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AEROBIC FORMATION OF FUMARIC ACID IN THE MOID RHIZOPUS NIGRICANS;

SYNTHESIS BY DIRECT 0, CONDENSATION*

J. W. Foster,! S. F0 Carson, D. S. Anthony, J. B. Davis,!
W0 E. Jefferson and M, V. Long

Department of Bacteriology, University of Texas, Austin, Texas, and
Biology Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee.

Recent studies1 have demonstrated that fumaric acid formation from glu

cose by Rhizopus nigricans No0 45 involves at least two mechanisms, one of

which is aerobic, the other anaerobic. The latter involves a bulk fixation

of COg via oxalaeetate, in confirmation of the reaction qualitatively demon

strated In this mold eight years ago with radioactive carbon dioxide (C11^),*

The aerobic mechanism is the subject of the present work0 Methods of

cultivation and handling of the mold, submerged mycelium, and analytical pro

cedures, are those given in detail by Foster and Davis1>3 and additional de

tails will be given where necessary„

Experiments and Results. — Relation of 0Z compounds to fumarate formation

from glucoses Using washed submerged mycelium the essential surface culture

results of Butkewitsch and Federoff**5 and Foster and Waksman6 were confirmed,

namelys aerobically ethanol accumulates in the early stages of the carbohy

drate utilization, and gradually disappears, with a concomitant increase in

fumarate, implying that alcohol is an intermediate between glucose and fuma

rate. Also confirmed was the formation of fumarate from alcohol as the sole

carbon source, as well as from acetate, first noted by Takahashi and Asai in

1927„7 A systematic study of fumarate formation from C2 compounds (an aero

bic process) was, therefore, undertaken,,

Conversion of alcohol to fumarate s Extensive experimentation indicates

the following conditions are essential for high efficiency of this conver

sion; (a) good aeration conditions, such as agitating thin layers on a
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reciprocal-type shaking machine| (b) initial alcohol concentration of 2 to %;

(c) the growth medium in which the mycelium for the alcohol experiment is ob

tained must be neutralized to prevent a sharp drop in pH due to fumarate for

mation from the sugarj if the pH falls below 5*0 the mycelium is inferior for

this purposej (d) phosphate cannot be used for the neutralization because it

yields inferior mycelium; excess precipitated calcium carbonate has proved

very satisfactory0

The washed mycelium, which is now furnished alcohol, must be allowed to

become acid„ In the neutral range alcohol consumption is less, and conversion

to fumarate is lacking altogether or is small. Enough CaC03 can be carried

over from the growth medium, trapped in the mycelial clumps, or adhering to

the mucilaginous coatings on the hypnae, so as to maintain the pH high enough

to suppress fumarate formation from alcohol. Washing the mycelium briefly two

or three times in 0„2 N HC1 dissolves this CaC03 without injuring the mycelium.

Excessive contact with the HC1 is injurious„ After a water wash a portion of

the mycelium placed in water and agitated violently should show no GaC03 shaken

loose and settling out. The optimum acidity for conversion of alcohol to fumar

ic acid is about pH 3 to 4, yet maximum conversions are obtained only when the

pH initially is fe to 7 and is allow*d to fall due to fumaric acid accumulation

in the mow unbuffered mediumj under good conditions the value falls to about

pH 2.5 before the conversion of alcohol is affected harmfully,,

In properly conducted experiments aseptic techniques are unnecessary, due

to the high acidity which developes„ In these experiments, 1.2 g. wet weight

(=0„2 go dry wt.) mycelium was used par 25 ml„ of 7$, ethanol in 250 ml.

Erlenmeyer flasks0 After 4 to 5 days shaking at 28° C. and correction for

small evaporation losses, filtrates from these cultures contain from 4 to 6 mg.

free fumaric acid per ml„ The highest we have obtained is 7.9 mg„ per ml.

