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Three mutants deficient in hydrogen/formate uptake were obtained through screening of a transposon
mutant library containing 5,760 mutants of Desulfovibrio desulfuricans G20. Mutations were in the genes
encoding the type I tetraheme cytochrome c; (cyc4), Fe hydrogenase (hydB), and molybdopterin oxidoreductase
(mopB). Mutations did not decrease the ability of cells to produce H, or formate during growth. Complemen-
tation of the cyc4 and mopB mutants with a plasmid carrying the intact cyc4 and/or mopB gene and the putative
promoter from the parental strain allowed the recovery of H, uptake ability, showing that these specific genes
are involved in H, oxidation. The mop operon encodes a periplasm-facing transmembrane protein complex
which may shuttle electrons from periplasmic cytochrome c; to the menaquinone pool. Electrons can then be

used for sulfate reduction in the cytoplasm.

Members of the genus Desulfovibrio are gram-negative sul-
fate-reducing bacteria that derive energy from the dissimila-
tory reduction of sulfate coupled to the oxidation of dihydro-
gen (H,) or organic substrates (1, 35, 38). During the oxidation
of organic compounds or when exogenous H, is available, H,
is thought to diffuse into the periplasm, where it can be oxi-
dized by periplasmic hydrogenases (1, 24) (Fig. 1). The elec-
trons generated from H, oxidation in the periplasm are trans-
ferred into the cytochrome network (14) for delivery to inner
membrane electron conduit proteins. The latter process may
involve transfer through the menaquinone pool, allowing cells
to couple H, oxidation to the generation of a proton motive
force (PMF) (Fig. 1). Eventually, electrons are transferred to
cytoplasmic proteins for the reduction of sulfate.

Hydrogenases in Desulfovibrio species catalyze both H, ox-
idation and production reactions. Three classes of periplasmic
hydrogenases, NiFe hydrogenase, NiFeSe hydrogenase, and
Fe-only hydrogenase, are present in Desulfovibrio (20, 31, 36,
37). Cytochrome c; has been suggested previously to be the
physiological electron carrier for hydrogenases in Desulfovibrio
vulgaris (14). Conducting electrons across the cytoplasmic
membrane from periplasmically oxidized H,, ultimately reduc-
ing sulfate (38), requires membrane proteins or transmem-
brane complexes, and several, including the Hmc and Tmc
protein complexes, have been proposed as possible electron
transfer channels (23, 27, 28, 34). However, physiological evi-
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dence supporting a role for these complexes in transferring
electrons from H, is still lacking (23, 25, 38).

While many proteins that are thought to be involved in H,
metabolism and bioenergetic pathways within Desulfovibrio
species have been studied, the connections between them and
the complete electron transfer pathways remain to be resolved
(38). In order to identify novel genes involved in H, metabo-
lism in D. desulfuricans G20, we screened a mutant library
constructed in a previous study (13). The library was screened
individually for those mutants deficient in syntrophic growth
with Methanospirillum hungatei on lactate as an electron donor.
We reasoned that as H, is the proposed electron carrier among
syntrophic partners, a defect in syntrophic growth would likely
include the inability to produce or consume H,. The screening
resulted in the identification of three mutants unable or slow to
grow on H,. The mutations included changes in the Fe-only
hydrogenase and cytochrome c;, whose functions in H, oxida-
tion are reasonably well understood (14, 35, 38). This result
demonstrated the efficacy of the screening strategy and pro-
vided a proof of principle for the process. Furthermore, we
obtained a mutant with a mutation in a putative transmem-
brane protein complex, a molybdopterin oxidoreductase
(MopABCD), which may be a potential electron conduit pro-
tein for H, oxidation (Fig. 1).

