MICROBIAL METABOLISM OF OXALIC ACID
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Although the synthesis of urea by Wohler in
1828 is credited with dispelling the notion of
vital forces involved in the synthesis of organic
chemicals, the first organic compound to be as-
sembled from inorganic matter is the subject of
the present review. Legend has it that because
of the empirical formula, written as C;0;-H0O
at the time, oxalic acid prepared from cyanogen
by Wahler in 1824 was judged to be “inorganic.”
More pertinent here is the interest of the micro-
biologist and biochemist in oxalic acid as the
most highly oxidized of organic compounds.

Oxalate enjoys ubiquitous distribution in the
animal and plant kingdoms. In humans, oxalic
acid and its salts are present in urine, in blood
to the extent of 4 mg per cent (1), and in kidney
“stones”, of which they may form a major con-
stituent (46). Although minute amounts are syn-
thesized by mammals (2, 3) it is reasonable to
suppose that much of the oxalate of animals
originates from the oxalate ingested with plant
material. Enormous quantities of oxalate are often
found in leaves (4), amounting in one case to 20
per cent of the dry weight of the plant (4). Accu-
mulation of oxalate by fungi, particularly by
species of Aspergillus, Penictllium, and Mucor
(5), are of such an order that they may be
adapted to industrial fermentation for this com-
pound.

Animals appear not to catabolize oxalate
appreciably (2, 3, 6) and, although higher plants
as well as mosses do metabolize it to some ex-
tent, it would seem that a major portion of
oxalate scavenging is left to the bacteria and,
possibly, the fungi. Oxalate, however, does not
generally accumulate in fertile soil to the extent
that its toxic properties (i.e., it is a powerful
chelating agent) interfere with plant growth.
However, the organisms generally available in
laboratory culture collections are not proficient
in oxalate oxidation. Indeed, in an exhaustive
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study of compounds supporting bacterial growth,
Den Dooren de Jong (7) and Ayers ef al. (8)
were unable to obtain growth of a variety of
saprophytic bacteria when oxalate was the sole
carbon source. Much of the literature pertaining
to attempts at demonstrating bacterial utiliza-
tion of oxalate has been reviewed (9).

To date several organisms have been isolated
which are able to grow on a medium containing
only inorganic salts, a nitrogen source, and
oxalate. These strains have been obtained by
the enrichment culture technique from a variety
of sources and their routine isolation has been
simplified by a technical modification of the en-
richment medium (10). Of the organisms ob-
tained, only the following have been charac-
terized to the extent of allowing taxonomic
classification: Pseudomonas astragali (11), Pseudo-
monas ozalaticus (12), Pseudomonas rimaefaciens
(13), Pseudomonas extorquens’® (14), Vibrio
ozaliticus (10), Bacterium ozaliticum (17), and
Mycobacterium lacticola (18). Other isolated
organisms include unidentified coryneform bac-
teria (19), pseudomonads (19-21), and several
saprophytic mycobacteria (22). Several species
of Nocardia (23, 24) and Streptomyces (23, 25)
were able to utilize oxalate as the sole carbon
source. Other Streptomyces required supplemen-
tation with yeast extract before oxalate utiliza-
tion was demonstrated (26).

It is of interest that attempts to isolate anaer-
obes utilizing oxalate have been unsuccessful
(11, 21) although it has been reported (27) that
Pseudomonas aeruginosa will grow on oxalate
under anaerobic conditions.

OXALIC ACID CATABOLISM

Soluble enzyme systems have been demon-
strated which catabolize oxalic acid by at least

3 The isolation of Bactllus extorquens by Bassalik
(14) represented the first report of an organism
able to utilize oxalate as the sole carbon source.
Although this strain perished, Janota (15, 16) has
been able to isolate an organism resembling the
original in every respect, which she has preferred
to name Pseudomonas exlorquens because of its
characteristic morphology.
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three routes and involve oxidation, decarboxyla-
tion, or activation followed by decarboxylation.

Ozidation. The oxidation of oxalic acid, re-
sulting in the formation of carbon dioxide and
hydrogen peroxide (reaction 1) has been found
in mosses and in higher plants. Within this
limitation a wide spectrum of species

COOH
) |
COOH

+ 0. — 2CO:; + H0:

is capable of carrying out the reaction (28).
Peroxide has been identified as the product (29)
and the stoichiometry of the reaction was es-
tablished (30). More recently this work has been
confirmed with extracts of spinach (31) and of
several mosses (32). This type of reaction is con-
sistent with the suspicion of flavoprotein media-
tion. Although the moss enzyme has been found
to be markedly stimulated by FMN* or ribo-
flavin but not by FAD (32), rigorous proof of
flavin participation as a coenzyme is not avail-
able.

