JOURNAL OF BACTERIOLOGY, June 2004, p. 4042-4045
0021-9193/04/$08.00+0 DOI: 10.1128/JB.186.12.4042-4045.2004

Vol. 186, No. 12

Copyright © 2004, American Society for Microbiology. All Rights Reserved.

MacA, a Diheme c-Type Cytochrome Involved in Fe(IIT) Reduction by
Geobacter sulfurreducens
Jessica E. Butler, Franz Kaufmann,7 Maddalena V. Coppi, Cinthia Nufez,t and Derek R. Lovley*

Department of Microbiology, University of Massachusetts, Amherst, Massachusetts 01003

Received 17 October 2003/Accepted 29 February 2004

A 36-kDa diheme c-type cytochrome abundant in Fe(III)-respiring Geobacter sulfurreducens, designated
MacA, was more highly expressed during growth with Fe(III) as the electron acceptor than with fumarate.
Although MacA has homology to proteins with in vitro peroxidase activity, deletion of macA had no impact on
response to oxidative stress. However, the capacity for Fe(III) reduction was greatly diminished, indicating that
MacA, which is predicted to be localized in the periplasm, is a key intermediate in electron transfer to Fe(III).

Dissimilatory Fe(III) reduction is an environmentally signif-
icant process (22, 23), but the mechanisms of electron transfer
to Fe(III) are poorly understood. In contrast to soluble elec-
tron acceptors such as oxygen and nitrate, which diffuse into
the cell prior to reduction, Fe(IIl) oxides are insoluble and
thus must be reduced at the outer membrane surface. Mech-
anisms for electron transfer to Fe(III) in Geobacter species are
of particular interest because members of the Geobacteraceae
are the predominant Fe(III)-reducing microorganisms in a va-
riety of environments in which Fe(III) reduction is an impor-
tant process. These environments include aquatic sediments
(38), aquifers contaminated with organic pollutants (34, 35,
37), and uranium-contaminated subsurface environments in
which the growth of dissimilatory metal-reducing microorgan-
isms has been stimulated to promote the reductive precipita-
tion of uranium (3, 17).

In contrast to Shewanella and Geothrix species, which release
chelators that solubilize Fe(III) and soluble electron shuttles
that alleviate the need for contact with insoluble Fe(III) oxides
(30-32), Geobacter species must directly contact Fe(III) oxides
in order to reduce them (7, 29). The most abundant electron
transport proteins in the genome of Geobacter sulfurreducens
are c-type cytochromes (26), and some of these are expected to
be important in Fe(III) reduction.

Specific expression of macA during growth on Fe(III). In
order to identify c-type cytochromes that might be specifically
involved in Fe(III) reduction, G. sulfurreducens was cultivated
as previously described (6, 25), with acetate (20 mM) as the
electron donor and either fumarate (27.5 mM) or Fe(III) ci-
trate (55 mM) as the electron acceptor. Cells were harvested
by centrifugation during late exponential growth phase,
washed with MOPS (morpholinepropanesulfonic acid) buffer
(10 mM; pH 7.0) containing MgCl, (1 mM), resuspended in
Tris-HCl (50 mM; pH 7.5), and lysed by passing them twice
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through a French pressure cell (40,000 kPa). The lysate was
centrifuged (20 min; 1,500 X g; 4°C) to remove cell debris, and
the supernatant was centrifuged (50 min; 100,000 X g; 4°C) to
separate the membrane fraction from the soluble fraction. The
membrane pellet was suspended in Tris-HCI (50 mM; pH 7.5),
and proteins were separated by Tris-Tricine sodium dodecyl
sulfate—12% polyacrylamide gel electrophoresis (SDS-PAGE)
(5) and stained with Coomassie blue R-250 (5) to detect total
protein or N,N,N',N'-tetramethylbenzadine (12, 39) to detect
heme-binding proteins.