MATERIALS AND METHODS

Medium and culture growth. A mineral salts (MS) medium was used to grow
D. desulfuricans G20. Each liter of MS medium contained 50 ml of solution A
(KH,PO,, 8 g/liter; NH,Cl, 20 g/liter; MgCl, - 6H,0, 4 g/liter; CaCl, - 2H,0, 1
glliter), 50 ml of solution B (K,HPO,, 8 g/liter), 10 ml of trace metal solution
(nitrilotriacetic acid, 12.8 g/liter; FeSO, - 7H,0, 0.42 g/liter; MnCl, - 4H,0, 0.1
glliter; CoCl, - 6H,0, 0.17 g/liter; CuCl, - 2H,0, 0.02 g/liter; ZnSO, - 7H,0,
0.21 g/liter; Na,MoO, - 2H,0, 0.01 g/liter), 10 ml of Wolfe’s vitamin solution
[biotin, 2 mg/liter; folic acid, 2 mg/liter; pyridoxine HCI, 10 mg/liter; thiamine
HCI, 5 mg/liter; riboflavin, 5 mg/liter; nicotinic acid, 5 mg/liter; calcium p-(+)-
pantothenate, 5 mg/liter; cyanocobalamin, 0.1 mg/liter; p-aminobenzoic acid, 5
mg/liter; thioctic acid, 5 mg/liter], 3.52 g of NaHCO3, 1 g of yeast extract, and 1
ml of resazurin (0.1%). The medium was reduced with a solution of cysteine and
Na,S (at 1.25% each) by adding 0.05 ml to 5 ml of medium. Strain G20 was
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FIG. 1. Proposed conceptual model for the electron transfer pathway of H, oxidation by Desulfovibrio. Three classes of periplasmic hydroge-
nases (NiFe, NiFeSe, and Fe-only hydrogenases [Hase]) may be involved in H, metabolism. The electrons (e™) generated from H, oxidation in
the periplasm are transferred to the cytochrome c¢; (Cyc) network for delivery to transmembrane electron carriers (TMC) and then possibly into
the menaquinone (MK) pool, creating reduced menaquinone (MKH,) within the inner membrane (IM) or directly across the inner membrane for
sulfate reduction in the cytoplasm. The Mop complex described here may be one of these TMC. The protons generated from H, oxidation in the
periplasm drive ATP synthesis (by the ATP synthase), as they contribute directly to a proton gradient. The protons imported through ATP synthase
are also used in the sulfate reduction pathway. H, is either supplied externally or produced in the cytoplasm through organic substrate degradation.

grown in serum tubes (23 ml) containing 5 ml of MS medium, and growth was
monitored using a spectrophotometer at 600 nm (to determine the optical den-
sity at 600 nm [ODg]). When lactate (50 mM) or formate (50 mM) was used as
the electron donor, the headspace was N,/CO, (80/20, vol/vol). For studies with
H, as the electron donor, the headspace was flushed with H,/CO, (80/20, vol/
vol). Acetate (10 mM) was included in cultures with formate or H, as the sole
electron donor. Sulfate at 50 mM was added as the electron acceptor unless
otherwise indicated.

Mutant screening. The mutant library of D. desulfuricans G20 with 5,760
mutants was constructed using a mini-Tn/( transposon-bearing plasmid, which
was shown to mutagenize D. desulfuricans G20 efficiently and randomly. This
library therefore provides about 1.5-fold coverage of the 3,775 candidate protein-
encoding genes found in the G20 genome. The detailed procedures for the
construction and validation of this mutant library have been described previously
(13).

For the screening of potential mutations related to H, metabolism, syntrophic
cocultures were established by the inoculation of early-stationary-phase cultures
of M. hungatei JF-1 (ATCC 27890; 1 ml at an ODy of 0.7) and individual G20
mutants (0.1 ml at an ODygy, of 0.7) into 5 ml of MS-lactate medium in a serum
tube (23 ml). The ODyg, was routinely measured to monitor growth. Syntrophic
cocultures containing the G20 parental strain reached a maximum OD within 4
to 5 days. Mutants that grew significantly more slowly than the parental strain
(reaching a maximum ODy, 2 or more days later) or did not grow were iden-
tified as potential targets, after which their growth in H,-sulfate medium was
further tested.

Identification of the insertion site. To identify the transposon insertion site
within the chromosomes of mutants, the region within the genome surrounding
the transposon insertion site was amplified using two rounds of arbitrarily primed

PCR as described previously (8). Primer sequences used in this study are given
in the supplemental material. To determine which gene was interrupted, se-
quences obtained from the PCR products were compared to sequences in
the NCBI database and to the D. desulfuricans G20 genome sequence in the
GenBank database (accession no. NC_007519) by using BLASTN. Protein se-
quence analysis was done and transmembrane helix predictions were made using
programs available at http://us.expasy.org/.

