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ABSTRACT Formic acid is an important source of reductant and energy for many
microorganisms. Formate is also produced as a fermentation product, e.g., by enterobac-
teria like Escherichia coli. As such, formic acid shares many features in common with
dihydrogen, explaining perhaps why their metabolism and physiology show consider-
able overlap. At physiological pH, formic acid is mainly present as the dissociated
formate anion and therefore cannot diffuse freely across the cytoplasmic membrane.
Specific and bidirectional translocation of formate across the cytoplasmic membrane is,
however, achieved in E. coli by the homopentameric membrane protein, FocA. Formic
acid translocation from the cytoplasm into the periplasm (efflux) serves to maintain
a near-neutral cytosolic pH and to deliver formate to the periplasmically-oriented
respiratory formate dehydrogenases, Fdh-N and Fdh-O. These enzymes oxidize formate,
with the electrons being used to reduce nitrate, oxygen, or other acceptors. In the
absence of exogenous electron acceptors, formate is re-imported into the cytoplasm by
FocA, where it is sensed by the transcriptional regulator FhlA, resulting in induction of
the formate regulon. The genes and operons of the formate regulon encode enzymes
necessary to assemble the formate hydrogenlyase complex, which disproportionates
formic acid into Hy and CO,. Combined, these mechanisms of dealing with formate
help to maintain cellular pH homeostasis and are suggested to maintain the proton
gradient during growth and in stationary phase cells. This review highlights our current
understanding of how formate metabolism helps balance cellular pH, how it responds to
the redox status, and how it helps conserve energy.

KEYWORDS anaerobic respiration, fermentation, formate dehydrogenase, formate
hydrogenlyase complex, formate translocation

he ability of certain enterobacteria, such as Escherichia coli, to disproportionate

formic acid into the gaseous products Hy and CO, has been known for well over
a century (1, 2). E. coli is, however, able to respire with formate, using it as an electron
donor: this capability was discovered toward the middle of the last century (3), despite
the responsible enzyme activities having been measured in crude cell extracts some
20 years earlier (4). Although the respiratory oxidation of formate by E. coli is best
characterized when nitrate is used as a terminal electron acceptor (5), the bacterium is
also able to couple the oxidation of the anion to the reduction of oxygen (3, 6).

Meanwhile, it is clear that E. coli encodes three formate dehydrogenases (Fdh), whose
synthesis is differentially regulated in response to the prevailing growth conditions (7,
8): Fdh-N is present at a low level under anoxic conditions, but synthesis is increased
significantly during growth in the presence nitrate; Fdh-O is made under oxic as well
as anoxic conditions; and synthesis of Fdh-H is induced in response to formate under
fermentative growth conditions when both O, and nitrate are absent (9). All three
Fdhs have an active site that includes a selenocysteine residue and a bis-molybdopterin
guanine dinucleotide cofactor, details of which have been reviewed (10-12). Despite
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all three oxidoreductases belonging to the dimethyl sulfoxide reductase family of
molybdoenzymes, Fdh-H differs phylogenetically compared to the related respiratory
Fdh-N and Fdh-O enzymes, which share a high degree of structural as well as mechanistic
similarities (13-16).

All three Fdh enzymes are membrane-associated, but unlike both respiratory Fdhs,
which have their respective active site located on the periplasmic side of the membrane,
Fdh-H has its active site located in the cytoplasm, as the enzyme is a component of
the multisubunit formate hydrogenlyase (FHL) complex (Fig. 1; 8). This means that
the side of the membrane on which formate happens to be located, and whether an
exogenous electron acceptor is available, both have a major impact on how formate
is further metabolized. Consequently, this also significantly affects the physiology of
the bacterium. While the Fdh-N enzyme uses menaquinone as an electron acceptor
(14), recent evidence strongly suggests that the Fdh-O enzyme transfers electrons to
ubiquinone (17), perhaps explaining why E. coli maintains two very similar enzymes that
help conserve energy using Mitchell’s “redox loop” mechanism of proton motive force
(pmf) generation (18).

