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I. SUMMARY

Formate is a substrate, or product, of diverse
reactions catalyzed by eukaryotic organisms,
eubacteria, and archaebacteria. A survey of
metabolic groups reveals that formate is a com-
mon growth substrate, especially among the
anaerobic eubacteria and archaebacteria. Formate
also functions as an accessory reductant for the
utilization of more complex substrates, and an
intermediate in energy-conserving pathways. The
diversity of reactions involving formate dehydro-
genases is apparent in the structures of electron
acceptors which include pyridine nucleotides, 5-
deazaflavin, quinones, and ferredoxin. This diver-
sity of electron acceptors is reflected in the com-
position of formate dehydrogenase. Studies on
these enzymes have contributed to the biochemical
and genetic understanding of selenium,
molybdenum, tungsten, and iron in biology. The
regulation of formate dehydrogenase synthesis
serves as a model for understanding general prin-
ciples of regulation in anaerobic organisms.
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2. INTRODUCTION

A diversity of microorganisms produce or con-
sume formate in a variety of metabolic pathways.
These include aerobic and anaerobic organisms
from among the eubacteria, archaebacteria and
eukaryotic yeasts. All contain the enzyme formate
dehydrogenase which catalyzes the reversible
two-electron oxidation of formate (HCOO™ = CO,
+H*+2e7).

Among the aerobes, formate supports the
growth of several facultative, chemolithotrophic
eubacteria [1-3]. Methylotrophic organisms,
without the ribulose-5-phosphate cycle for carbon
assimilation, convert methanol to formate which is
further oxidized to carbon dioxide. Methyl-
otrophic aerobes also utilize formate as a sole
source of energy. Recently, an electron transfer
system that transports electrons from formate to
nitrogenase was reported in extracts of the ob-
ligate methanotroph Methylosinus trichosporum [4].
In addition to formate, Pseudomonas oxalaticus
grows with oxalate as the sole energy source, and
formate produced in this reaction is further
oxidized to carbon dioxide [5].

A greater diversity of anaerobic bacteria is able
to metabolize formate. The acid is produced dur-
ing the fermentation of sugars catalyzed by pyru-
vate formate-lyase or by the reduction of carbon
dioxide [6]. Formate is also a product of the
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fermentation of aromatic compounds [7], L-(+)-
tartaric acid [8] and oxalate [9]. A recent report
suggests that the inward transport of divalent
oxalate is coupled to the outward movement of
the monovalent formate anion, and that this elec-
trogenic antiport is the basis for energy coupling
in Oxalobacter formigenes [9]. Formate is an inter-
mediate in nonsaccharolytic fermentations; it is
produced from formyltetrahydrofolate in the fer-
mentation of purines and by reduction of carbon
dioxide during fermentation of hypoxanthine [10].
In the Wood pathway for the synthesis of acetate
[11], the methyl group is synthesized by reduction
of CO, to formate followed by the formation of
formyltetrahydrofolate and reduction to methylte-
trahydrofolate. The methyl group of methyltetra-
hydrofolate is transferred to a site on carbon
monoxide dehydrogenase where it condenses with
a carbonyl group (originating from CO,, CO or
the carboxyl group of pyruvate) and CoASH to
form acetyl-CoA. Many facultative and strictly
anaerobic bacteria obtain energy for growth by
electron transport phosphorylation coupled to the
oxidation of formate and reduction of exogenous
electron acceptors including nitrate and fumarate
[12]. Several anaerobic bacteria also contain a
formic hydrogenlyase system, but only a small
amount of energy is available from the conversion
of formate to H, plus CO,, and it is unlikely that
cells benefit. The sulfate-reducing bacteria are
strict anaerobes which obtain energy for growth
by the dissimilatory reduction of sulfate to sulfide
[13]. The electron donors are diverse and include
H, and formate. In addition to sulfate, several
strictly anaerobic bacteria have been isolated that
reduce elemental sulfur, or oxides of sulfur, but
not sulfate. The strictly anaerobic methane-pro-
ducing archaebacteria obtain energy for growth by
the cleavage of acetate or the reduction of carbon
dioxide [14]. The eight electrons required for the
reduction of carbon dioxide originate from H, or
formate. The first one-carbon derivative in the
pathway is formylmethanofuran but free formate
is not an intermediate. The Methanobacterium for-
micicum formate dehydrogenase also participates
in a coenzyme F,,,-mediated formic hydrogenlyase
system [15]. Some homoacetogenic bacteria utilize
formate as a sole electron donor. Recently, it was

reported that Alteromonas putrefaciens obtains en-
ergy for growth by the oxidation of formate and
reduction of Mn(I1V) or Fe(III) [16]. In addition to
anaerobic respirations, organisms are described
that require H, or formate as an accessory re-
ductant for the fermentation of some organic sub-
strates [17,18].