Complementation experiments. The entire mop, hyd, and cyc operons, as well
as 100 to 500 bases of flanking DNA (see the supplemental material), were each
amplified from the parental strain genomic DNA by using phosphorylated gene-
specific primers (see the supplemental material) and Phusion high-fidelity DNA
polymerase (Finnzymes Oy, Finland) to obtain blunt-end PCR products. The
PCR products included, for mop, the Dde_2932 to Dde_2935 loci (cloned frag-
ment position in the genome, 2912471 to 2917382; 4,912 bp); for hyd, the
Dde_0081 and Dde_0082 loci (75350 to 77578; 2,229 bp); and for cycA, the
Dde_3182 locus (3169617 to 3170418; 802 bp). Entire operons, including pro-
moter regions, were amplified, as an upstream insertion may have the effect of
inactivating the entire downstream part of the operon. The blunt-end PCR
products were then purified and ligated into plasmid pMO719 by using T4 DNA
ligase. pMO719 was constructed by cloning the pBG1 cassette (which contains a
Desulfovibrio replicon) (39) into the EcoRI sites of pCR8/GW/TOPO (Invitro-
gen) with spectinomycin as a selective marker (K. L. Keller et al., unpublished
data). Before ligation, pMO719 was digested with EcoRV and dephosphorylated
using Antarctic phosphatase (New England Biolabs, Ipswich, MA). Escherichia
coli GC5 competent cells (GeneChoice Inc, Frederick, MD) were transformed
with the ligated products. Plasmids containing the correct inserts were subse-
quently isolated, and D. desulfuricans G20 was transformed with the plasmids by
electroporation as described previously (19). For the identification of plasmids
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FIG. 2. Growth curves comparing the D. desulfuricans G20 parent (Hl), mopB mutant ([]), cyc4 mutant (A), and hydB mutant (O) grown in MS
medium containing 50 mM sulfate with 110-kPa partial H, pressure in the headspace (A and B) or 50 mM formate (C and D). Panels A and C
show data for transposon mutants and the parental strain, and panels B and D show data for complemented mutants. All the values are means

of two measurements with average deviations.

with the correct insertions, selected colonies grown on Luria-Bertani agar plates
(for E. coli) or lactate-sulfate agar plates (for D. desulfuricans G20) (13) (both
with 800 pg/ml spectinomycin) were picked and grown in Luria-Bertani or MS
liquid medium (both with 400 wg/ml spectinomycin) overnight. Plasmids were
extracted and digested with Pvull. pMO719 was used as a negative control. The
digested products were separated on 1% agarose gels, and band patterns were
compared. The putative positive constructs were further verified by sequencing
the region flanking the insertion.

Enzyme assays. Whole-cell suspensions were prepared anaerobically by wash-
ing cells twice in anoxic 50 mM Tris-HCI, pH 8.0 (containing 2 mM dithiothre-
itol), subjecting the cells to centrifugation at 8,000 X g for 10 min, and finally
resuspending the pellet in the same buffer. Hydrogenase and formate dehydro-
genase activities were routinely assayed by photometric measurement of the
reduction at 578 nm of 1 mM methyl viologen (MV; €575 = 9.7 mM ™' cm™!) or
1 mM benzyl viologen (BV; €575 = 9.2 mM ™! ecm ™) at 25°C with hydrogen or
formate (10 mM) as the electron donor, respectively. For the hydrogenase assay,
absorbance at 578 nm was monitored in anaerobic cuvettes filled with an oxygen
scavenging system (0.5 U/ml glucose oxidase, 250 U/ml catalase, and 2.5 mM
glucose) in 50 mM Tris-HCI, pH 8.0. Cuvettes were flushed with H, for 1 min.
For formate dehydrogenase, the assay was conducted in 50 mM Tris-HCI, pH 8.0
(containing 2 mM dithiothreitol), in rubber-stoppered glass cuvettes flushed with
nitrogen for 1 min. The reaction was started by the addition of cells, and the
kinetics of reduction was recorded. Controls without an electron donor in the
assay mixture were conducted simultaneously. The specific activity was defined as
the micromoles of MV or BV reduced per minute per milligram of protein.

Chemical analyses. For the analysis of the protein concentration, 0.2 ml of the
cell suspension was added to 0.2 ml of 1 N NaOH and the mixture was incubated
at 37°C for 4 h. The protein concentration was measured using the Bradford
protein assay (5) with bovine serum albumin as the standard.