In contrast, Fdh-H transfers electrons to a protein within the FHL complex (20, 21)
and not to a quinone. Indeed, recent findings indicate that Fdh-H likely functions as a
flexible module and is a subunit of two different FHL complexes (FHL-1 and FHL-2), and
perhaps also other multiprotein complexes (22, 23), supplying protons and electrons
for Hy generation or ion movement across the membrane. As will be discussed below,
these FHL complexes are considered to contribute either directly or indirectly to energy
conservation (22, 24), which is also in accord with Fdh-H being located on the inner
leaflet of the cytoplasmic membrane.

Fdh-N/O FocA FHL-1

CO, + H*

(n)H+ —

HCOO~ ¥
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CO, + H*
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FIG 1 Schematic overview of formate metabolism in E. coli. Formate can be either disproportionated by the formate hydrogenlyase complex (FHL-1)

intracellularly or oxidized by the respiratory formate dehydrogenases, Fdh-O or Fdh-N, located in the periplasm. The redox equivalents released upon formate

oxidation are used to reduce the quinone pool (QH,, quinol). FocA translocates formate together with minimally one proton (n = 1H") from the cytoplasm to the

periplasm, while uptake of formate is driven by the proton gradient, but the H" is suggested to be reused within FocA to translocate the next and subsequent

formate anions into the cytoplasm (19). The red dotted arrow through the membrane with the question mark signifies that the combined activities of FocA and

FHL-1 may contribute to energy conservation.
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What these three Fdhs have in common is their substrate, formate, which, along with
acetyl-coenzyme A (acetyl-CoA), is the product of CoA-dependent cleavage of pyruvate
by the glycyl-radical enzyme, pyruvate formate-lyase (PfIB) (Fig. 1; 25, 26). As well as
being a fermentation product, formate is also a valuable electron donor for biosynthesis
and energy conservation, it is essential for anaerobic DNA synthesis (27), and it has
an important role in purine biosynthesis (28). Formate is also a potential source of
CO, for heterotrophic carboxylation reactions. Moreover, with a pK; of 3.75, formate is
10-fold more acidic than acetate, having the consequence that with careful regulation
of its oxidation or disproportionation, it can be used by the bacterium to tune pH
homeostasis (29, 30). For this modulation of pH to be controlled effectively, formate,
or formic acid, must be translocated bidirectionally across the membrane. Bidirectional
formate translocation is controlled by the pentameric membrane channel/secondary
transporter, FocA, which consequently plays a central role in determining how, when,
and where formate is metabolized (30). Thus, this current review will focus on how
the micro-aerobic and anaerobic physiology of E. coli is governed in response to this
chemically simple organic acid.

WHEN IS FORMATE MADE?

Despite being a highly O,-sensitive glycyl-radical enzyme, PfIB is nonetheless synthe-
sized at a significant level during aerobic growth; however, under oxic conditions, PfIB is
enzymically inactive (26). While PfIB is held in this inactive state during aerobic growth,
pyruvate is oxidatively cleaved by the pyridine nucleotide- and CoA-dependent pyruvate
dehydrogenase (Pdh) complex (31). PfIB is inactive because under oxic conditions the
PflB-activating enzyme, PfIA, lacks one of the substrates, reduced ferredoxin (Fdyeq),
which is required along with S-adenosyl methionine to generate and introduce the
organic radical that is essential for PfIB enzyme activity (25, 26). As such, regulation of
PfIB enzyme activity is responsive to the cellular redox status. Thus, when O, levels
decrease, Fdeq levels increase and PfIB activation occurs rapidly to allow pyruvate
cleavage and acetyl-CoA generation to continue. At the same time, expression of the
focA-pfIB operon is induced 10- to 12-fold through the action of the O,-responsive
iron-sulfur-containing fumarate and nitrate reduction (FNR) transcriptional regulator and
the redox-responsive ArcAB (aerobic respiration control) two-component system (32, 33),
which is activated by sensing an increase in the quinol:quinone ratio of the respiratory
chain (34). Enhanced PfIB enzyme synthesis coupled with a high catalytic turnover
rate (35) means that pyruvate is immediately homolytically cleaved to acetyl-CoA and
formate.