Consideration should also be given to the
possibility of a pyridine nucleotide-linked oxida-
tion of oxalic acid (reaction 2). Convincing
evidence for the existence of such a dehydrogenase
is not available. However, mention

COOH
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+ DPN+(TPN*)— 2CO.

+ DPN(TPNH) + H*

is made of the demonstration (33, 34) of the
reduction of methylene blue when oxalate and
plant extracts were incubated anaerobically, a
result which could be interpreted as due to the
involvement of pyridine nucleotide or of flavin
coenzymes. In the case of barley preparations
(34) the addition of a yeast kochsaft was found
to be necessary for this activity. In one case
aerobic oxidation of oxalate with a moss prepa-
ration in the presence of cyanide was not found
to yield peroxide although the participation of
catalase was not completely ruled out (35).
Decarbozxylation. The direct decarboxylation of

4The following abbreviations are employed:
FMN, flavin mononucleotide; FAD, flavin ade-
nine dinucleotide; DPN and TPN, di- and tri-
phosphopyridine nucleotides, respectively; DPNH
and TPNH, the reduced forms of DPN and TPN,
respectively; ThPP, thiaminpyrophosphate; for-
myl-CoA, acetyl-CoA, oxalyl-CoA, etc., the CoA
derivatives of the respective acids.
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oxalate is thought to be the system active in the
white-rot, wood-destroying fungi (36). The
categories of white-rot and brown-rot fungi were
found to be distinguishable by the accumulation
of oxalate by the latter group and the ability to
catabolize oxalate by the former (36). The puri-
fied decarboxylase from Collyvia veltipes (37) is a
stable enzyme, specific for oxalic acid decarbox-
ylation in the reaction shown below:

COOH
@ ] -9,

COOH

HCOOH + CO:

The enzyme is peculiar in that catalytic
quantities of oxygen are required for the reac-
tion to proceed although the over-all process does
not utilize oxygen stoichiometrically. Oxygen
can not be replaced by a variety of compounds,
including hydrogen peroxide, quinone, cyto-
chrome ¢, or the flavin and pyridine nucleotides.

Activation and decarboxylation. The only bac-
terial system described for the utilization of
oxalate was found in a pseudomonad and can,
in the presence of acetyl-CoA and ThPP, catalyze
the conversion described by reaction 7 (20). The
evidence presented suggests that reaction 7 is
the summation of reactions 4 to 6.

oxalate 4+ acetyl-CoA — oxalyl-CoA
-+ acetate

)

oxalyl-CoA M——) (formyl-CoA)

® + CO;
(6) (formyl-CoA) + H:0 — formate 4+ CoA
(7) oxalate + acetyl-CoA
M—) formate

+ CO; + acetate + CoA

+ H0

Pyridine nucleotides are not directly involved
in oxalate decarboxylation. A DPN-specific
formic dehydrogenase (reaction 8) has, however,
been purified

(8) HCOOH + DPN+ — CO,; 4+ DPNH + H*

from the same organism (38) and when added to
the oxalate system together with DPN will
produce two moles of carbon dioxide per mole of
oxalate utilized. It is of interest that preliminary
experiments® indicate similar requirements for
oxalate decarboxylation when Neurospora crassa
or baker’s yeast preparations are used.

5 Unpublished results of Y. Yamamura, O.
Hayaishi, and W. B. Jakoby.
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OXALIC ACID FORMATION

Since the initial studies of Wehmer with
Aspergillus niger (39), the formation of oxalic
acid has been assiduously investigated. Because
of the large quantities of oxalate accumulated and
the availability of methods for their growth
under controlled conditions, the fungi have been
the experimental organisms of choice. The litera-
ture bearing on oxalic acid formation during
growth or with mycelial preparations has been
summarized in detail by Foster (5) and by Nord
(40). Examination of the available information
indicates that a great variety of carbon sources
is able to give rise to oxalate. Although such
data can only be suggestive, this work has led
to the proposal of what seem to be two logical
pathways for oxalate formation. Reaction 9
involves the cleavage of oxaloacetic acid while

reaction 10 depends upon the
COOH COOH
(|>=O + H:0 COOH
—_—)
&) CH, +
| CH,
COOH |
COOH
COOH COOH
(10) | +3%0 — |
CHO COOH
oxidation of glyoxylic acid.

Formation by cleavage. Reaction 9, which had
been previously proposed (41), seems to be
operative in extracts obtained from A. niger (42).
A soluble preparation from this organism pro-
duced equimolar quantities of oxalate and ace-
tate per mole of oxaloacetate utilized. Magnesium
ions stimulate the reaction somewhat. Under
these conditions the substitution of oxalosuc-
cinate for oxaloacetate did not produce oxalate.