Formate, lactate, and acetate in the culture were measured with a high-
pressure liquid chromatography system equipped with an Aminex HPX-87H
column (Bio-Rad) and a refractive index detector. H, in the headspace was

measured with a reduced gas analyzer (Trace Analytical, Inc.), and the level of
H, is expressed as the total amount of H, produced, in micromoles, and cor-
rected with respect to the volume of the culture.

RESULTS AND DISCUSSION

Through our screening process, three mutants deficient in
growth in the presence of H,-sulfate were obtained. These
mutants had transposon insertions in genes annotated as en-
coding the tetraheme cytochrome c; (Dde_3182; cycA), the
iron hydrogenase small subunit (Dde_0082; hydB), and the
molybdopterin oxidoreductase molybdopterin-binding subunit
(Dde_2933; mopB). The three mutants exhibited growth rates
similar to that of the parental strain when lactate was the
electron donor (data not shown). When formate or H, was
used as the electron donor and sulfate was the electron accep-
tor, the parental strain reached a maximum ODy, of 0.3 to 0.4
within 2 to 4 days. However, the mopB and cycA mutants were
unable to grow on formate or H, during the 10-day incubation
period, and the hydB mutant grew more slowly than the pa-
rental strain (Fig. 2). With pyruvate as the electron donor, the
three mutants grew more slowly and reached a lower maximum
ODy, than the parental strain (Table 1).

To determine whether the observed phenotypes resulted
from the elimination of the specific gene in which the insertion
was detected or from the impact on surrounding genes, the
mutants were individually complemented to be certain that the
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TABLE 1. Comparison of the growth rates and motilities of transposon mutants with those of the corresponding complemented mutants

Phenotype“ of:

Characteristic Mutants Parental Complemented mutants
. » . strain cycA::Tnl0 mopB::Tnl0 hydB::Tnl0
cycA:Tnl0 mopB::Tnl10 hydB::Tnl0 (pXZL3182) (pXZ12933) (PXZL0082)
Growth on:
Lactate-SO,*~ +++ +++ +++ +++ +++ +++ +++
H,S0,*" - - + e+ 4+ 4+ o+
Formate-SO,>~ - - + +++ +++ o+ +
Pyruvate-SO,>~ + + ++ +4++ +4++ +4+ 44
Syntrophy with JF-1 - - ++ +++ +++ +++ ++
Motility - + + +++ ++ ++ ++

“+++, ++, +, and — indicate growth or motility relative to that of the parental strain, with +++ being equivalent to the level of the parental strain.

phenotype could be restored. After the cloning of the entire
complementary operons, as well as 100 to 500 bases of flanking
DNA, the complemented mopB and cycA mutants recovered
the ability to growth on H, and formate. Growth rates of the
complemented strains were similar to that of parental strain
(Fig. 2), confirming that the identified genes are indeed in-
volved in H,- and formate-dependent growth. Lag times were
somewhat longer for the complemented mutants growing on
H, than for the parental strain, and the reason for this finding
has not been determined. The hydB mutant was able to grow to
some extent on H, and formate, and complemented hydB
mutants grew better on H, but not better on formate than
noncomplemented mutants (Fig. 2). The lag time observed
during the growth of the hydB mutant or complemented mu-
tants was not reduced during subsequent transfer of the cul-
tures. Complemented mopB and cycA mutants completely re-
covered the ability to grow syntrophically with M. hungatei, and
pyruvate-grown cultures reached an ODg, similar to that of
the parental strain culture (Table 1). The ODg, of the com-
plemented hydB mutant culture grown on pyruvate was, how-
ever, lower than that of the parental strain culture. The three
mutants were all much less motile than the parental strain
based on microscopic observations. All complemented mutants
recovered motility to some degree, especially the cycA mutant;
however, complemented mutants still were less motile than the
parental strain. The hydB mutant may have been difficult to
complement due to the fact that the Fe-only hydrogenase re-
quires maturation machinery and the correct temporal, spatial,
and stoichiometric production of the subunits together with
the maturation proteins (4).

H, levels in cultures grown with lactate, pyruvate, or formate
in the presence of sulfate were monitored. Although the mu-
tants and the parental strain grew similarly on lactate, results
consistently showed that H, accumulated to significantly
higher levels in mutant cultures than in the parental strain
culture (Fig. 3). H, was not detected in the 7-day-old parental
strain culture but accumulated in mutant cultures with all three
above-listed substrates (date not shown). The rapid decline in
the ODg, of the mopB mutant culture after 25 h of growth
(Fig. 3) may be due to the inability of the mopB mutant to
reuse H, present from lactate oxidation to sustain biomass
levels. Formate was also produced during growth with lactate
and accumulated to much higher levels during the growth of
mutants than during the growth of the parental strain (Fig. 4).