When nitrate is present as an electron acceptor, expression of the focA-pfIB operon is
decreased (36) but nevertheless, sufficient enzyme is still made and the redox potential
of the cell is such that it is maintained in an active state. This is indicated by the fact
that either the Pdh complex or PfIB can cleave pyruvate during nitrate respiration (37),
accounting for formate synthesis and provision as an electron donor for nitrate reduction
(38, 39).

REGULATION OF FDH-N AND FDH-O SYNTHESIS

Genetic analysis of the fdnGHI operon, encoding the structural components of the
nitrate-inducible Fdh-N enzyme, has greatly facilitated the investigation of the regu-
lation of its synthesis (40). Construction of gene and operon fusions between fdnG
and the lacZ reporter allowed dissection of the regulatory mechanisms behind the
well-known nitrate-dependent stimulation of formate dehydrogenase enzyme activity
(41-43). Redox control of fdnGHI expression is mediated by the FNR regulator (41), while
the presence of nitrate is sensed by the NarXL two-component system (44). Together,
FNR and the phosphorylated NarL response regulator ensure that the fdnGHI operon
is expressed maximally only in the absence of oxygen and when nitrate is available
(42). Such dual hierarchical control of Fdh-N synthesis guarantees that the enzyme will
only be made in high amounts in the absence of O, and when nitrate is present.
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Moreover, the essentially identical regulatory pattern is exhibited for the expression of
the narGHJI operon, encoding the respiratory nitrate reductase, NarGHI, which completes
the energy-conserving formate-nitrate respiratory pathway (15, 45). Nevertheless, even
in the absence of nitrate, low-level synthesis of both Fdh-N and NarGHI is maintained
under fermentation conditions to allow a rapid switch to respiratory formate oxidation
should the exogenous electron acceptor become available (46).

The long-forgotten “formate oxidase” activity originally identified by Pinsent (3) was
revitalized from the late 1980s onward through the analysis of the Fdh-O enzyme activity
and identification of the fdoGHI operon encoding the enzyme (6, 15). Transcriptional
reporter studies revealed that in contrast to the fdn operon, the expression of fdo is
not responsive to changes in redox status or the presence of nitrate (15). Despite a
minor increase in operon expression in the presence of O,, synthesis of the Fdh-O
enzyme is essentially constitutive, although a more recent study suggests that enzyme
synthesis might be increased in the late stationary phase (47). Together, the regulation
and synthesis of Fdh-O and Fdh-N ensure that the cell is primed for energy-conserving
pmf generation if formate is available as a respiratory electron donor.

FORMATE LEVELS DETERMINE THE SYNTHESIS OF FDH-H

The gene encoding the Fdh-H enzyme that is associated with both the FHL-1 and
the FHL-2 complex is part of the formate-FhlA regulon (Fig. 2) (9). FhlA is an orphan
two-component transcriptional regulator that responds directly to intracellular formate
levels and coordinately induces the transcription of all of the genes whose products
are necessary for the synthesis of an active FHL-1 complex (48, 49). The approximately
5 mM concentration of formate necessary to bind half of the FhIA molecules in the cell
(50, 51) sets the threshold for FHL-1 synthesis. Consequently, when formate is drained
from the cytoplasm by the activity of the periplasmic respiratory Fdh-O and -N enzymes,
this automatically prevents expression of FhlA-regulated genes and operons and curtails
synthesis and activity of FHL-1 (8, 9). Indeed, this can be observed readily in a very simple
experiment whereby, when mM concentrations of either O, or nitrate are added to an
Hy-evolving culture of E. coli, gas production stops instantaneously; the inhibitory effect
of nitrate on H; evolution was described already in 1901 (2). Thus, the hierarchical control
of formate metabolism is imposed simply by the presence of either O, or nitrate (9).
Even accumulation of low intracellular levels of fumarate, which derives ultimately from
carboxylation of phosphoenolpyruvate during anaerobic growth, diverts formate to the
respiratory Fdhs, and this fumarate is used as an electron acceptor to oxidize the quinol
pool (52).

