35 2.19  1.24

133.0 5.3 126.0 6.6 44,6
7 1.09 1.22 1.37 1,18  1.15

|
Ts mi per 100 mh of glucose fermented,
\
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proves a cleavage of the swclnate molecule lnto acetlec acid
or into two molecules of a Cg compound which are converted
into acetic acid.

The formatl on of acetate from succinate by way of the G,
dicarboxylic aclds, l.e., by oxidation of the succinate
to pyruvic acid, would result in the formation of acetate
not containing c*® becguse the carboxyl groups of the suc-
cinate would be coaverted to Claoz in tle oxidatlion process.
Also, & necessary reaction in this process, i.e., oxidation
of succinate to fumarate, has never been shown to occur under
anaeroblc conditions. Thus, if acetic acld cannot be formed
from sucecinic acid by a removal of C, compounds, the only
posslbility remaining is a process involving a cleavage of
the succinate to two Cp compounds.

If acetlic acid were formed entirely by a cleavags of
succinate, the acetic acld should contaln approximately the
same per cent ¢*® as the final succinic acid. The acebic
acld contalned l.22 per cent Cla while the final succinate
contalned 1.37 per cent (Table 8). It 1s probable that
acetle acid was formed In this experiment by an oxidation
of pyruvate as well as a cleavage of succinate. The question
arises as to what extent was acetate formed by the letter
mechanisme. By means of celculations it will be shown that
the reactlion is of quantitative si gnificance. The calculations

have been made on the assumption that the C'® content of the



final succlnlc aclid represents the concentration of Cla in
the succinic acid avallable to the cell for tle clsavage
regsction. It is admitted that thils value involves an agszump-
tion. There 1s no assuvrance that the succinic acld formed
in the cell comes completely to equllibrium with the succin-
ate dlasolved in the medlum before being utilized. Un-
doubtedly, cell permeability l1s an important factor in this
regpact. HHowever, the calculation may be made in the follow-
ing manner: let X = per cent acetlec acid formed from a sub-
strate contalning narmal carbon, and 1 - X = per c¢ent acetic
acid formed from succinic acid containing Cla carbon. The
equabion is, per cent Gla in final acetic acid = 1.09 X +

per cent C*® in final succinic acid x (1 - X). Using the
values expressed 1ln Table 8, 1.22 = 1.09 X + 1.37 (1 - X),

X = 83 per coent and 1 - X = 47 per cent. This means that

53 per cemt of the acetic acid was formed from a substrate
containing normal carbon, and 47 per cent was formed from
the succinate containing ¢*® carbon. In other words, if
there were 100 molecules of acetic acid, 53 of which were
formed from normal carbon, and 47 of which were formed Irom

18

¢™" ecarbon of succinate, a value of 1.22 per cent C*® would
be obtained for tie final acetic acld. Hence, under tls
expserimental condltions, apparently one-half of the acetate
was formed by a cleavage of the succinate.

A net loss of 4 my of added succinate occurred during
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the dissimilation (cf. Table B8). Reynolds et al. (1937)

have reported a decrease of 15 mM of added succinate per

100 mii of glucose fermert ed by growlng cells of Aerobacter.
In the present experiment, however, succlinate was formed
from the glucose. This is evident because the concentratlion
of ¢*® in the succinate decreased from 1.57 to 1.37 per cent.
Slade eb al. (1942) have shown the formaetion of succinate by
Aerobacter by means of tle Viood and Werkman reaction.

The addition of type 1 acetate, (Cﬂs.claOOH) resulted
in its condensation to succlinic acid. The added acetate
contained 2.39 per cent Cla wihile tre succlnete formed con-
tailned 1.21 per cent Cla_(cf. Table 8). If suceclnic acid
was formed in this dlsasimilation by acetic acid condensation,
the succinate should contain Cla exclusively 1n tle carboxyl
groups. Table 9 shows that the degradation of this succinic
acid resulted in tle locatlon of the Cla excluslvely in tie
carboxyl groups (l.25 per cent), while the methylene carbon
atoms were negative (1l.10 per cent). IHence this result
demonstrates that tle succinic acld was formed by means of a
carbon to carbon linkage involving the methyl carbon atom of
acetic acld. Tiils reaction may be represented as follows:
CHs. COOH

: ~2H

Clige COOH

The above reactlon represents Cgz; condensatlon and is not

intended to express a clear-cut plcture of tie reaction.
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TABLE 9.
LOCATION OF THE HEAVY CARBON OF ASSIMILATED
ACHTIC ACID IN COMPOUNDS SYNILEESIZED
BY AKROBACTER INDOLOGENES

. CHs.C*®00H . C*y,.c*%00H
N . . . added : added
Product isolated ; (type 1) : (type 2)
Suceiniec acid 1.20 1.33
methylene carbon 1.10 l.352
carhoxyl carbon 1.25 (1.31) 1.29
2,3-Butylene zlycol l.21 l.24
methyl carbon 1.10 le23
hydroxyl carbon 1.27 (1.33) l.22
ithyl alcohol 1.64 2419
methyl carbon —— 2.16
hydroxyl carbon ——— 2,17

The values are glven 1n per cent ¢c*®, The values in
parentheses were calculated by the following equetion:
2 X+ (2 x 1.09) = 4 x per cent C*3® in whole molecule,
X = average per cemt C® in carboxyl carbon atoms of
succinic acid, or hydroxyl carbon atoms of 2,3-butylere
zlycol.
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Trom the results of these experiments it 1s nol possible to
determine positlvely the actual nature of the Cp molecules
involved in the coandensation reactions It is highly probable
however, thabt aceltlc acid or a phosphorylated derivative is
Involved.

Thhe succlnic acid was not formsd by a synthesis of py-
ruvic acld by way of C, and Cp (CHa.CLSOOH) addition, followed
by Cz and C, addltlon to oxalacetic acld, for this would have
resulted in ths formatlion of swcinic aecld containlag Cla in
the me thylene carbon atoms. Actually, the succlnate contained
c*? gxclusively in the carboxyl carbon stoms (cef. Table G).
Also, the cleavage of succinate to acetate supports the pro-
posal of the formation of suveccinate by Cp and ¢, addition
rather than by Cz; and Cz addltion. There is no mechanism
knovn for tre oxidation of succinete by which single carbon
atoms may be split of leaving a Cg residue containing a
carboxyl carbon atom of the origlnal succinate. The mosat
plausible explanation of the formation of C¢'® acetate from
succilnate ls to assume cieavage off succinate to two Cg4
fragments by a wmechanlsm which 1s the reverse of acetic acid
condensati on.