Doubtless higher amounts could be obtained by partial neutralization. Generally



ethanol consumption amounts to 4 to 10 mg„ per ml. Analytical data show this

is equivalent to about 50 to 80% weight conversion of ethanol to fumaric acid.

This represents approximately 40 to 60% molar conversion efficiency. Actually,

the three highest values we have observed have been, weight conversion == 84, 86

and 91% ( =molar conversions of 67, 68, and 72%). Fumarate is never obtained

from mycelium in the absence of substrate (alcohol)„

Two things are remarkable about this process — the high yields of fumar

ic acid and the purity of the product„ Paper chromatography (solvent= butanol-

propionie acid)8 of a culture filtrate containing about 500 ug. fumaric acid

showed no other detectable acid spots under our conditions. This means that

other metabolic acidic impurities were present in amounts less than about 2$

of the amount of fumaric acid0 However, after substantial concentration,

namelyp ether extraction and crystallization of fumaric acid from a water so

lution of the residue, malic acid could be identified in the mother liquor

from the crystallization„ It showed an acid spot of RF=.43 on a paper chro-

matogram. The purified fumaric acid was identified as such by melting point

and the Bin04 unsaturation test0

Acetate conversions The eenversiem of acetate to fumarate has been stud

ied under a great variety of conditions, the best weight conversion never ex

ceeding 30% (=29% on melar basis)„ Neutral conditions are essential here,

as utilization of acetate is greatly reduced on the acid side and fumarate

formation is not observed at all. In confirmation of Butkewitsch and Federoff,a9fxo

studies with surface pads, seme succinic acid is also formed with submerged

mycelium0 I* one of our experiments 7<,2 mge acetate per ml„ was consumed,

yielding 1„92 mge fumarate and 0„26 mg0 succinate„ The succinate was measured

manometrically using a succinic dehydrogenase preparation from pig heart.

The discrepancy in yields from alcohol and acetate make it likely that



acetic acid itself is not the substance undergoing conversion to fumarate, at

least 1ft the pathway from ethanol, An active C3 compound probably is generated

more efficiently from ethanol than from acetate, and though we have established

that phosphate is essential for the conversion,11 assiduous tests for acetyl

phosphate3.3 have been consistently negative9 both on filtrates and ground my

celium extracts0

Conversion of succinate,* Pumerata formation from Gg compounds and the

fact that succinate accumulates In acetats cultures implies the intermediary

formation of succinate followed by dehydrcgenaticn to fumarate.

Demonstration of the dehydrogen-ation reaction is, therefore, essential for

the premise that fumaratg. formation, from G2 compounds proceeds via succinate„

Living Rhizopug nigricagj; mycali:jm is fccsrt toward succinic acid, when tested

manometrically for oxygen uptakeD This is true at acid or neutral pH values.

However, desiccated mycelium actively oxidises succinate, indicating that per

meability limitations account fcr the negative results with living mycelium.,

Judging from the amount of oxygen taker, up, the oxidation of succinate does

not proceed beyond fumarate in desiccated preparations, which by themselves

display some endogenous 02 consumption, • In <?ae experiment with 0o01 mM suc

cinate in phosphate buffer at pH 7,4? the oxygen uptake leveled off sharply to

the endogenous rate, at which poimt the following 0g uptake values were ob

taineds endogenous flask -%pl0jsuccinate flask =200 ulQ| difference due

to succinate - 104 Ulo %I theoretical for oxidation of succinate to fuma

rate = 112 ulo Og , Each vessel had 30 mg0 dry mold materials

Experiments on C0„ fixation g Because this organism can synthesize ap-

preciable amounts of fumarate via C08 fixation with glucose as the substrate,i

examination of C03 fixation mechanisms appeared desirable in the alcohol ex

periments, A double fixation, namely, Gs £ G0S »G3j C3 *• C02 *C4



would be involved, and of exceptional efficiency,, The following experiments

appear to preclude these mechanisms? (a) fumarate formation is undiminished

In a COg-free atmosphere secured in a closed system by the presence of alkali

and partial vacuumj (b) fumarate formation is not accelerated or enhanced by

elevated GQg tensions| (c) experiments with radioactive carbon dioxide (C1402)

and unlabeled ethanol show that C02 could not possibly account for the major

portion of the total fumarate formed0 Acid-permanganate degradation (see

later) of the fumaric acid formed In this experiment showed that the radioac

tivity was predominantly in the carbcxyl groups as compared to methine carbon.