FDH-H IS MODULAR AND CAN COUPLE WITH MORE THAN ONE ELECTRON-
TRANSFER COMPLEX

It was something of a surprise when the gene encoding Fdh-H, fdhF, was discovered to
be located on a quite distinct part of the E. coli genome compared with the hyc operon,
which encodes the rest of the structural components of the formate-inducible FHL-1
complex (Fig. 2) (13, 54). It has been known for nigh on 35 years that the expression
of both fdhF and hyc is controlled by the transcription factor FhlA (49), which, in turn,
is responsive to intracellular formate levels (50, 55). Another component suggested to
be important in electron transfer in the FHL-1 complex is the iron-sulfur-containing
protein HydN (23, 56). Yet, the hydN gene is co-transcribed with the hypF gene (Fig.
2), encoding a carbamoyltransferase involved in [NiFe]-cofactor biosynthesis (57). The
hydN-hypF operon is also separately located on the chromosome from the hyc operon,
but nevertheless, expression is also enhanced by formate-FhlA as it is part of the formate
regulon (9). Together, these findings suggest that the Fdh-H protein, and possibly also
HydN (23), may be modular in function and can associate with other electron-transfer
complexes. Indeed, it has recently been shown that Fdh-H confers upon the FHL-2
complex the ability in stationary phase cells to use formate as an electron donor to
evolve H, and possibly also to generate an ion gradient (22). Meanwhile, using bacterial
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FIG 2 Overview of the formate regulon and how formate is generated and metabolized in the cytoplasm. Formate is generated by PfIB (left). The activity of PflB

is responsive to the cellular redox status (lack of O, and the availability of reduced ferredoxin; 25) and translocation of formate between the cytoplasm and the

periplasm is controlled by FocA. Cytoplasmic accumulation of formate activates the transcriptional regulator FhlA, which induces the expression of the genes

and operons represented schematically in the center of the figure. The products of these genes then form part or all of the enzyme complexes indicated on the

right side of the figure. Hyf indicates the subunits of hydrogenase 4 (53), which combine with Fdh-H to form the FHL-2 complex. The hyc operon (54) encodes the

subunits of the FHL-1 complex, which also functions with Fdh-H. It is possible that Fdh-H also delivers electrons to other, as yet unknown, enzyme complexes (see

23).

two-hybrid screening, HydN has been shown to interact with Fdh-H (23) and more
recently HydN has been identified as a structural component of the FHL-2 complex in the
enterobacterium Trabulsiella guamensis (M. Hardelt, R.G. Sawers, C. Pinske, unpublished
data).

MOVING FORMATE BETWEEN THE CYTOPLASM AND PERIPLASM VIA FOCA

Rapid, bidirectional translocation of formate between the cytoplasm and the periplasm
is a requirement to make this substrate readily available for the three Fdhs, depending
on the prevailing growth conditions. For example, when O or nitrate becomes available,
rapid translocation of formate to the periplasm for Fdh-O and -N, respectively, would
maximize energy conservation and at the same time prevent undesirable acidification
of the cytoplasm. Equally, when exogenous electron acceptors are no longer available,
a means of efficient translocation of formate back into the cytoplasm would help
offset acidification of the periplasm and allow disproportionation of formic acid to
neutral gaseous products (29). One means by which energy-efficient and speedy formate
translocation can be achieved is by means of a channel. Thirty years ago, such a channel
for formate translocation was identified and termed FocA (58). Meanwhile, numerous
genes encoding phylogenetically related membrane proteins that exhibit specificity for
different monovalent anions and their cognate acids have been identified. These are
collectively referred to as the formate-nitrite transporter (FNT) family (30, 59).

Structural analyses of FocA and other FNTs have revealed that the proteins all share
a conserved pentameric structure resembling the aqua-glyceroporins (19, 60-63). Each,
approximately 31 kDa, protomer of the pentamer has a hydrophobic pore containing
two highly conserved amino acid residues, T91 and H209 (based on E. coli FocA residue
numbering). These residues are located centrally within the pore and can interact to form
a hydrogen bond (62, 63). Mutagenesis studies using E. coli FocA have demonstrated not
only that both of these residues are important for bidirectional translocation of formate,
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but also that the mechanisms of efflux and uptake differ (64). These findings indicate that
pores of this family of proteins do not act as a simple open-or-closed channel (65).