Calculatlons to show trte amount of succlnate formed by
acetlc ecld condensation may be made in a manner similar to
that shown previously wlthh added succinate. Let X = per cent

succinic acld formed from a:substrate containlng normal carbon,
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and 1 -~ X = per cent succinic acld formed from scebtic acld
contalning c*® carbon, The equation 1s, per cent C*? in
final succlnic acid = 1.00 X + per cent C13 in finel acoetic
aeid = (1 - X). Using the values expressed in 'abls 8,
1.21 = 1.09 X + 2.0 (1 - X). This means that 13 per cent
of the succinlc acld was formaed by Cgp condensation and 87 per
cent by other mechanisms. Thus this approximate calculatlion
shows that Cg condensation 1s a reaction whlch possesses
guantitative slgnificance.

On' addition of type 2 acetate, succinic acid was formed
containing G“5 (Table 8)s The condensation of two molecules
of acetic acid contelinlng ¢*® in botn methyl and carboxyl
groups, would result in tls formation of succinate contain-
ing Cla in both methyl and carboxyl groups. ‘Table 9 shows
that the succinaté (1.33 per cent Cla) formed in the pres=-
ence of type 2 acetate contained Cla equally distributed
between the methylers carbon atoms (l.32 psr cent Cla)
and tlre carboxyl carbon atoms (l.22 per cernt Cla). Thé fact
that the methylene carbon atoms of succinate contained c*®
is conclusive proof that the succinate was nol formed by
thie 005 fixation reaction, i.e., tle acetic acid was not
oxldized to COg and tle resulting heavy carbon fixsd in the
C, dicarvoxylic acids., II this reaction had occurred tne
¢*® would be exclusively in tle carboxyl carbon atoms. It

is thus definitely established that under anaerobliosls there
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exists at lsast two mechaniams of succinic acld formation,
one 1lnvolving fixetion of COp (Wood and Werlman reuction),
end tie otler some fomn of condensalion of acetic acid or
1ts derivative.

In this experiment in which type 2 acetate was added
11 per cent of tlie succinate was formed by C, condensaidi on.
“hils value agrees with the amount of succlnate formed on the
addition ol type one acetate (13 per cent). The cazleculation
of the equilibrium counstant for tle condensation rezctlon
must await the ilsolation of tho cell-free enzyme system and
the congequant elimination of tle various ' sgide!' reactions
which- existed in the opresent exporiments.

A net decrease in added acetate occurred in both experi-
mentsy I33.3% mM in the case of type 1 acetate, and 38.4 mi in
the case of type 2 acetate. Uowever, there hes been a
glmultaneous productlon of acetlc aclid from the zlucoae.
vhis 1s evident from the ¢'® content of the initiel and final
acetle aclds. The pear cent Cla of type 1 acetate was diluted
from 2.39 to 2.01, and type 2 acetate was diluted from 4.51
to 3.87 per cent c*®, mickelson and VWerkman (1939) have
shown a loss of 36 mi of acetic acld added to a fermentation
of glucose by growing cells of Aerobacter.

In a preoéding section it was shown that Clostridium
welchll formed acetlc acld which contalmned fixed Claog'in

the carboxyl group, althouzh no succinate was formed. In




view of tle fomation ol acetabe [rom succinate by jserobacter,
it would be Lmportant tw determine whether (Cl. welcnlil is
able Lo pexrform the sauwe reaction, 1 not, an additional
machanisn of foruation of acelabte in that Termentation would
have to be assumed.

The axidative condensation of acetle acid Lo guccinic
acid roguires tie participation of a hydrogean acceptor. The
identity of suci: a molecule in these experliments is not known.
However, bhe inereased yleld of 2,3-butylene glycol on the
addition of acetate, indlemtes that the reduction and con-
densation ol the latbter to ithe glycol, may serve as hydrogen
acceptor for the condenaall on of acetle acid o sucecinate.
Also, it has been iound (unpublished deta) thet the addition

)
of’ acetate to Tfermentations of cxalacetate by Citrobacter

regults in an increase in ihe yleld of succinate. ''he con-
densation of acetate may take place under aneeroblc condi-
tions with tle participation of oxalacoatate as & Lydrogen
accoptor.

Krebs and #ggleston (1941) in experiments with Propi-

onibacterium shermanii reject the possibility that succinate

can be formed by a condensation of acetate, but they wers
able to demonstrate an increase in succinate on the additlion
of acotate to fermentations of oxalacetate. They believe
that acetate may ve oxidized to COz; with the reduction of

oxalecotate to succinabe, although no evidence sxists for
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the anmoeroblc oxidation of acetate to CO,5, and no possible
nechanisma were sugsested. Sueh an oxidatlon in the present
experiments would bave resulted in ilie formation of ¢*20,, and
also an unequal Adlstribution of the ¢*® vatween the methylene
and cerboxyl carbon atoms of the succinate formed on the addi-
tion of type 2 acetate.

wood, Stone and werkman (1937) have shiown the utilization
of acectic and succlinic aelds during fermentatlions of lucose

by Proplonibacterium. The guggestion was made thatl succinice

acid was formed Ly acetic acid condensatlon and the forne
compound decarboxylated to propionilc acid and C0g. Wood and

vierkman (19400) in experiments with Propionibacterium on

slucose and glycerol, suggested that, in addition to the
suceclnaite formed Ly 8z and C, condensatlon, 2 mechanisn was
also present widen involved acetic or pyruvic acid condensa-
tion.

In a preceding section it was ahown that Cmo.,3 was Iixed
in the carboxyl carbon atoms of lactle acld formed by Aero-
bacter. The poasilbllity was pres§nted that the lactate
arose by a reverslble conversion of the Cg dicarvoxylic aclds,
to pyruvate and COg, i.6., fumarate —tda0s malate _z2H o

-HgO +2H
oxalaecetal® —— pyruvate + C0gz. In tie present experl-
ments, the lactate contalning €*® would necessuarily have to
originate from succinate instead of Ifumarate. A4As previously

indicated, tle anacrobic oxidation of succlnate to fumarate



may not occur. Thus tle formatloun of 1actic aclid conbaining
€2 would be a definite indication ol the existence of such
a veaction, and zlso the Iformabion of lactate by way of the
C, dlcarvoxylic seids. The lactate formed on thie addition
of type 2 acetate 3ld not contsain Clm.(Tablc 8). 1his nega-
tive rosult cannot be conaldered conclusive hrecause of tie
low yield of lactate, and also because the pyruvabe forued
Trom zlucose has probably dilated the pyruvave Cormed [rom
the ¢, dicarvoxylic aclds. Thisz problem could possibly be
setitled by the addition of fumaroale and malate containing

13 . . : -
C to fermentatlions of glucose Dy Aerxobacter or Lacherichia.