The accumulation of formate and H, in all of the mutant
cultures was observed, regardless of whether the mutants were
grown under donor- or acceptor-limited conditions (data not
shown). We speculate that high H, and formate levels occurred
as these compounds were produced during the oxidation of
lactate in all strains; however, the mutants were unable to
reconsume these compounds for sulfate reduction during the
later stages of growth. The inoculation of 0.1 ml of a culture
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FIG. 3. Total H, produced by the cultures (A) and growth (B) of
the G20 parental strain (H) and the mopB mutant ([J) in MS medium
with 50 mM lactate and 50 mM sulfate.
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FIG. 4. Formate concentrations during the growth of the G20 par-
ent (M), mopB mutant ([]), cycA mutant (A), and ~ydB mutant (O) in
MS medium containing 50 mM lactate and 20 mM sulfate.

(ODgyp = 0.8) of mutant or parental strain cells into 5 ml of
medium with lactate in the absence of sulfate produced equiv-
alent levels of H, (Fig. 5), suggesting that sulfate-dependent
growth (and H, consumption) was important in maintaining
lower levels of H,.

The data presented above suggest roles for type I tetraheme
cytochrome c;, Fe hydrogenase, and molybdopterin oxido-
reductase in H, oxidation. The fact that the 4ydB mutant can
grow at all indicates that an alternative route for H, oxidation
exists. A mutant with a transposon mutation in the NiFe hy-
drogenase small subunit (encoded by hydA; Dde 2134) was
also obtained (21). This mutant grew normally with H,-sulfate,
further confirming, as has been observed previously (6), that
the role of NiFe hydrogenase in H, oxidation is not clear.
Here, it was observed that G20 mutants lacking the Fe hydro-
genase accumulated H, with lactate or formate as the electron
donor (data not shown) and grew slowly with H, as the elec-
tron donor. The poor growth of hyd mutants of Desulfovibrio
on H,, as well as H, accumulation during growth on lactate,
has been demonstrated previously (21, 30). The combined
data support the assertion that the Fe hydrogenase acts as
an uptake hydrogenase for Desulfovibrio. Recent experi-
ments suggest that the Fe hydrogenase is most important
when H, is present at high concentrations or when cells are
growing on lactate and that in the presence of low-level
intracellular H,, the lower-activity, higher-affinity NiFeSe
hydrogenase is used (6).

The mopB and cycA mutants exhibit similar phenotypes of
no detectable growth on H, and formate. One possibility is that
the mopB and cycA proteins act together to form an electron
transfer pathway in which electrons from formate or H, oxi-
dation are moved to some electron transfer intermediate or
directly to another set of respiratory proteins involved in sul-
fate reduction (Fig. 1). The type I tetraheme periplasmic cy-
tochrome c5 is perhaps the most well studied protein in Desul-
fovibrio (32), and yet much remains to be learned regarding its
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FIG. 5. Total H, produced in the absence of sulfate by cultures of
the G20 parent (M), mopB mutant ([ ), cyeA mutant (A), and hydB
mutant (O) incubated in MS medium containing 50 mM lactate.

function. In Desulfovibrio, the pool of periplasmic cytochrome
c; has been suggested to act as an electron acceptor for
periplasmic hydrogenases and formate dehydrogenases (14, 18,
23). Studies done with cell-free preparations have shown cyto-
chrome c; to interact with and to mediate electron transfer
from the Fe hydrogenase to a transmembrane high-molecular-
mass cytochrome ¢ (Hmc) (26). A nuclear magnetic resonance
study has also described the interaction of the Fe hydrogenase
with cytochrome c¢; (11), providing further evidence for the
possible interaction of these two proteins. However, in vivo
studies of the interaction of cytochrome c; with other proteins
are still lacking, and as a result, cellular interactions are not
fully understood. In addition, the expression levels of the hmc
operon during H,-dependent growth were unexpectedly low
(38), and deletions of the hmc operon demonstrated that this
transmembrane complex is not essential for H, uptake (10).
These data cast doubt on the importance of this Hmc complex
in electron transfer from the cytochrome c5 pool during H,-
dependent sulfate reduction.