In view of the fact that this mold has been demonstrated to possess oxalacetic

acid decarboxylase, it is almost certain that the carboxyl radioactivity re

sults from reversible decarboxylation of oxalacetate arising from fumarate via

malateo Carbon dioxide is, therefore, a negligible factor In synthesis of fuma

rate from alcohol„

Theoretical consideration of thj above results with respect to a triear-

^oxrliCr acid cvcla mechanisms For two reasons the yield data seem to eliminate

tke tricarboxylic acid cycle in the formation of the C4 dicarboxylic acids

(fumaric)„

First, theoretical molar yields of 64 from G2 via a C6-eycle are 67%«

In the mold system, yields equaling and possibly exceeding these have been ob

tained,, That the Krebs cycle could operate in this case at its theoretical ef

ficiency in producing G4 is improbable, due to other degradation outlets for

the IntermediateSo The fumarate yields from alcohol are In reality substan

tially higher than those reported above because they are based on total al

cohol which had disappeared, after corrections from suitable evaporation con

trols,, Actually some of the alcohol was assimilated by the mold mycelium. In

one alcohol experiment the dry weight increase in mold mycelium was equivalent



to 15% ©f the alcohol which had been c«msumed0 Since this occurred in the ab

sence of a nitrogen source and minerals, it is considered to represent oxida

tive assimilation,.

Second, for each molecul© of 6„ formed, th® tricarboxylic acid cycle would

require a G4 molecule to begin with0 This would have to come from ethanol, i.e.,

a Gg, which is the only substrate available. Thus, a functioning Krebs cycle

in this system would still require a G4 synthesis from Gg by some extremely ef

ficient mechanism.

Since GO^ fixation has been eliminated (see above) as a major mechanism,

attention was, therefore, directed to a consideration of a 2Gg-eondensation

origin of the fumarate. Nona of the above experimental data are inconsistent

with this possibilityg and indeed, the yield data are strongly suggestive of

this mechanism. Labeled ethanol makes it possible to put this theory to the

final test.,

Experiments Psiag C»*°LaaeItd EthaaoX ~ Methods8 Methyl-labeled ethanol

and carblncl^labeled ethanol were obtained from Tracerlab, Inc. To avoid vol

atilization hazards, as well as to obtain GQg measurements, these experiments

were conducted in 10=liter desiccators with ordinary air atmosphere. Other

details wer« exactly as ia the previous experiments with nonlabeled ethanol. a.,3

The cocks were opened daily to compensate for oxygen consumption. Only one

flask was placed in a desiccator. Th® whole apparatus, with the flask fastened

ia position was placed on a shaker. Both kinds of labeled ethanol were run

with portions ©f the same batch of mycelium and at the same time for 4 days.

The radioactiv« alcohols were diluted with ordinary ethanol to a final concen

tration ©f 2%. At the ®nd of th® experiments a 30Q°ml. aliquot of the gas

phase was removed with an evacuated bulb, the G0g absorbed In alkali, precip

itated and weighed as BaG03 on a porcelain filter disc. Radioactivity



measurements were made directly from the disc with a mica window Geiger-Muller

counter. All radioactivity measurements on BaG03 were measured as close as

possible to infinite thickness and corrected for self-absorption when necessary.

All counts actually measured were at least 10 times the background, and most

were 20 to 200 times. Radioactivity of other organic compounds was measured as

BaG03 obtained from wet oxidation using per sulfate~AgNQ3, *3 The liberated GOg

was absorbed in NaOH and collected as BaGOg by addition of BaCl2.