The anaerobic oxidablon of sueccinate to fivmarate (17 it cecocurs)
would thus be avoided and lsctlc acid conbaining c*? might
result.

iislina, Tndo, and ilekayama (1941), with the aid of
Clloz, have shown a converslon of ethyl alcohol bto radio-
ective walle acid by E. coll. SBuch a conversion may involve
C, condensation to gsuccinate. Dy oxidation of the succlinate
to oxalacetate, Clloz may enter tlhie latber molecule by ex-
change, and the oxalacetate coutainlng G0, then e reduced
tc malate.

The aerobic oxldation of pyruvic acid has long been a
problem to cell physiologlsts. In animal tlissues such as
brain and llvor, and 1n bLacteria such as the lactic acld

bocteria and gonocoecci, acebtic ancid h:as begen [ound as en



oxidation product of pyruvic acid. This is e3peclally tree
when injured cells or cell-free enzymo aysuens were amployed.
Such results indleate that acetic aclid or a slullsr Cg com-
pound is an intermediate in the oxidebion process. ‘fhe main
proplem thus vresolves itsell into an oxidalion of acetic
acid to carbon dioxide and wator. Oppenhsimer and Stern
(1939) state, '' The decisive key reactlon conslsting in the
dehydrogenation of uaceblic acid bto succinle acid has long
been o theoretical nostulate." This postulate involves the
condensation of two molecules of acetic acid 4o succlinic
acid, followed by oxldation of the latter acid to pyruvie
ecid and CO,. Thus one wolecule of pyruvate has been con-
plotely oxidized and the other hea been recovared.
Althousn the present results do not demounstrate neces-
serily a direct condensabion of acetic acid Yo succinate,
proof heg been dstalned of tie condensation of , compounds
originating from acetic acld to a ¢, compound which is lso-
lated as suceinle acid, Inasmach as the Iinltlsl compound is

—-——————

agcetle oeid ond tle end product 1g sveeinlc acld, tie reac~

tion in guestion, probadly lnvolves acetic acld condensatlon,
‘tug these results present thie most direct evidence obtained
go far for thls reaction, wilth tlo lmpllcatlon that the reac-
tlon may function as a part of an oxidation cycle in hacteria

and anlmel tlssues.



Conversion of acetic gcld to 2,3-butvlens mlycol.

Rleynolds, Jacobsson and Werkman (1937) have shown that
the addition of acetic mecid to fermentations of glucose by
Aerobacter results in an almost quantitative increase in
2,5-butylens glycol. The suggestlion was made that the added
acetic acid was reduced and condensed to the glycol, Ths
results to be presented support thelr suggestion in that the
glycol does arise in part from acetlc acid. It‘is doubtful
whether the greater portion of the glycol arises from acetic
acide In other words, tle conversion of acetate to 2,3~
butylene glycol probably 1s not an essential reaction in the
farmation of the pglycol.

For many years acetaldehyde haa been considered an
intermediate in the formation of acetylmethylcarbinol by
yeast. HNeuberz and Kobel (1925) suggested that one molecule
of synthetlic acetaldehyde condenses with one molecule of
nascent acetaldehyde fommed by yeast preparations from glucose
or pyruvic acld to form the carbinol. Dirscherl (1931)
suggested the possibllity of acetaldshyde coupling with pyru=-
vic acld prior to decarboxylatlion to the carbinol.

On the other hand, 1llttle work has been performed on
the farmation of acetylmethylcarbinol and 2,3-buitylens plycol
by bacteria. In view of the results of Reynolds et al. (1937),

Kickelson and Werkman (1939) attempted to obtain evidence of
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the converglion of faLty acids and aldeliydes to the corresgond-
luz slyecols during the lermentatlon of glucoss by serobucter.
On the eddition of sceboldsiiyde, increases in ac bLylmethyl-
carbpinnl, athyl alcohol and acetic acid were oblseined. How=-
ever, bths orsenism wea not abls to synthesize tlie homologous
glycol or ccrbinol on addition ol propionaldehyle and butyral-
dehyyde, ‘The latter compounds were reducsd Lo tlie corres-
pondiig aleohols wlth a decrease in the yiold of ethyl
alechol, Added propionic acld was reduced bo the alcohiol
and caused an lucrease in bhe yleld ol 2,3-bLuibyleane lycol.
L was suggested vrat sdded acetic ncld was assimilated in a
simiiar mamor, wiithout itsell veilny translformed to the
slyeol. Tt was dlso syggzested tlwt perhaps syathetic acetal-
del:yde wes condensed with some intermediate ctiier than acetal-
delyyde durlny the formation of tle carvinol.

Haypsor (1830 found increases in the yield of acsbyl-
mothylearbinel on the addltion of homologues of acetaldeinyde

vo cultures of jJtrestococcus liguefaciens. ilomologues of

acetylmethylecarhinol were not fonned.
Dilverman and Veortman (1941) were not abla to ahow the
purticipation of acetaldehyde in the formetlon of acetyl-

methylecarbinol by a cell-Tree enuyie nrepavabion of Asvo-

bacter. Recently, Oresn et al. (1942) Jdenonstrated large
lncreagses in the carbinol upon the additlon of acstaldehiyde

to pyruvic aclid iun the prssence of cell suspensions of
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Aerobacter. The proposal was made that a condensation pro-
duact of pyruvic acid and acetaldehyde was involved in the
formation of the carbinol.

Thus 1t can be stated tlat little definite evidence
exlsts for the occurrence of acetaldehyde as an intermediate
in the formmation of acetylmethylcarbinol and 2,3~butylene
gleyol Ly bacteria. The results of the present investiga~
tion prove that a Cz compound, probably acetaldehyde or a
closely related derivative formmed by a reduction of acetic
ecld, is involved in the synthesis of 2,3-butylene glycol.
It is also shown that the carbon to carbon linkage created
in the condensation reaction, involves the carboxyl carbon
atom of acetlic aclid. These results present the most dirsct
evidence for the occurrence of acetaldehyde as an intermediate
in the formation of 2,3~butylene glycol by intact cells of
Aerobacter.