Other studies have also shown that PfIB interacts with the cytoplasmically oriented
N-terminal helix of FocA (66, 67). Interaction with PfIB is essential for in vivo bidirectional
formate translocation to occur. Moreover, the removal of the N-terminal helix of FocA
severely disrupts FocA's ability to translocate formate in vivo (67) and this correlates
with an inability of T91 and H209 to form a hydrogen bond in vitro (60). It is presumed,
therefore, that the interaction of PfIB with FocA not only gates the channel, but also
confers specificity for the formate, delivers the anion directly into the channel pore for
translocation, and ensures the formation of the hydrogen bond between T91 and H209,
which opens the pore (30, 68).

EFFLUX OF FORMIC ACID BY FOCA

Based on the hydrophobicity of the pore, it has been posited that a charged formate
anion would be unable to pass through the pore to the periplasm and that only the
neutral acid would be able to be translocated (69). Recent studies have indeed shown
that formate and a proton are translocated out of the cytoplasm (53); the stoichiometry
of HCOO™:H* is unresolved. Nevertheless, the T91 and H209 residues are involved in
this efflux of formic acid, and it is possible that they influence sterically how rapidly
the molecule passes through the pore (64, 70). This presumption is borne out by
mutagenesis studies, which reveal that an efflux-only phenotype results when H209 is
exchanged for a small neutral residue, whereas exchange for a bulky aromatic residue or
an amino acid with a charged side-chain severely impedes formic acid efflux (71). These
phenotypes also allow the conclusion to be drawn that the protonatable histidine at
position 209 is important for formate uptake (see below).

Exchange of T91 for any other residue except serine also severely hinders formic acid
efflux, which indicates that, although channel-like behavior through the pore is observed
in the efflux direction, a hydroxylated residue within hydrogen-bonding distance of H209
is a prerequisite to allow passage of formic acid through the pore (68, 70, 71).

Although the H209 residue is highly conserved across the thousands of members of
the FNT family so far identified, a handful of FNTs have either asparagine or glutamine
in this position (72). While these residues can readily hydrogen bond with the hydroxyl
group of threonine, they cannot be protonated. The introduction of either of these
residues at amino acid position 209 results in a FocA protein with a very efficient,
efflux-only phenotype (64). As well as efficiently excreting formic acid, a strain synthesiz-
ing a FocA-H209N variant exhibits a reduced capacity to grow to high optical density by
fermentation in a minimal medium, causing an early entry of the cells into the stationary
phase (64). This growth phenotype appears to correlate with reduced cellular levels of
ATP (C. Erdmann and R.G. Sawers, unpublished data).

UPTAKE OF FORMATE BY FOCA IS PH-DEPENDENT AND COUPLED WITH FHL-1
ACTIVITY

Early studies on glucose fermentation by E. coli showed that FHL-1-dependent H
production is increased at pH values below 6.5 (73). This pH dependence of H, produc-
tion correlates strongly with the presence of the H209 residue in FocA and the ability
of the bacterium to import formate and synthesize FHL-1 (9, 30). Indeed, a mutant
unable to synthesize the FHL-1 complex, either through mutation or when formic acid
is efficiently excreted out of the cell so that it cannot accumulate and activate FhlA, e.g.,
due to synthesis of the FocA-H209N protein (63), fails to re-import formic acid once it has
been excreted (74).

E. coli mutants lacking FocA were originally isolated based on the resistance of the
mutants to the toxic chemical analog of formate, hypophosphite (58). Hypophosphite
irreversibly inhibits PfIB enzyme activity, causing reduced growth during fermentation
(26). Because focA mutants are unable to import hypophosphite, they exhibit resistance
to it, with the consequence that fermentative growth is improved, even in the presence

February 2025 Volume 207 Issue 2

Journal of Bacteriology

10.1128/jb.00502-24 6

Downloaded from https://journals.asm.org/journal/jb on 07 March 2025 by 141.48.67.87.


https://doi.org/10.1128/jb.00502-24

Minireview

of the compound (58). However, the characteristic of hypophosphite that is important
is that it has a pK; of 1.1, which means that under physiological growth conditions, it
is always present as the dissociated anionic species. All amino acid-exchange variants
of FocA that lack histidine at position 209 fail to import hypophosphite, indicating that
protonation of the anion by the histidine residue is essential for its uptake through
the pores of FocA. Furthermore, these findings demonstrate unequivocally that the
mechanisms of formic acid efflux and uptake by FocA differ. The data also show that
uptake of formate by FocA is proton-driven and this necessitates proton delivery to
formate by the histidine residue (pK; of the free amino acid is 6), potentially explaining
the pH-dependence of formate uptake and H, production (73).