A hydrolytic reaction with oxalosuccinate as
substrate (reaction 11) should not, however, be
dismissed as a possible means of oxalic acid
production

COCOOH COOH
COOH
CHCOOH + H:0 — | CH,
an | COOH + |
CH:COOH <‘3H,
COOH
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by other organisms. Nor should the possibility
of cleavage by reagents other than water, 1.e.,
phosphate or CoA, be neglected. Indeed an
enzyme, thiolase, from a pseudomonad has been
described (43) which is active in the formation
and scission of B-ketoadipyl-CoA to form suc-
cinyl-CoA and acetyl-CoA (reactions 12 and 13).

(12) B-ketoadipate + succinyl-COA —
B-ketoadipyl-CoA + succinate

(18) B-ketoadipyl-CoA + CoA —
succinyl-CoA + acetyl-CoA

(14) oxaloacetate + succinyl-CoA —
oxaloacetyl-CoA 4 succinate

(16) oxaloacetyl-CoA + CoA —
oxalyl-CoA + acetyl-CoA

Indirect spectrophotometric evidence indi-
cated that the substitution of oxaloacetate for
B-ketoadipate may give rise to a similar series of
reactions (reactions 14 and 15) although neither
the products, i.e., oxalyl-CoA and acetyl-CoA,
nor the intermediate, t.e., oxaloacetyl-CoA, have
been isolated from such a reaction mixture (43).
That a compound such as oxalyl-CoA can be
formed by a transfer reaction has already been
described for another pseudomonad (reaction 4).

Formation by oxidation. Using relatively crude
extracts from tobacco leaves, it has been demon-
strated (44) that oxalic acid is formed from
glyoxylic acid under aerobic conditions. The
mechanism of the reaction is not as yet clear
because of the heterogeneous protein extract
employed but may be similar to

COOH
).
CHO

COOH
+ 0. — l
COOH

+ H:0:.

one present in spinach. The latter enzyme (45),
a flavoprotein, is active on two a-hydroxy acids,
glycolic and lactic acids, with the formation of
glyoxylic and pyruvic acids, respectively. This
specificity need not, of course, apply to the to-
bacco leaf extracts, which are active with gly-
oxylic, glycolic, and lactic acids. However, there
is no evidence that one enzyme has the specificity
to handle all three substrates.

Attempts have been made to obtain systems
catalyzing the general reaction described by
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equation 17, .., pyridine nucleotide-

COOH

u”n (CHy)» + DPN* 4+ H,O
CHO
COOH

— (CH.). + DPNH + H*

COOH

enzymes active in the dehydrogenation of semi-
aldehydes. Such enzymes have recently been
obtained from P. fluorescens (47), mammalian
brain (48), and baker’s yeast.® Although the
microbial systems are active with succinic semi-
aldehyde where, n = 2, glyoxylate (n = 0) is
not utilized. The brain enzyme does use glyoxyl-
ate as well as other semialdehydes with the con-
comitant formation of DPNH. Oxalate, the ex-
pected product of brain semialdehyde dehy-
drogenase action with glyoxylate as substrate,
has not yet been isolated and characterized.

DISCUSSION

The high state of oxidation of oxalate, re-
quiring the removal of only two electrons for
CO, formation, has led to the suggestion (10) of
the possible “autotrophic” nature of organisms
able to utilize oxalate as the sole carbon and
energy source. Oxalate would be degraded to
CO,, thus furnishing energy which would in
turn be used for CO, reduction. With the finding
that formate is an intermediate in oxalate oxida-
tion by a pseudomonad another explanation be-
comes plausible. It has been shown that formate
can be oxidized with the formation of DPNH
(reaction 8). DPNH, in turn, may be used by
the organism as the energy source for adenosine
triphosphate formation or more directly for the
reduction of another mole of formate. In effect,
it is suggested that the pseudomonad utilizes
oxalate by decarboxylation followed by the dis-
mutation of formate. It would, then, be formate
rather than oxalate which serves the organism as
both carbon and energy source. In the case of
V. ozaliticus, which cannot grow with formate
as the sole carbon and energy source (10), an
activated formate, as suggested by reaction 5,

¢ Unpublished results of W. B. Jakoby and E.
M. Scott.
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may be considered as playing the above described
role. However, a system for extensive CO, fixa-
tion by this organism has not been excluded as
a possible anabolic pathway.

Plants, on the other hand, appear to handle
oxalate by oxidation to CO. Obviously, plant
life is well adapted to CO, fixation and the
oxidation of oxalate may only be in the nature
of a “detoxification” reaction.
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