The addition of type 1 acetate (2.39 per cent Cla)
to fermentations of glucose by Aerobacter results in the
formation of 2,3~butylene glyeol containing 1l.21 per cent
¢*® (Table 8), According to a condensation reaction involve
ing two molecules of acetaldehyde or a molecule of acetalde-
hyde and a molecule of pyruviec acid, the glycol formed in the
above experiment should contaln o*® exclusively in the hy-

droxyl carbon atoms.
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To determine tle poslition of the Cla, the degradation
of the glycol was carried out by a preliminary oxidation |
to acetaldshyde by periodic acid as described in the pro-
cedure for its determinetion. The aldehyde was collected
in ice~cold water, and the ilodoform reaction performed as
in the procedure for the degradation of acetone. The
reaction 1s as follows:

CEgsCHO + 315 + 4NAaOH emmee—s CHI, + HCOONa + 3NaIl + 3Hg0
Todoform ariginates from the methyl carbon atoms and formilc
acld from the hydroxyl carbon atoms of tle glycol. The
residue remalining after filtration of the lodoform, was
acidified and the formic acld recovered by distillation,
However, it was found that hyposulfurous aéid which orlginates
in the titratlon of iodine by thlosulfate, decomposed during
the distlllation, probably according to the following reac-
tion: '

HpS40g = HpS0, + SOg + 28

Thus, the distillate was filtered to remove sulfur and re-
fluxed four hours to remove sulfur dioxide, made alkaline,
evaporated to a smll volume, acidified and redistilled. Tis
formic acld was oxidized with mercurlce oxide according to
Osburn, Wood and Werlkman (1933).

The hydroxyl carbon atoms contained 1.27 per cent c*®
(Table 9), whereas the methyl carbon atoms were normal.

This result proves tlat acetic acld took part in a condensation
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reaction, with the creation of a carbon to carbon linkage,
at least one of the carbon atoms was originally the car-
boxyl carbon atom of acetic acid. Calculatlons indicate
that approximately 13 per cent of the glycol was formed
from acetic acid containing G2,

On the addltion of type 2 acetate, 2,3-butylene glycol
was formed which contalned 1.24 per cent C*®. Likewise,
according to a condensation reaction, this glycol should
contain ¢*® equally distributed between the methyl and
hydroxyl carbon atoms. Table 9 shows that the methyl
carbon a toms contained 1.23 per cent and the hydroxyl car-
bon atoms l.22 psr cent Gla. Calculat lons indicate that
approximately 7 per cent of the gl ycol was formed from acetic
acld containing C*2,

The addl tion of succinic acid also resulted in the
foarmation of 2,3-butylene glycol containing ¢*®. This
experinnﬁt is comparable to those in which acetlc acid was
added, because of the cleavags of succinic acid to acetic
acid. Calculations inmlicate that approximately 47 per cent
of tle glycol was formed from acetlic acid containing Cla,
although thls value is not reliable because of the small
amount of cla present in tle gl ycol.

In regard to tlw mechanism of formation of the glycol
in these experinents, it appears that either (1) two mole-

cules of acetaldehyde, or (2) one molecule of acetaldehyde
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and molecule of pyruvic acid are involved. lowever, 1t ls
not possible to determine which mechanism occurred on the
basis of the position of the ¢*® in the glycol. The follow-
ing reactions will illustrate:

(1)

CHa CHg

' . 13 *13
CHa +2H CHy HeC:O c™7:0 +21 H.C .OH
- - ° + . N 'S R -

13 I ~I'i O b3 s Ve i
13004 =Y nogi®.o OHs H ? OH H,C. 04
(2)

. CH
Clg 3

CH HOO0C.C:0 .
+ 3 )
G300H -gﬁo TP . > G*%:0 ~—as
* 2 H.C*":0 CHgy .
HOOC.C. OH
CI‘I&
CHy
élaro Cls
. _+gH, m.0*.om
Ii.. C L] OH ®
. H.C.OH
Cily .
ClHg

In view of the vesults of Creen et el. (1942), it 1s likely
that in the present experimenta, the 2,3-butylene glycol was
formed by a mechanism simllar to that represented by equa-

tion (2) above. "The Cg compound in the equation represents

a pogslble structure of the intermedliate compound formed in
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the condensation reaction. The acetaldehyde necessary for
thisg condensation was probably forned by the »eduction of
acetic acid. In tis mexbt section it will be shown that
added ecetlc zcld is reduced to ethyl alcohol by cell sus-
penaions of Aerobacter, and the conclusion is unavolidable
that acetaldehyde is an Intermediate in that reduction.

The recent results obtained 1in this laboratory by
Gross, Wood and VWerkmmm are of interest ln respect to the
intermediate mschianlam of pl ycol formatlon. On the addi-
tlon of ClaHa.Clsﬁo toe pyruvic acid and the Aerobsacter
preparation of Sillverman arnd Werkman (1941), it was found
that little of the esdded aldehyde was utilized in the syn-
thesls of acetylmethylcarbinol. This result is in agree-~
ment wlth the results of the latter workers. Thus the
conclusion 1s mecegsary that two mechanisms exist for the
formatlicn of acetylmethylcarbindl by the preparations of
Sillvermen and Werkman and Green et al. In the {former case,
the enzyme preparation dld not possess tls abllity to acti-
vate the added acoteldehyde or to convert 1t te the neces-~
sary intermedlate form, while in the latter case the intect
¢ell was able to perform thlis function. Thus, it is evi-
dent thet it lg necessary to use caution in correleting
results obtalned with intact cells with those obtained with
cell-free prepearations. It can be safely stated that a

reaction whilech occura 1ln a cell-free preparatlon will
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probably occur in the Iintact cell, but the reverse will nct
always be true because the enzyme may have been destroyed
in the extraction procedure.

It can be briefly stated that tie jresent results prove
tlat a Cz compound, probebly acetasldehyde or & closely re-
lated derivative fomned by a reduction of acetic acid, is
involved in the synthesis of 2,5-butylems glycol. It is
also shiown that ths carbon to carbon linkage created in the

condensation reaction, involves the carbon atom of acetic

acid originally present in the carboxyl group. These results

strongly indicate that acetaldehyde is invelved in ths syn-
thesls of acetylmethylesrbinol and 2,3-~butylene glycol by

the intaet cell of Aerobacter.