At time of analysis the culture with methyl-labeled ethanol had 5.4 ng»

fumaric acid per ml., and that with earbinol-labeled ethanol 5.7 mg. per ml.,

determined by a mercurous fumarate method modified from Stotz.1* Allquots of

the clear culture filtrates were adjusted to pH ^-10 and about two-thirds the vol

ume distilled off. The residue was acidified to pH ~2.0 with HgSC^ and extracted

with ether overnight in a Kutscher-Steudel extractor. The ether in the extract

was evaporated, and all remaining traces of volatile matter removed by maintain

ing the residue under high vacuum at 80° C. for 30 minutes. The light tan de

posit of fumaric acid was dissolved in hot water, filtered and concentrated in

an air stream on a hot plate to incipient crystallization. After standing in a

refrigerator overnight, the crystals of radioactive fumaric acid were collected

and washed on a sintered glass funnel. Yield from the earbinol-labeled alcohol

was 52 mg. and from the methyl-labeled ethanol 32 mg. Both preparations melted

at 274-275° G. in a sealed tube as compared to 279.5° C. for pure fumaric acid

under our conditions.

About 5 mg. of each kind of labeled fumarie acid was combusted for total

radioactivity and another 10 to 12 mg. degraded with acid-permanganate for lo

cation of the labeled carbons. Allen and Rubenis have shown that this oxida

tion liberates 3 moles 00^ and 1 mole of formic acid per mole of fumarate, and

that the formic acid is derived exclusively from one of the methine-carbons of



the fumarate. The other methine-carbon and the two carboxyls make up the three

GOa liberated. In confirmation, we have, with unlabeled fumarate, identified

formic acid as a product of this oxidation under our conditions by ether ex

traction and its Duclaux distillation constants. Formate separation also has

been done by steam distillation direct from the oxidation mixture after destruc

tion of the residual IMn04 with H202. The oxidation mixture contained 11 mg.

fumaric acid in 6 ml., 20 ml. 0.3 fi *Mn04 and 14 ml. 3 & H2S04» Tbe oxidation

is complete in less than 10 minutes at room temperature, but the formate slowly

is further oxidized. The oxidations were carried out In 160-ml. capacity War

burg vessels connected to manometers containing mercury, and when theoretical

amounts of G02 had been liberated (= three=fourths of the fumarate carbon) the

flask was placed In ice water to retard formate oxidation. Alkali was introduced

through the vent In one side arm, and the GOg absorbed. The oxidation mixture

was removed for formate separation, and the G02 precipitated as BaC03 and taken

for radioactivity measurements.

In the case of radioactive fumarate, inactive carrier formic and acetic

acids (0,3 mE of each) were added prior to ether extraction and Duclaux dis

tillation.. Two successive extractions with 10 volumes of ether netted about

90% recovery of the acids. The ratios of acetic/formic acid obtained in the

Duclaux distillations from both kinds of labeled fumaric acid were so shifted by

the ether extracts that formic acid definitely must have been contributed by the

degradation of fumaric acid. The Duclaux constants are indispensable in ascer

taining tke radioactivity of the formic acid produced from fumarate. Radioac

tivity of the various Duclaux fractions should, of course, be proportional te

the characteristic formic acid values in a Duclaux distillation, otherwise the

radioactivity In the preparation cannot be due to formic acid. After the ti

tration values were obtained, the various Duclaux fractions were oxidized to CQg
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for radioactivity determinations.

Results with fumaric j^M from carbfaojL-labeled ethanol; The formic acid

In this case was devoid of radioactivity even when measured as gaseous G02 with

the vibrating reed electrometer which is ~10 times more sensitive than our solid

counting procedure. There was a small amount of steam distillable radioactivity

(~2% of the total) but it doubtless came from impurities in the fumarate, for

it bore no relation to the formate distillation curve. The fumaric acid itself

had a specific activity of 1.2 (counts/sec./mg. BaGQg), located entirely in the

carboxyls, in view of the inactivity of methine-carbon. This experiment demon

strates conclusively that a direct G^ condensation, has taken place,, and further

more, that us. other reactions took place whereby carbinol-carbon of ethanol A§

converted to methine-carbon of fumaric acid. That is, no mixing takes place.

