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Two TnS5-generated mutants of Shewanella putrefaciens with insertions in menD and menB were isolated and
analyzed. Both mutants were deficient in the use of several terminal electron acceptors, including Fe(III). This
deficiency was overcome by the addition of menaquinone (vitamin K,). Isolated membrane fractions from both
mutants were unable to reduce Fe(III) in the absence of added menaquinone when formate was used as the
electron donor. These results indicate that menaquinones are essential components for the reduction of Fe(II1I)
by both whole cells and purified membrane fractions when formate or lactate is used as the electron donor.

Fe(IIT) and Mn(IV) reduction are widespread anaerobic
processes in both freshwater and marine environments. A large
number of bacterial species, such as Geobacter metallireducens
(9), Shewanella putrefaciens (14), and Pantoea agglomerans (5),
are capable of coupling metal reduction to organic carbon
oxidation. S. putrefaciens MR-1 is a gram-negative facultative
anaerobe that can use insoluble metal oxides or oxyhydroxides
as terminal electron acceptors during anaerobic respiration. It
can also use a large number of soluble electron acceptors, such
as fumarate, nitrate, nitrite, thiosulfate, and sulfite, for the
same purpose (16). The molecular mechanisms of metal re-
duction are not completely known. Recent studies have sug-
gested that the majority of the Fe(III) reductase activity is
located on the outer membranes of S. putrefaciens (12) and
Geobacter sulfurreducens (6). This characteristic is in contrast
to that of other gram-negative bacteria that have been studied,
in which components of the respiratory electron transport
chains and terminal reductases are located in the cytoplasmic
membranes or the periplasmic spaces.

Quinones are lipid-soluble components of electron transport
chains that transfer electrons from dehydrogenases either di-
rectly or indirectly to the terminal reductases. In Escherichia
coli, ubiquinone is used for aerobic and nitrate respiration,
while naphthoquinones are used for fumarate, trimethylamine
oxide (TMAO), and dimethyl sulfoxide (DMSO) respiration
(see references 7 and 10 for reviews). S. putrefaciens strains
contain both ubiquinones and naphthoquinones (menaqui-
none [MK] and dimethylmenaquinone) (1), and mutants defi-
cient in MK biosynthesis have been described previously (13,
15, 17). In this paper, we describe the characterization of menD
and menB S. putrefaciens mutants and show that MKs are
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required for metal reduction by membrane fractions when
formate or NADH is used as the electron donor.

A list of bacterial strains and plasmids used in this study is
given in Table 1.

Identification of MK biosynthesis genes. Mutants deficient
in anaerobic respiration were isolated following Tn5 mutagen-
esis as described previously (2). Two mutants, SR-73 and SR-
536, were analyzed, and the disrupted DNA was cloned and
sequenced as described previously (2). SR-73 was found to
have a Tn) insertion in menD, while SR-536 had an insertion
in menB. We cloned a 6.5-kb fragment of wild-type DNA that
encompassed menD to generate the plasmid pSR73Z and se-
quenced 3.3 kb of this fragment (GenBank accession no.
AY038363). Three open reading frames (ORFs), designated
menD, menH, and cyc3, were identified.

menD encodes a protein of 573 amino acids that exhibits 42
and 41% identity to MenD from Vibrio cholerae and E. coli,
respectively. menH, which lies downstream of menD, encodes a
putative protein of 272 amino acids that is 34% identical to
MenH from E. coli (11, 20). Analysis of the genome sequence
of S. putrefaciens (see the website of The Institute for Genomic
Research [TIGR], http://www.tigr.org) suggests that the
menDHCE genes in this organism are arranged in an operon
(Fig. 1).

We identified an ORF, designated cyc3, upstream of the men
genes that encodes a putative protein of 100 amino acids and
contains three heme binding sites characteristic of ¢ cyto-
chromes (CXXCH). Cyc3 was most similar to cytochrome ¢3
from Desulfovibrio africanus (27% identity and 40% similarity)
(19).

The transposon insertion in SR-536, the second mutant an-
alyzed, was in menB, which encodes a protein of 300 amino
acids. S. putrefaciens MenB exhibited 68 and 66% identity to
MenB from Halobacterium sp. strain NRC-1 (18) and Myco-
bacterium tuberculosis (4), respectively. The complete sequence
of menB and adjacent DNA was obtained from the TIGR
website. menB does not appear to be closely associated with

800z ‘8 AInr uo Aq Bio wse gl wol papeojumoq


http://jb.asm.org

VoL. 184, 2002

A Tos
—— sl
cye3 menD menH menC menE 1S element
B Tns
orf menB glus

FIG. 1. Maps of menD (A) and menB (B) with adjacent genes. The
sites of Tn5 insertion in mutants SR-73 (A) and SR-536 (B) are
indicated by triangles. IS, insertion.

other MK biosynthesis genes. It is flanked by an ORF that is
similar to glu§ from V. cholerae (8) and an ORF of unknown
function (Fig. 1).

The genome sequence of S. putrefaciens also contains menG,
menA, and menF homologs. With the exception of menDHCE,
it appears that the MK biosynthesis genes of S. putrefaciens are
not closely linked. This is in contrast to the genes of E. coli and
Bacillus megaterium, for example, which are found in two clus-
ters (10, 21). It is interesting to note that menB was highly
similar to genes from archaebacteria and gram-positive bacte-
ria. This was not expected, since S. putrefaciens, which is a
member of the y group of the Proteobacteria, is more closely
related to E. coli and Vibrio species.