Conversion of acetlc acid ito ethyl alcohol.

The reduction of aliphatic acids to tls corresponding
alcohols has been postulated for ssveral genera of hstero-
trophic bacteria (Osburn, Brown and Werkman, 1938; NMickel~
son and Werkman, 1939). The latter auvthors added propionic
acid to fementatlons of glucose by Aerobacter and found
a formation of propyl alcohol. The alcohol was very likely
formed by a reduction of ths corrssponding acid. A simllar
reactlon was suggested 1n tls casge of acetic acid. Wood
et al. (1941la) have presented evidence which indicates

thiat Proplonibacterium pentosaceum 1ls able to reducs pro-
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plonic acld to the alcohol. In a fermentation of glycerol
to wiich ¢ °0, was added, both the proplonic scid and the
propyl alcohol formsd contalned fixed Cla. Inasmuch as
proplionic acld has been shiown by tie latter authors to arise
by a decarboxylaﬁion of succiniec acid, it 1s reasonsble to
suppose that the propyl alcohol was formed by a reduction

of the proplonic acid.

Tthyl alcohol containing C15 was formed on the addi-
tion of acetlc acld and succinic acld to fermentations of
glucose by Aerobacter (Table 2). A reduction of added type
2 acetate to ethyl alcohol should result in an equal dis-
tribution of the ClB between the rethyl and hydroxyl carbon
atoms. To determine the position of the C:Ls in the slcohol,
the latter was recovered from the fermentation, and oxidized
with potassium dichromate to acetle acid as in the method for
the determination of ethyl alcohol. The resulting acetic
acid was degraded by dry distillation of the barium salt
as previously described. The alcohol formed on the addi-
tion of type 2 acebtate containsd 2.19 psr cent Cla, and
after dezradation, tle methyl carbon atoms were found to con-
tain 2.16 per cent C13 ad the hydroxyl carbon atoms 2,17
per cemnt ct® (Table 9).

These results prove a reductlion of acetic acid to ethyl
alcohol by Aerobacter. The alcohol could not have arisen

by oxldatlon of succinic acid because 1t contains a greater
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percentage of C*® than tle percentage of C*® in tre final
suceinlic acid. The reduction may be pictured as follows:
0 O H H

L] - L] 2 -
CHpC.0H — 255 GHg.C.0M M0y (Hyu0:0 ——oos GH,.C.OH

. [

H i

Calculations made on tle basis of the ¢*3® content of
the final acetic acid, Indicate that on the additlon of
type 1 acetats, GO per cent of the alcohol was formed from
acebtic acid contalning 015; on tle addition of type 2 ace-
tate, 51 per cent of tle alcohol was formed from acetic
acid containing Gla; and on the addltion of succinic acild,
G9 per cent of the alcohol was formed from acetic acid con-
taining Cla. Thus tle reduc tion of acetic to ethyl alcohol
is a reaction possessing quantitative significance, i.e.,

under the existing experimental conditions.

Sumary and conclusions.

v 13
Acetlc and succinic aclids containing C were added to

fermentatl ons of glucose by cell suspensions of Aerobdcter

"indologenes (23B). 'he addition of succinic acid (COOH.CiHge.

GHB.CLBOOH) results in the farmation of acetlic acld, ethyl
alcohol, and 2,3-butylene glycol, each containing Ols.
Acetlc acid is formed by a cleavage of succlnic acid o

two molecules of & Cg compound witich are lsolated as acetilc

acid.
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e additlon of type 1 acotlc acld (CI—IG.CJ'GC»OH), results

in tle Tormation of succinic aeid, 2,3-tylens lyeol, and
2 H] I 3

; . .. i3 X
ebiayl alcohol, sach containinz C .« Succinic acld, isolated

. . S 13 . )
from the fermenteation, contains O excluglvely in the car-
Loxyl carbon atoms., Ience, tig suceinle aeclid is fomed by

means o & carbon to carbon linkagzge involving the ne thyl

carbon atom of acetic acld. The Jeneral recctlon may be
represented as follows:

CHg. COOH .
+ el

e a———

UHgze COOH "+2H Cllz.COOH

Clg. COOH

The voaction 1ls presented with ths rescrvation that ascetlic
acid as guch wmay or nay not be the actual compound involved
in the condensation reaction.

. . 15 3 .

The addition of type 2 acetic seid (€7 H,.C 00i), also
resulcs In the forwae tion of succinic acid, 2,3~-butylens zly-
col, and etliyl alcohol, escli contalning ¢*®. Suceinic acid,
isolated from the femmentation, contains c*® equally dis-
tributed in the ne thyi and carboxyl carbon atoms. Thus in
this fermontation, tle succlnic acid wag not formed by reans
of the (0, fixatlon reaction, l.e., the acetic acld was not
oxldized to ¢*205 aml tho resulting hesvy carbon fixed in
the C, dicarboxylic acids, otlerwise the C'° would have been
found exclusively in the carboxyl carbon aboing.

Althoush these results do not demonstrate a direct:

condensation of acetic acid to succlinate, proof has been
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obteined of tim» conlensetion of Cg compounds or iginating
from acetlc acid to a C4 compound which is isolated as suc-
cinle scid. Inasmuch ag the initial product 1s acetic acld
axxti the end-product ila guccinle acid, the reaction probably
lnvolveg acetlc acid con_densati one. Thus tiwse results pre-
sent the most direct evidsence obtained go far for this reac-
blon, and the 1mplicatlon is made tlmt the reactlion may ifunc-
Lilon as apart of an aerobic oxldation cycle in bacteria and
animal tlssues,

The additlon of type 1 acebate results ia the formmtion
of 2,%=butylene glycol containing Cla exclusively In the hy-
droxyl carbon atoms. This result proves tiet a carboun to
. carbon linkage was created ln the gynthesis of the glycol
which involves tls carbon atom of acetlic zecid wilginally
present in the carboxyl group. 'Ihils indicates the partici-
pation of wceteldshyde in the cordensation reaction.

The addition of type 2 acetate results in tho formalblon
of 2,3-butylene glycol containing ¢*® equally & stributed
between the methyl and hLydroxyl cerbon atoms. Also the
addit ion of succinic aeld results in the forration of the
glycol. The labtber resgult is comperable to tlhwose in which
ecetlc acld was added, beucauwse of thé cleavage of succlinlic
acid Lo acetlic aclid.