It means the following conversion must have occurred %

GH CMH OH CH - C1400H
> Intermediate I > Intermediate II-rr** II

„„ .it, «„ H00C14-HG0H„G14H OB „
3 2 Fumaric acid
Ethanol

Based on the fact that phosphate and succinate appear to be involved, ac

cording to the earlier experiments, the supposition is made that Intermediate I

is an "active"11 G„ compound, possibly phosphorylated, and Intermediate II is the

primary iroduct of the condensation reaction, presumably an "active" succinate.

The starting radioactive alcohol used in this experiment had a specific

activity of 1.67. The reduced specific activity (1.2) of the fumarate formed

from this alcohol could result only from a dilution of the radioactive carboxyls

by inactive carboxyls. The probable mechanisms some of the alcohol is oxidized

to C0o. The C0o at the end of the experiment had a specific activity of 1.2,

representing inactive G02 from methyl carbons as well as endogenous respiration,



and radioactive carbon from ©arbinol= Thus, due to dilution, the specific ac

tivity of th© GQj is much less than that of the carbinol group of the alcohol

(2 x 1.67 =3o3)o After fumaric is formed via direct G3 condensation, the ini

tially highly radieactive earboxyl groups are diluted with lower specific ac

tivity GO,, probably via reversible exchange by oxalacetate decarboxylase, an

enzyme knows to be active in this organism.1

SUSHi liAh fBHSAft .aaod, .tgsm Mlfeylrlabeled etjkfjggls Th© formic acid

derived from this fumarate was decidedly radioactive, as was the G02 represent

ing three^fourths of th© fumaratec This Latter contains? of course, one methine

carbon, equivalent to the formic acid carbon. "Th© radioactivity was unquestion

ably due to formic acid, sine® radioactivity measurements precisely paralleled

titration values of th© Ducla'ax fractions representing pure formic acid. The

last fraction, the most accurate because of its size, contained by titration 65%

of the total formic- acid distilled 0 This fraction also was found to contain 65%

of the total radioactivity of the formic acid.

The specific activity of th© starting ethanol in this experiment was 1.33,

and that of the isolated fumaric acid 2„180 This increase cam be accounted for

only by entrance ©f labeled carbon into the initially nonradioactive carboxyls

of the fumarate. iert, also, an exchange between labeled G02 and the fumarate

carboxyls must have occurred, again probably involving the participation of tke

oxalacetate decarboxylase ia this organism. The labeled GQjhad a specific ac

tivity of 008, and was derived from oxidation of some ethanol. The incorpora-

tion of 61402 int@ unlabeled ©arboxyl naturally results in increased specific

activity of tke fumarate. It is interesting that the exchange reaction in tke

carbinoHabeled alcohol experiment reduced the specific activity of the fuma

rate formed, and increased it in this experiment These experimentally observed

results arej, therefore, what one would expect.



The specific activities of the methine<=©arbe» and carboxyl-carbon of this

fumarate wer«i 3.6 and 0O7 respectively as determined by measurements on formate

and G0g fees permanganate oxidation,, Since the specific activity of the methyl

group of the starting aleehol was determined to be 3.66, it is evident that a

jJArtat conversion of the e|h,l!Sl Hifexl J£©JK? J& £«fiEa£§ MHriBl g£SSS S0S&

gfjjgrj

Discussiono "•= In recast years experiments on bacteria, yeast, fungi, and ani

mal tissue have suggested strongly the existence of the 2Cg condensation reaction

(Thunberg-fieland condensation) 0 Although th© evidence has, up to this point,

been held in som® dispute (see comprehensive literature reviews and critical anal

yses by Wood,1® and Block,3;?) the experiments ia this paper decisively establish

the 2G_ condensation reaction,- Thmg.- a third mechanism of formation of the G.

dicarboxylic acids is added tc the other twc generally accepted as functioning in

aerobic cellular respirations G0S fixation yielding ©xalaeetic acid, and decar

boxylation of oketoglutaric yielding succinate. Just what part, if any, the 2G3

condensation plays ia various living systems in furnishing (eventually) oxalace

tic acid for the tricarboxylic acid respiratory cycle is yet t© be ascertained.