In G20, a four-gene operon (locus Dde_2932 to locus
Dde_2935) encodes the bis-molybdopterin guanine dinucle-
otide (bis-MGD)-containing oxidoreductase described here as
MopABCD. Bis-MGD proteins constitute a diverse class of
redox proteins, which have been further divided into subfam-
ilies based on evolutionary as well as biochemical properties.
The D. desulfuricans G20 Mop protein complex belongs within
the dimethyl sulfoxide reductase family, of which many repre-
sentatives have three subunits. These include a molybdopterin-
binding subunit, an Fe-S cluster-containing subunit, and an
integral membrane component that is thought to interact di-
rectly with menaquinone or menaquinone derivatives (3, 9, 16).
The mop operon was compared to existing Desulfovibrio
genomic data and appears to be conserved in all the available
genomes of Desulfovibrio (7). The Mop complex is definitely
produced at reasonable levels, as proteomic analyses have de-
tected MopB and MopC in cell extracts of D. vulgaris (41) and
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MopC in D. desulfuricans G20 (22). Bis-MGD proteins with
the highest degrees of similarity to G20 Mop include the Mop
in D. vulgaris strain Hildenborough, polysulfide reductase
(NrfD) in “Desulfococcus oleovorans” Hxd3 and “Solibacter
usitatus” Ellin6076, and nitrate reductase in Geobacter urani-
ireducens Rf4. Orthologous polysulfide reductases and nitrate
reductases whose crystal structures have been studied have a
transmembrane subunit which may interact with menaquinone
during electron transfer (16, 17).

The cellular location of the MopABCD complex of strain
G20 was determined in silico using PSORT-B (12) and
CELLO 1II (40). Both analyses indicated that the first three
encoded proteins (the Dde_2932 to Dde_2934 proteins) are
most likely located in the periplasm and that the fourth pro-
tein, encoded by the Dde_2935 gene, is a transmembrane sub-
unit. In MopB, a Tat motif, RRXFXK, starting at position 5
was observed, indicating the likely use of the twin arginine
system for translocation to the periplasm.

MopA has been annotated as a hypothetical protein (209
amino acids [aa]; pI 5.44; molecular mass, 23.8 kDa). Six heme
c-binding motifs (CXXCH) are found in the amino acid se-
quence (see Fig. S1 in the supplemental material). This sub-
unit, which has a c-type heme-containing domain, is most likely
a member of the cytochrome ¢ family, which may play a role in
interaction with hydrogenase or other redox proteins during
electron transfer. MopB is a putative molybdopterin-binding
subunit (689 aa; pI 7.22; molecular mass, 73.2 kDa) in which
the conserved domain is similar to a group of related unchar-
acterized putative hydrogenase-like homologs of molybdopt-
erin-binding proteins (see Fig. S2 in the supplemental mate-
rial). MopC is a typical iron-sulfur cluster-binding subunit (255
aa; pl 7.43; molecular mass, 28.8 kDa) in which the region of
positions 3 to 244 is annotated as Fe-S cluster-containing hy-
drogenase component 1 (COG0437). The amino acid sequence
contains three motifs for binding iron-sulfur clusters and one
heme c-binding motif (see Fig. S3 in the supplemental mate-
rial). MopD is a transmembrane protein (418 aa; pl 7.10;
molecular mass, 47 kDa) with 10 predicted transmembrane
helices (TM1 to TM10) (see Fig. S4 in the supplemental ma-
terial). The conserved domain of aa 30 to 416 is annotated as
a hydrogenase 2 cytochrome b type (COGS5557), which possibly
contains heme b capable of interacting with quinone/menaqui-
none. Pairs of conserved histidines in transmembrane helices
of Narl from E. coli and Hmc5 from D. vulgaris are involved in
heme b binding (2). In the G20 MopD, histidine 182 and H199
are found in the fourth transmembrane helix, and these resi-
dues are also conserved in many other bacterial Mop proteins.
H137 is also conserved; however, it is not likely within a trans-
membrane helix. The predicted positions of these histidines
are not necessarily suggestive of their involvement in heme
binding (29), and therefore, the existence of cytochrome b is
still ambiguous. MopD is homologous to many polysulfide re-
ductases (Psr). Some Psr proteins do not contain any hemes in
the membrane-bound subunit, unlike many other heme b-con-
taining membrane-bound bis-MGD enzymes. However, these
Psrs still bind quinone or its analogs (17). Quinone-binding
sites are difficult to identify at the sequence level due to the
limited number of quinone-binding structures available and
the diversity of quinone-binding proteins (33). The recent crys-
tallization of polysulfide reductase (corresponding to locus
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TABLE 2. Specific activities of formate dehydrogenase and
hydrogenase in the washed cells of the parental strain and
the mopB mutant grown on lactate-sulfate medium®