In regard to tis wmecranism of the foimailion of 2,5«

butylens glycol, it appeers tlat eltisyr (1) two molecules
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of acetaldeliyde, or (2) one molecule of acetaldelyde and

oinne molacule of pypuvic acld are involved. The latter

pogsihility aopesrs more proboble.
Ihe resulte mwove that & Cg compound probebly formed
by

%

o reduction of acebic acid, is involved in tle synthesis

oI t:re 3lyeol by the inbtact cell of Acerobacher.

Proof 1l megonted of tre reduction of aceble acid to

etliyl alconol. It is hlghly probably that acetaldelyyde 1s

an intermediate in thisg reduc tlon.



- 108 -

LITBRATURE CITED

Ardagh, G. R., Barbour, A. D., icClean, G. B., and lcBridse,
Be We 1924. Distillatlion of acetate of lime. Ind.
Enge. Chem. 16:1135-1139.

Auerbach, F. and Zeglin, H., 1922, Beltrlge zur Xenntnis
der AmelsensHure. Z. physik, Chemie. 103:161-177.

Ayers, S, H. and Rupp, P. 1918, Simultaneous acid and
alkallne bacterial fermentation from dextrose and the
salts of orgenlc aclds respectively. J. Infectious
Diseases. 23:188-216.

Rarker, H. A., QIuben, S, and Beck, J. V. 1940a. Radio-
active carbon as an indicator of carbon dioxilde
reduction. IV. The synthesis of acetic acid from
COg by Clostridium acidi-urici. Proc. Hat. Acad.
Scil., 26:477-482.

Barker, H. A., Ruben, S. and Xamen, . D. 1940b. The

reduction of radioactlve carbon dioxide by methane-

producing bacteria. Proc. Nat. Acad. Sci. 26:426~-
430. h

Beynum, J. van and Pette, J. W. 1939. The decomposition
of cltric acid by Bebtacoccus cremoris. J. Dairy Reas.
10, 250-2866.

Brewer, C. R. 1939, Bacterial dissimilation of citric
acid. Unpublished Ph.D. thesis, Iowa State College
Library.

Brewer, C. H. and Werimman, C. H. 1939, The anasroblec
dissimiletion of citric acid by Aerobacter lndologenes.
Enzymologla 6:273-281.

----- === 1940. Dissimilatlon of citric acid by Strepto-
coccus paracitrovorus. Ant. van Leeuwenhoek 6:110~
120.

Brockmen, M. C. and Werkman, C. H. 1933. Determination of
2,3-butylene glycol in fermentations. Ind. Enge. Chem.,
Analo Edn _5_:206"20‘70



- 109 =

Butterworth, J. and VWalker, T. K. 1929. A study of the
mechanism of the degradation of citric acid by B. pyo-
cyaneud. Bilochem. J. 23:926~935.

Carson, S. FF. and Ruben. S. 1940, COg assimilation by pro-
plonic acld bacteria studied by the use of radioactive
carbon. Proc. Nat. Acad. $3cl. 26:422-426.

Carson, 5. F., Foster, J. W., Ruben, S., and Barker, H. A.
1941b. Radioactive carbon as an irndicator of (€0, reduc-
tion. V. 8Studies on the propionic acid bacterlia. I'roc.
Wat. Acad. Sci. 27:229-235.

Carson, S. ¥,, Ruben, 5., Xamen, . D., and Foster, J. il.
1941a. Radloactive carbon as an indicator of (0, utiliza-
tion. VI. On the possibility of €Oz reduction via the
carboxylase system. Proc. Nat. Acad. Sci. 27:475-480.

Clausen, 3. W 1922, A method for the detoermlnation of small
amounts of lactic acid. J. Blol. Chem. 52:263-280.

Cohen, P. P. 1940. Transamination with purified enzyme
preparatl ong (transamlinass). J. Riol. Chem, 136:565-584,

Cramer, Re. D. and Klstlakowslky, G. B. 1941. The synthesis
of radloactive lactic acld. J. Biol. Chem. 137:549-555,

Deffner, M. 1938, Dle anaerobe Vergirung der Cltronensiure
durch Dakterlen. Amnn. 536:44~50.

Deffner, M. and ¥ranke, W. 1939. Der Abbau der Cltronensfure
durch Rakterien. Ann. 541:85-117.

Dirscherl, W. 1931. III.H#lttellung Uber Acyloine. Hech-
anismus und Kinetilk der Acyloinbildung bel der GHrung.
7Zeit. physiol. Chemie. 201:47-77,

wlasden, S. R. 1938. ‘he eflsct of 0y on the production of
succinic aeid by Baect. c¢oll commune. DBlochem. J, 32:
187-193.

rrb, C., Wood, He G. and Werkman, C. H. 1936. The aerobic
dlasimilation of lactic acid by the propionic acid bacteris.
J. Bact. 31:525-602.

Wvans, E. A., Jr. 1942. Metabollc cycles and decarboxylatlion.
A symposlum on resplratory enzymes p. 1l97-209, Univerasity
of Wisconsln Press, Hadlson.



- 110 =~

Bvens, ®. A., Jr. and Slotin, L. 1940. The ubtilization of
carbon dioxide in the syntheais of a-ketoglutaric acid.
J. Blol. Chem. 13€:301-302.

-------- 1941. Carbon dioxide utilizatlon by pipeon liver.
J. Blol. Chem. 141:439=450.

Foster, J. W., Carson, 8. T"., Ruben, 8, and Kamen, ii. D.
1941. Radioasctlve carbon as an indicabtor of carbon
dloxide reduction. VII. Tiie assimilation of carbon
dioxide by molds. Proc. Nat. Acad. Scl. 27:590-596.

Triedemann, 7. T. and Graeser, J. B 1933. 1The determination
of lactic acid. J. Biol. Cheme. 100:291-308.

Friedemann, T. TW. and Kendeall, A. I. 1228. The determina-
tion of carbon and cerbon dioxide. J. Biol. Chem. 82:
45"’55.

Tromageot, C. and Desnuelle, P. 1935. Eine neue iethode
zur Restlinmung der Brengtraubensiure. Blochem. Z.
279: 174-183.

Goodwin, L. F., 1920. The mnalysis of acetone by llessenger's
method. J. Am. Chem. Soc. 48:39-408.

Green, D. H., Wesaterfeld, W. W., Vennesland, R., and ¥nox, W.
1942, Carboxylases of animal tissues. (Unpublished
manuscript).