Notably, residue T91 (or its substitution variant, S91) is also essential for the uptake
of formate and hypophosphite by FocA, even when H209 is present. This indicates
that the threonine residue is mechanistically involved in the protonation of formate
by H209. A mechanism for this reaction has been suggested (68), based on an initial
proposal made during the structural analysis of another FNT family member, the nitrite
transporter, NirC (63). At acidic pH, the proton from the imidazolium cation is proposed
to be transferred to formate, which has entered from the periplasmic side of the pore.
The water-coordinated T91 residue, which is hydrogen-bonded to H209 and is located
lower within the pore and closer to the cytoplasmic side of the membrane (19, 60-63),
transfers its hydroxyl proton to the imidazole group, reforming the strong imidazolium
cation. The resulting alkoxide anion of T91 then recaptures the proton from formic
acid once it passes the most hydrophobic part of the pore, releasing formate into the
cytoplasm (63, 68). Recapture of the proton from formic acid would be consistent with
an energy-conserving mechanism, especially if the coupled formate disproportionation
reaction catalyzed by the FHL-1 complex uses a scalar cytoplasmic proton together with
formate to generate H, (68).

WHAT FUNCTIONAL RELEVANCE DOES FOCA HAVE FOR THE FDHS AND THE E.
COLI CELL?

Current data suggest that FocA serves minimally two roles in catabolic formate
metabolism. During growth, the first, and likely major, role, functioning together with
the FHL-1 complex, is the maintenance of near-neutral intracellular pH during fermenta-
tion. This is necessary because of the acidity of formic acid, which is similar to that of
lactic acid. Rapid efflux of formic acid to the periplasmic side of the membrane by the
channel-like function of FocA alleviates acidification of the cytoplasm and at the same
time offers formate as a substrate to the respiratory Fdh enzymes, allowing reduction
of any available electron acceptor, i.e., Oy, nitrate, or fumarate, should either of these
acceptors become available.

The other role of FocA is that of a less rapid secondary transport system for the uptake
of formate, either directly from the cellular environment or of the formate that was
originally translocated from the cytoplasm to the periplasm. Both of these possibilities
have been shown to occur (29, 58, 67, 74). Again, this facilitates pH homeostasis by
dissipating the acid as neutral gases and concomitantly increases periplasmic pH (29,
68). Such a role in pH homeostasis would be dependent on a functional FHL-1 system
to blow off Hy, and this has been demonstrated (58, 74), but it could be argued that
this function could be equally fulfilled by a periplasmic Fdh-H. However, because the
FHL-1 complex is located at the inner leaflet of the cytoplasmic membrane, this argues
strongly in favor of formate uptake helping to maintain the pmf, which is especially
important during energy-limited survival in the stationary phase. This correlates with the
growth phase in which the FHL-1 complex is most active (29, 30, 73). If efflux of formate,
along with one or more protons, and subsequent re-uptake of only the anion by FocA
occurs (Fig. 1), then coupling this process with disproportionation of the formate anion
to Hy and CO5 (consuming a further scalar proton from the cytoplasm) by FHL-1 would
formally contribute to pmf generation, as recently proposed (68). If the released H, can
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be oxidized by the periplasmically-localized respiratory hydrogenases 1 and 2 (29, 68,
75), this would further enhance the energy-conserving capacity of this system.

Re-import of formate by FocA, or its paralog FocB encoded as part of the hyf operon
(76), in stationary-phase cells and coupling of FdhH with the FHL-2 complex might
be an alternative means of contributing to energy conservation. The FHL-2 complex is
proposed to be a progenitor of complex 1 of the respiratory chain and accumulating
evidence suggests that it might also be energy-conserving in function (24, 54, 77-79).