Apart from the reaction itself, of particular significance appear to be the

results .indicating entrance of G0g into carboxyl groups of the fumaric acid which

itself is synthesized via a mechanism net concerned with G0a fixation. Tkis G0a

entrance is assumed to occur through reversible decarboxylation of pre-existing

oxalacetate (or malate) in equilibrium with the fumarate. It would be of interest

to determine if this mode of entrance of G03 could account for some of tke car-

boaqrl-labeled organic acids formed in the numerous Krebs type experiments which

have heretofore been done with labeled G0g or NaHC03c

In view of the prominent role C2 compounds play in the metabolism of fumfi,1*

it is not surprising that th® M2Ga condensation reaction81 should have a special



significance in these organisms. With adequate oxygen, carbohydrate in mold

cultures is oxidized via oxidative decarboxylation of pyruvate, the resulting

active G2 (acetyl phosphate?) forming organic acids and/or G03 eventually. How

ever, tke physical nature of mold mycelium ia masses almost automatically limits

oxygen availability during carbohydrate utilization, and anaerobic alcoholic fer

mentation ensues. Upon exhaustion of carbohydrate, the mold now slowly oxidizes

the alcohol, generating organic acids and/or GO, just as it does from pyruvate

directly. This mechanism whereby the mold eventually obtains its full quota of

energy and carbon from th® original carbohydrate and accumulates acids is pos

sible because ethanol oxidation yields apparently the same or similar active G2

fraction as pyruvate oxidation. The oxidation merely proceeds via a roundabout

route, which has been named the eBalcohol excursion™. These results also indicate

why alcohol has so often bean considered disputably the intermediate in organic

acid formation fro» sugar® by fungi.

The formation of puff® fumaric acid ia high yields labeled predominantly in

methine-carbons should make possible the availability of similarly labeled ana

logues, such as oxalacetic acid, malic acid, succinic acid, aspartic acid,

a<=ketoglutaric acid, etc., having value as tracers in metabolism studies. It

also provides now tke only feasible method of synthesizing methine-labeled maleic

anhydride, a vital intermediate in chemical synthesis of many suitably labeled

ring-type organic compounds, Including carcinogens.

Summary,, — Conditions for obtaining high yields of fumaric acid from etkanol

hy Rkizowis nigricans are specified. Yields of fumaric acid were so high that

the tricarboxylic acid cycle as a mechanism of formation of fumarate is excluded.

Yields of fumarate from acetate are one=third those from alcohol0 Experiments

with unlabeled ethanol and C^labeled carbon dioxide eliminates a C02 fixation

mechanism of fumarate synthesis. The mold possesses an enzyme which oxidizes
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succinate to fumarate.

Fumarate formed from G14 methyl-labeled ethanol contains the same specific

activity in tke metkiae-carbon as tkat of the methyl group from the starting

ethanol. Tke carboxyls contain a small amount of radioactivity due to a revers

ible decarboxylation reaction probably involving oxalacetate decarboxylase.

Fumarate from G14 earbinol-labeled ethanol contained no radioactivity in the

metkine-carbons, but afcundantly in tke carboxyls. All the evidence proves unequiv

ocally that the G4 dicarboxylic acid synthesis occurs by direct 20, condensation

as hypothesized originally by Thunberg. The implications of this reaction in the

tricarboxylic acid cycle of respiration and In synthesis of tracer Intermediates

for biochemistry and synthetic organic chemistry are discussed.
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