Hammer, B. W. 1936. The action of aldsehydes on certain
cultures ol Streptococcus liquefaciens in milk. J.
Bact. 31:479-488, ‘

Hammer, B. W., Stahly, G. L, Werkman, C. H., and Mlchaelian,
e Bae 1935. Reductlon of acetymethylcarbinol and
diacetyl to 2,3-butylene glycol by the citric acid
fermenting streptococcil of butter cultures. Tows LZ.
Exp. Sta. Hes. Bul. 191.

Fewitt, L. *. 19231l. Bacterial metebolism. I. Lactic acid
production by hemolytic streptococci. Blochem. J. 262
203=217.

Iueker, G. J., and Pederson, C. S. 12932. A study of the
physiology and classlification of the genus Leuconostoc.
zZentr. Rakt. Parasitenk. II 85:65-114.




- 111 -

Knudsgen, 3., and Sorensen, A. 19289, Contrlbutions to the
bacteriology of starters. Aarsskrift K. Veterinudr - Og
Landboho jskole Copenhagen, pp. 131-138.

1941, The enzymic

Ciochem. J. 35:0695=-602.

1942,
niol.

Xrampltz, L. 0. and Verkman, C. I
decarboxylation of oxaloacetatbs,

Krampitz, L. 0., Wood, H. . and Werkman, C. .
M.xation of carbon dioxids in oxalacetate. J.

Chem. (in preas).

{rebs, H.s A. 1937. The role of fumarate in the respirati on
Biochem. J. 31:20906-2124.

of Bacterlum coll conmune,

Krebs, II. A. and ¥Wggleston, L. V.o 1941, Riolopglcal syntliesis
of' oxaloacetic acld from pyruvic acid and CO;. 2. The
mechaniam of CQgz {ixatlion in propionic acid vacterliea.
2iochem. J. 35:676-687.

Krebs, . A. and Johnson, V. A. 1937. The role of citric
acld In intormediate metabolism in animal tissues.

Lnzymologla 4:148-156.

tletabolic generation and utilizatiova of

Lipmann, 7. 19841,
Advances in Enzymology 1:99-162.

phosphate bond energy.
Heyerhof, 0. 1942, Intermediate carbohydrate metabolism.
A symposium on resplrabtory enzymes. Unlversity

pc 3"‘15.
of Wlscensin Press, ladisone.

Mickelson, M. No 1932. Intermediary metabollsm of coli-
sorogenes bacteria. Unpublished Ph.D. thesis, Iowa

state (ollege Llibrary.

Mickelson, M. N. and verkman, C. H. 1338. Influence of
DH on the digsimllation of jlucose by Aerobacter indolo-
genes. J. Bact. 36:67-76.
Bffect of aldchydes

Mlekelson, M. N. and Werkman, ¢, He 12859.
and fatty acids as added hydrogen acceptors on the
fermentation of glucose by Asrobacter lndologenes.

J. Bact. 37:619~628.

1625, Uber das physiologische
Biochem. Z. 1603 250~255.

7

Heubery, C. and Jobel, M.
Verhalten des Acetoin.

Wler, A. 0. 1940. A mags spectrometer for roubine isotope
Rev. Scl. Inat. 11:212-216.

abundance measurements.



- 112 ~

liter, A. O., and Pardeen, J. 1941l. The production of con-
centrated carbon (13) by thermal diffusion, J. Chem,
Fhys. 9:690-692,

Hier, A. O0,, and Gulbransen, %, A, 1939, Variations in the
relative abundance of the carbon isotopes. J. Am,
Chem. Soc. G1l:697-698.

Nishina, Y., ¥Endo, $S., and iskaysma, H., 1941. Versuche
fiber die balkterielle Synthese einiger Dlcarbonsiuren
mit Hilfe der radioektiven KokhlensWuren. Sci, Fapers
Inst. Puys. Chem. Research Tokyo. 38:341-346.

Oppenheimer, £. and Stern, X. G. 1939. PBEiologlcal
oxidation. p. 250. Nordemann Publishing Conmpany, New
York. '

Osburn, O. L., Zrown, R. V., and Werkmen, (C. E. 1937,
The butyl alconol=isopropyl alcoliol f ermentatlon., J.
Riol. Chem, 121:635~095.

Osburn, 0. L., Brown, R. W., and Werkman, C. H. 1938.
Dissimilation of intermediary compounds in the ubutyl-
isopropyl aleohol fermentatlon. Iowa State College J.
Sele 12:275-284.

Osburn, 0. L. and Werlman, C. H. 1932, Determination of
carbon in fermented liquors. Ind. Fng. Chem., Anal,
fde £4:421-423.

Osburn, 0. L., Wood, H. ., and Werlkman, C. L. 1933,
Determinatlon of formic, acetlic, end proplonic acids in
a mixtwe. Ind. Enge. Chem., fAnal. Bd. 5:247-256.

-------- 1936, TDeterminatlon of volatile fatty acids by
the partition method. Ind. Tng. Chem., Anal. Ed. 8t
270-275, -

Reichard, 0. 1234. Die quantitative Bestimmung der
Cltronensiure 1in Milch wund K#se nach dem Pentabronm-
acstonverfalirens %Z. Anal. Chem., 99:161~169,

Helily, J., Elckinbottom. W. J., Fenley, F. R., and Thaysen,
A. C. 1920. Thie products of ths acetone and n-butyl
alcohol fermentall on of carbohydrate matserial. 3Biochem.
Je 14:220-251.

Reynolds, E., Jacobsson, B. J., and Werkman, C. He 1937.
The dissimilation of orgenlc aclds by Aerobscter
indologenes. J. Bact., 34:15-20.




- 113 =

Reynolds, H. and Werkman, C. l. 19237. The intermediate
dissimllation of glucose by Aerobacter indolocenes.

Ruben, S. and Kamen, M. D. 1940. Radioactive carbon in the
study of reaplratlon in heterotrophic systems. DProc.
Nat. Acad. Sci. 26:418~422.

Schicktenz, S. T., Steels, . I, and Rlalsdell, A. C. 1940.
Analysls of mixtures of aliphatic acids. Ind. Enge
Chem., Anal. Td. 12:320-324.

Silverman, M. and Werkmen, C. . 1941l. The formation of
acetylmethylcarbinol” from pyruvic acid by a bacterial
enzyme preparation. J. Blol. Chem. 138:35-48.