The importance of FocA in balancing intracellular formate concentration has been
shown (70), as has the dramatic consequences of disrupting this balance by introducing
an amino acid variant of FocA (e.g., FocA-H209N), which efficiently exports formic acid
and causes premature entry into the stationary phase (64). This growth phenotype can
be partially rectified by cultivation of the strain in a rich medium, suggesting that the
early entry into the stationary phase could be due either to a reduction in ATP levels
causing growth restriction, to an imbalance in intracellular pH, or increased carbon
flux through glycolysis. Notably, and in agreement with the proposed role of FocA in
facilitating the translocation of formate/formic acid to the side of the membrane where it
is immediately required, initial findings indicate that when nitrate is added to the growth
medium of an E. coli strain synthesizing the FocA-H209N variant, the growth rate of the
strain is initially increased significantly due to delivery of formate to the nitrite-inducible
Fdh-N-NAR respiratory pathway (C. Erdmann and R.G. Sawers, unpublished data).

CONCLUSIONS AND THE BROADER PERSPECTIVE

The importance of the balanced production and further metabolism of formate during
oxygen-restricted growth of E. coli is becoming more apparent. The interwoven nature of
formate and hydrogen, CO,, and proton metabolisms has been crucial during evolu-
tion and continues to have a central role in the cellular metabolism of modern micro-
organisms. Analysis of how formic acid/formate is distributed across the cytoplasmic
membrane reveals potentially simple and ancient links in the homeostatic control of
cellular energy, carbon, redox, and pH to maintain ion gradients across the membrane.
This is exemplified in the broader context by the thermophilic archaeon Thermococcus
onnurineus, which can grow by formate-driven H, production (80), long considered
inconceivable, and by the well-established growth of methanogenic archaea that use
H, and formate for energy and carbon, respectively (81, 82). The use of formate
as a substrate for the Wood-Ljungdahl pathway in the acetogenic bacteria, Thermoa-
naerobacter kivui and Acetobacterium woodii (83, 84), similarly points to an ancient
origin of formate-driven or -directed processes, with the former species synthesizing
an Hy-dependent CO, reductase for formate generation (84, 85). Similarly, formate is
produced by certain marine Vibrio species as a means of off-loading reducing equiva-
lents (86), as in E. coli. Despite having been first described nearly 40 years ago (87) more
recent studies on the use of formic acid as an electron shuttle in microbial communities
are also beginning to reveal the importance of formate in driving syntrophic processes
in anaerobic habitats (88, 89), including in the mammalian intestine (90). All of these
examples highlight the importance of formate metabolism for the growth and survival of
microorganisms in anoxic and micro-oxic habitats.

How widespread formate as a respiratory energy source is in natural habitats is also
becoming clearer with the demonstration of its use as an electron donor by Campy-
lobacter jejuni, which has a periplasmic Fdh enzyme that allows coupling of formate
oxidation with microaerobic O, reduction (91), again in analogy to the role of Fdh-O in
E. coli. Similarly, a recent report suggests the presence of an O;-insensitive tungsten-con-
taining formate dehydrogenase in Desulfovibrio vulgaris, which apparently can couple
with O, reduction (92). Moreover, the requirement for radical chemistry in carbon-
bond cleavage underscores how evolutionarily ancient these interlinked processes are,
especially in the generation of formate. The FocA channel-cum-secondary transporter
is @ membrane protein with the capability of controlling the distribution of formate
and protons across the cytoplasmic membrane using simple and energy-efficient

February 2025 Volume 207 Issue 2

Journal of Bacteriology

10.1128/jb.00502-24 8

Downloaded from https://journals.asm.org/journal/jb on 07 March 2025 by 141.48.67.87.


https://doi.org/10.1128/jb.00502-24

Minireview

mechanisms and is also found in thermophilic archaea, as well as marine Vibrio species
that perform a mixed-acid-type fermentation (80, 86). Coupling the balanced distribution
of formate and protons with intracellular disproportionation of the acid and extracellular
formate oxidation is delivering new insights into how a simple mechanism can be
used to help maintain ion gradients and pH homeostasis under highly challenging and
energy-limiting conditions.
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