Sp act (wmol min™! - mg™!) of:
Strain Formate dehydrogenase Hydrogenase
MV BV MV BV
Parent 0.69 £0.19 0.35*0.21 9.6 £ 0.8 9.4 1.8
mopB mutant 149 =028 0.64 £0.17 103 *20 10.0*22

“MV or BV was used as the electron acceptor in the assays. Activity was
expressed as the mean * the standard deviation (n = 3) in micromoles of MV
or BV per minute per milligram of protein.

TTCO0153 to locus TTCO155) of Thermus thermophilus showed
a quinone-binding pocket in the PsrC subunit (TTC0153) re-
sponsible for binding quinone or quinone derivatives (17).
MopD in G20 showed high levels of identity to MopD
(DVU0692) of D. vulgaris (80%) and polysulfide reductase
NrfD (Dole_2549) of D. oleovorans Hxd3 (54%) but a low level
of identity (12.9%) to PsrC (TTCO0153) of T. thermophilus.

The function of the MopABCD complex is largely unknown.
As the mop mutant is defective in H, and formate uptake, it is
likely that the protein acts either as a hydrogenase/formate
dehydrogenase or as an electron transfer chain component in
the H, oxidation pathway. We are not familiar with any studies
that have documented a molybdoprotein that can catalyze H,
oxidation or a single protein that can carry out both formate
and H, oxidation. To address the question of whether this
complex catalyzes either of these processes, we assayed hydro-
genase and formate dehydrogenase activities in intact cells by
using MV or BV as the electron acceptor. The mop mutant was
shown to have hydrogenase activity similar to that of the pa-
rental strain and higher formate dehydrogenase activity than
the parental strain (Table 2). This finding suggests that Mop-
ABCD may not function as a hydrogenase or formate dehy-
drogenase but that, rather, defects in H, and formate oxidation
are more likely to be due to electron transfer chain interrup-
tion.

The best-studied systems with components similar to molyb-
dopterin oxidoreductase include the formate dehydrogenase/
nitrate reductase of E. coli (16) and the polysulfide reductase
of Wolinella succinogenes (9). In both cases, formate or H, is
oxidized by periplasmic components of protein complexes and
electrons are then transferred through a cytochrome b-contain-
ing subunit to menaquinone or methyl-menaquinone. The
electrons from the reduced menaquinone are then taken up by
a similar complex facing the cytoplasm, resulting in the reduc-
tion of nitrate or a complex facing the periplasm for polysulfide
reduction. By coupling electron transfer to the reduction/oxi-
dation of a quinone derivative, cells are able to use these
enzymes to generate a PMF (3, 15, 16). Although we have not
addressed the ability of mutants to generate a PMF, the poor
levels of motility of all three mutants relative to that of the
parental strain suggest that the mutations have impaired this
ability. This type of coupled system which uses Mop for one or
both of the redox reactions appears to be an ideal candidate for
H, or formate oxidation coupled to the reduction of sulfate.
Thus, if the G20 Mop is similar to the well-characterized pro-
teins described above, it will likely transfer electrons from
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reduced components in the periplasm, most likely from the
tetraheme cytochrome c;, via the hexaheme cytochrome ¢ of
the Mop complex to the menaquinone pool. A redox loop
mechanism will be established if a cytoplasm-facing, menaqui-
none-interacting membrane-bound complex exists which, cou-
pled to H, oxidation, transfers electrons from the menaqui-
none pool to the cytoplasmic side for sulfate reduction. Two
complexes, Qmo and Dsr, apparently conserved in all sulfate
reducers, have been suggested as possible conduits for trans-
ferring electrons from the menaquinone pool to adenosine
phosphosulfate and sulfite, respectively (28, 29).

This redox loop mechanism does not exclude other transmem-
brane complexes that may function as possible alternative elec-
tron transfer channels and does not address the fate of electrons
that do not pass through H,. Further purification, crystallization,
and cytochrome c5-Mop interaction studies will help in providing
direct evidence of the electron transfer process.
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