Slade, He D. and Werkman, C. He 1941l. The anaerobic dis-~
gimilation of ciltric acid Ly cell suspensions of
Streptococcus paracitrovorus. J. Bact. 41:675-684.

—em—e——— 1042, 1he utlilization of organic acids containing
heavy carbon by Aerobascter indologenes. (in preparation).

3lade, H. D., Wood, H. &., Nler, A. 0., Hemingway, Allan,
and Werkmen, . H. 1942. Assimilation of heavy carbon
dioxlde by heterotrophic bgcteria. J. Blol. Cliem, 1432
1353-145.

5olomon, A. ¥. Vennesland, B., Klemperer, ¥. W., Iuchanan,
Je M., ond Hgstings, A. B. 1941, The particlipation of
COg in the carbolydrate cycle. J. Biol. Chiem. 140:
171-182. :

Sonderholff, R. and Thomzs, H. 1937. Die enzymatlache
Dehydrierung der Trideutero~essigsdure. Ann. 530:195-
213.

Speakman, H. B. 1920. The blochemistry of the acebtone and
butyl alcohol fermentati on oi stareh by Bacillus
sranulobacter pectinovorum. J. Blol. Chem. é£:319-345.

3tahly, 2. L. and Werkman, C. H. 1936. Determlnation of
ecetymethylcarbinol in {ermentation llguors. Iowa
State College J. Sci. 10:205-211.

Stiles, E. R., Peterson, W. H. and ¥red, ®. 3. 1926. A
rapid method for the determination of supgar in bacterial
cultures. J. Bact. 12:427-439.



- 114 -

3tone, . W., \Vood, H. G., and ¥erkman, C., H. 1936, Activa-
tion of the 1ower fatty acidd by propionic acid bacteria.
Riochem. J. 30:624-628,

Szent=-0yBrgyi, L. 1932. On oxidation, fermentation, vitamins,
health end dlsease. p. 22«46, The Williams and Willkilns
Co., Baltimore.

Thunberg, T . 1920. 2Zur Kenntnis des intermedl¥ren
Storfwechasels und der dabei wirksamen Enzyme. olzand.
Arch. Physiol. 40:1-91.

Vemnesland, B., 3olomon, A. K., Buchanan, J. M. and Hastlngs,
Ao B, 1942, Glycogen formatlon from glucose in the
presence of radioactive carbon dioxide. J. ©lol. Chem.
142: 379386,

Virtanen, A. I. 1925, Uber dle PropionsBuregdrung. II. Soc.
gsel. Fernica, Comment. physic. Math. 2:Ho. 20:1-13.

Welil-alherbe, He 1937. Studles on bLrain metabolism. IT.
Formation of succinic acld. Blochem. J. 31:299-312,

Werkman, C. H. and ¥%ood, H. G. 1942a. On the metabollsm of
bacteria. Dotanical Rev. 8:1-G8.

——meecew  1942b, Heberotrophic assimilation of carbon dioxids.
Advances in Enzymology 2:135-182.

Wisland, H. a2nd Sonderhoff, R. 1952. Uber den Mechanismus
der Oxydationsvorginge.X¥XII. Die enzymatische Oxydation
von Esslgsure durch liefe. Ann. 4£99:215-228,

Wleringa, K. T. 1940. The formation of acetic acid from
carbon diloxide and hydrogen by anaeroblc spors-forming
bacteria. Ant. van Leeuwenhoek 6:251-262.

Wilson, P. W. 1938. Hespirs tory enzyme aystemq in aymbiotic
nitrogen fixation. TI. The “resting cell” technique as a
nethod for study of bacterilal metabolism. J. Bact. 35
601-6235.

Wood, He $3. 1934. The physlology of the nroplonic zcid
becteria. Unputlished Ph.D. thesls, Towa State College
Library.

Wood, H. G., Stone, R. W., and Verkmean, C. ll. 1937. The
intermediate metabolism of the proplonic acid bacteria.
Biochem. J. 31:349-35¢.



- 115 -

Wood, H. G. and Verkman, C. He 19238, The utilization of (Og
in the dissimllation of glycerol by the propionic acid
bacteria. J. Iact. 30:332.

-------- 1936a. The utilization of COg in the dissimilation
of glycerol by the propilonic acid bacteria. Diochem. J.
302 48=-53.

—————— - 1936b. lHechanism of glucose dissimilation by the
propionic acid bacteria. WBiochem. J. 30:618~-623,

-------- 1938. The utillzation of CO, by the propionic acld
bacterlia. RBiochem. J. 352:12062-1271.

-------- 1940a. The fixation of COg by cell suspensions
of Propionibacterium pentosaceum. Eiochem. dJ. 34:7-14.

-------- 1940b. 'The relationshlp of bacterial utilizatlion
of C0p to succinic acld formetlon. Biochem. J. 342

wood, H. G., Werkman, C. H., Femingway, Allan, and Hier, A. O.
1940, lieavy carbon as a tracer in bacterial fixetion
of carbon dioxlde, J. Blol. Chem., 135:789~790.

------- - 1941la. Heavy carbon as a tracer in heterotrophic
carbon dioxlide assimilation. J. Blol. Chem. 139:365-=376,.

------- - 1941b. The poaltion of carbon dioxide-carbon in
succinlec acid synthesized by heterotrophic bacterla,
J. BPlol, Chem, 138:377-381.

T 1941c. Yechanism of filxatlion of carbon dioxide in
the Krebg cycle., dJ. Blol. Chem, 138:483=-484,

Wood, Il. G., Werkman, C. B.,, Hemingway, Allan, liler, A. 0.,
and Stuckwisch, C. G. 1941d. Reliability of reactlons
used to locate assimilated carbon in proplonlc acid.

J- Am. Cl’lenlo SOCQ _gé: 2140“‘2142-

Wood, H. G. Werkman, C. H., Hemingway, Allan and Ller, A. Q.
1242, Tixatlon of carbon dioxlide by pigeon liver in

the dissimilatlon of pyruvic acid. J. Blol. Chemn.
142: 31=45.

Woods, D. D. 1936. Eydrogenlyases, IV. The synthesis of
formlc acid by bacteria. Blochem. J. 30:515-527.



- 116 =~

ACKHOWLEDGMENTS

The author wishes to express his sincere appreciation to
Dr. C. H. Werkman for his wvaluable suggestl ons and helpful
criticisms. Appreclation is also expressed to other members

of the department for thelr friendly cooperation during the

course of thls investigation.