The conversion of complex organic matter to
methane in anaerobic freshwater habitats involves
microbial food chains comprised of interacting
metabolic groups (consortia) of organisms. The
fermentative bacteria degrade polymers to H,,
formate, acetate, higher volatile fatty acids, and
other fermentation products. The H,, formate,
and acetate are further degraded by the methane-
producing bacteria, terminal organisms of the con-
sortia. The higher fatty acids, and other fermenta-
tion products, are converted to methanogenic sub-
strates by the acetogens. The acetogens rely on the
methanogens to lower the concentration of highly
reduced products, since the oxidations are thermo-
dynamically unfavorable. For historical reasons
this syntrophy is referred to as ‘interspecies H,
transfer’ but recently a major involvement of for-
mate in interspecies electron transfer was pro-
posed [18,19].

3. BIOCHEMISTRY OF FORMATE DEHY-
DROGENASES

Table 1 lists the properties of formate dehydro-
genases extensively purified from aerobic
organisms. All of these enzymes have a high K
for formate, reduce NAD™, and are inhibited by
azide. The enzyme from P. oxalaticus is distinct
from all others in that it is a heterodimeric,
oxygen-sensitive, iron-sulfur, flavoprotein [20]; all
others are homodimeric with no known metals or
cofactors. The flavin dissociates from the P.
oxalaticus enzyme under reducing conditions
yielding an inactive deflavoprotein. Flavins are
generally required by dehydrogenases to transfer
electrons from one-electron centers to the obligate
two-electron accepting pyridine nucleotide. Thus,
the requirement for FMN implies that electrons
may be transferred from the iron-sulfur center to



Table 1

Properties of formate dehydrogenases extensively purified from
aerobic eubacteria and yeasts

Organism Native Subunit K., Refer-
molecular molecular formate ences
weight weight (mM)
(M) (M)
Pseudomonas 315000 a, (100000) 13.5 [20]
oxalaticus B, (59000)
Achromobacter 80000 a, (46000) 15 [21]
parvulus
Moraxella 98000 a (48000) 13 [22]
strain C-1
Pichia 94000 a, (47000) 16 [23]
pastoris
Candida 70000 a, (46000) 13 [24)
methylica
Candida 82— a, (43000) 3.0 [25]
methanolica 84000
Table 2
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the flavin which donates an electron pair to
NAD™.

Table 2 lists the properties of formate dehydro-
genases purified from anaerobic archaebacteria
and eubacteria. All are extremely sensitive to
oxygen. Azide is a potent inhibitor, the only ex-
ception being the formate dehydrogenase from
Methanococcus vannielii [26]. The enzymes contain
a complex inventory of redox centers and reduce a
diversity of physiological electron acceptors, a
striking departure from the enzymes of aerobic
eubacteria and eukaryotes (Table 1). Many of the
purified enzymes contain a cofactor similar to the
6-substituted pterin (molybdopterin) present in all
molybdoenzymes other than nitrogenase [32]. The
cofactor from the methanogenic archaebacterium
Methanobacterium formicicum is a 6-substituted
pterin, but apparently the structure of the side
chain is different from the proposed structure of
the eukaryotic cofactor [33]. Interestingly, the side

Properties of formate dehydrogenases extensively purified from anaerobic archaebacteria and eubacteria

Organism Native Subunit Metals and Electron K, Refer-
molecular molecular cofactors acceptor formate ences
weight weight (mol /mol native) (mM)
(M,) (M,)
Methanococcus 105000 N.D.? 1 Mo, 4.8-10.1 Fe | N.D. [26]
vannielii 10-20 S
Methanobacterium 177000 «; (85000) 1 FAD, pterin Fio 0.6 [27]
formicicum B; (53000) 1 Mo, 2 Zn,
21-24 Fe, 25-29 S
Escherichia © 590000 a, (110000) 4 cytochrome b quinone 0.03 [28]
coli B, (32000) 4 Mo, 4 Se,
Y4 (20000) 56 Fe, 52 S
Clostridium 340000 a, (96000) pterin NADP 0.2 [29]
thermoaceticum B, (76000) 2 W, 2 Se,
36 Fe, 50 S
Clostridium ¢ 118000 a; (76000) pterin, 2 Mo, ferre- 1.7 [30]
pasteurianum B (34000) 24 Fe, 28 S doxin
Vibrio © 263000 a, (110000) 1 Mo, quinone 1.5 [31)
succinogenes 19 Fe, 18 S

* ND, not determined; ° Fpo, 5-deazaflavin; ©formate dehydrogenase coupled to nitrate reduction; 9 formate dehydrogenase
coupled to carbon dioxide reduction; © formate dehydrogenase coupled to fumarate reductase.