Phenotypic analysis of SR-73 and SR-536. SR-73 and SR-
536 were grown anaerobically in LM medium plus 50 mM
lactate or LM medium plus 50 mM formate supplemented with
the different electron acceptors used by the wild type, as de-
scribed previously (2, 3). As shown in Fig. 2A, both mutants
were deficient in Fe(III) reduction. The addition of 0.05 mM
vitamin K, (MK-4) to the growth medium resulted in a marked
increase in the ability of SR-73 and SR-536 to reduce ferric
iron. Similar results were obtained when the mutants were
tested for the reduction of Mn(IV), nitrite, thiosulfate, sulfite,
and to a lesser extent nitrate (data not shown). To determine
the involvement of MKs in TMAO and DMSO reduction,
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TABLE 1. Bacterial strains and plasmids used in this study

Strain or Description Source or
plasmid ; reference
S. putrefaciens
MR-1 Wild-type strain isolated from Lake 14
Oneida
MR-1R Rifampin-resistant mutant of MR-1 2
SR-73 MR-1R derivative, menD::Tn5 This work
Rif" Km"
SR-536 MR-1R derivative, menB::Tn5 This work
Rif" Km"
Plasmids
pSPORT1 Cloning and sequencing vector, Amp" BRL Life Tech-
nologies
pBluescript SK  Cloning and sequencing vector, Amp"  Stratagene
pSR731 pSPORTT1 carrying 3-kb fragment of ~ This work
TnS and adjacent menD DNA
pSR5361 pSPORTT1 carrying 3-kb fragment of ~ This work
Tn5 and adjacent menB DNA
pSR73Z 6.3-kb fragment containing menD in This work

pBluescript SK

anaerobic growth of both wild-type and mutant strains with a
10 mM concentration of each electron acceptor was monitored
at A, (Fig. 2B and C). Both mutants were able to grow with
TMAO but not with DMSO. The addition of vitamin K, re-
stored the abilities of SR-73 and SR-536 to grow with DMSO
as the terminal electron acceptor.

Fe(IIl) reduction by membrane fractions of S. putrefaciens.
Total membrane fractions were obtained from wild-type and
mutant strains as follows. Cultures were incubated in a Coy
anaerobic chamber overnight, and the cells were harvested by
centrifugation. Membrane fractions were obtained following
the lysis of the cells with a French pressure cell. Unlysed cells
were removed by centrifugation at 12,000 X g, and the mem-
branes were recovered by centrifugation of the resulting su-
pernatant at 100,000 X g for 1 h. Fe(III) reductase activity was
measured as described previously with formate as the electron
donor (3, 12). As shown in Table 2, both mutants, SR-73 and
SR-536, exhibited very low levels of Fe(III) reductase activity.
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FIG. 2. (A) Fe(III) reduction levels by wild-type S. putrefaciens (MR-1) and MK biosynthesis mutants (SR-73 and SR-536). The addition of
vitamin K, restores the abilities of both mutants to reduce Fe(III). (B) Anaerobic growth of wild-type and MK biosynthesis mutants of S.
putrefaciens with TMAO as the terminal electron acceptor. (C) Anaerobic growth of wild-type and mutant strains with DMSO as the terminal
electron acceptor. ¢, MR-1; [J, SR-73; O, SR-73 supplemented with vitamin K,; X, SR-536; m, SR-536 supplemented with vitamin K,; ®, MR-1
grown without added electron acceptor. ODy, optical density at 600 nm.
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TABLE 2. Fe(III) reductase activity of the wild type and
MK-deficient mutants of S. putrefaciens

Fe(III) reductase activity

S. putrefaciens strain (nmol/min/mg) (mean * SD)

...................................................... 455.6 = 148.9
213 =133
... 396.8 = 196.8
473 £ 145
..299.9 + 40.1

SR-536 + vitamin K,

The addition of vitamin K, restored this activity in mutant
membrane fractions almost to wild-type levels. These results
confirm that MKs are essential components of the electron
transport chain that leads to Fe(III) reduction. The residual
activity detected in the membrane fractions of the mutants may
represent assimilatory Fe(III) reduction that does not require
the activity of the electron transport chain components.

Unlike other organisms studied to date, metal-reducing bac-
teria use insoluble terminal electron acceptors during anaero-
bic respiration. Previous cell fractionation studies have sug-
gested that Fe(III) reductase activity is primarily associated
with the outer membrane of S. putrefaciens. This was based on
the detection of low levels of Fe(IIl) reductase activity [14 to
21 nmol of Fe(II) produced/min/mg] in outer membrane frac-
tions supplemented with formate or NADH as the electron
donor (12). We obtained similarly low levels of activity in
membrane fractions of mutants that lack MKs (Table 2), com-
pared to levels of ~400 nmol of Fe(II) produced/min/mg in
wild-type or complemented mutant membrane fractions. The
MK requirement for Fe(III) reductase activity in membrane
fractions calls into question the conclusions drawn from earlier
experiments (12). Given the role that quinones play in proton
translocation across the cytoplasmic membrane, it is unlikely
that they are located in the outer membrane. The use of for-
mate or NADH as the electron donor requires the presence of
the respective dehydrogenase for the oxidation of formate or
NADH and the concomitant reduction of quinones. It is un-
likely that both dehydrogenases (formate and NADH) are also
located in the outer membrane. The Fe(III) reductase activity
that was detected in outer membrane fractions of S. putrefa-
ciens when formate was used as the electron donor could have
been due to low levels of cytoplasmic membrane contamina-
tion of these fractions. The results presented in this paper
suggest that the assays which are used to determine the levels
of Fe(III) reduction without the addition of MK are not ap-
propriate for the measurement of enzyme activity in purified
outer membrane fractions of S. putrefaciens. Our results, how-
ever, do not rule out the possibility that some components
required for metal reduction are found in the outer membrane.
We have recently described two genes that encode outer mem-
brane-associated proteins involved in metal reduction (2, 3).
Further investigation will be needed to determine the actual
location of the terminal metal reductases.
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