The membrane fractions from both Fe(III)- and fumarate-
respiring cells contained abundant c-type cytochromes, but the
membranes of Fe(III)-reducing cells had more cytochromes in
the region of 35 kDa than those of fumarate-reducing cells
(Fig. 1A). These cytochromes, along with several other cyto-
chromes of various sizes, could be extracted from the mem-
branes with weak salt treatment (150 mM NacCl), indicating a
possible peripheral association. The 35-kDa cytochromes were
further enriched with cation-exchange (SP-Sepharose; Amer-
sham Biosciences, Piscataway, N.J.) and size exclusion chro-
matography (Superdex 75; Amersham Biosciences). The
cytochromes in this enriched fraction were separated with
SDS-PAGE, excised, trypsin digested (in the presence of
0.01% n-octylglucopyranoside), and subjected to matrix-as-
sisted laser desorption ionization-time of flight (MALDI-
TOF) mass spectrometry (Kratos Axima CFR; Kratos Analyt-
ical, Manchester, England) (8, 15). Sequence information was
obtained from four peptide fragments: RMLFFDPRL, RNSP
TVLNAVYNIAQFWDGRA, KSIPGYPPLFR, and RNAPT
VLNSVFNTAQFWDGRA. The first three sequences were
found within open reading frame GSU0466 (NP_951525) of
the G. sulfurreducens genome, designated macA. The fourth
fragment matched GSU2813 (NP_953857), which encodes a
protein with 68% amino acid identity with, and of similar size
to, MacA. Further studies focused on macA.

MacA had a predicted molecular mass of 36.2 kDa (4), two
heme-binding motifs (CXXCH), and a predicted isoelectric
point of pH 9.0 (4). It contained a putative signal peptide (33)
and lacked transmembrane regions (42), suggesting a periplas-
mic location (28, 33). Genes similar to macA are distributed
throughout the Proteobacteria (2), with the closest homolog
found in Geobacter metallireducens (79% amino acid identity,
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FIG. 1. Expression of c-type cytochromes and MacA. (A) SDS-
PAGE of insoluble (membrane) protein fractions (50 pg/lane) pre-
pared from Fe(III)-reducing cells (lane 1) and fumarate-reducing cells
(lane 2) stained for covalently bound heme. The arrow indicates the
36-kDa cytochrome designated MacA. (B) Northern blot of RNA (7
pg/lane) prepared from fumarate-reducing cells (lanes 1 and 3) or
Fe(IlI)-reducing cells (lanes 2 and 4). The blots were probed with
macA (lanes 1 and 2) or 16S rRNA (lanes 3 and 4).

ZP_00080813) (24). Characterized proteins similar (ca. 60%
identity) to MacA include periplasmic diheme c-type cyto-
chromes from Rhodobacter capsulatus and Pseudomonas
aeruginosa (10, 13, 36). Both of these proteins have been shown
to have cytochrome c-hydrogen peroxide oxidoreductase activ-
ity in vitro (10, 11). Comparison of MacA to the cytochrome ¢
peroxidases from P. aeruginosa and other organisms reveals
that much of the divergence is due to substitutions in charged
residues, with the loss of many acidic residues, though the
heme and calcium binding ligands are conserved. G. sulfurre-
ducens also lacks homologs to the putative electron donors to
cytochrome c peroxidases of other bacteria (14).

To further evaluate the expression levels of macA and to
distinguish macA expression from that of other similarly sized
cytochromes, total RNA was isolated from G. sulfurreducens
cells reducing Fe(III) or fumarate (RNeasy Mini kit; QIA-
GEN, Inc.), blotted (Northern Max-Gly kit; Ambion Inc., Aus-
tin, Tex.), and screened by using a probe created with primers
macANf (CCGAAATCTCGCATGG) and macANr (GGAA
AAGGGGAGGGTAAC) (NEBIot kit; New England Biolabs
Inc., Beverly, Mass.). Cells grown on Fe(III) had higher levels
of mRNA for macA than cells grown on fumarate (Fig. 1B).
The macA mRNA was approximately 1.1 kb in length, consis-
tent with monocistronic transcription. Predicted open reading
frames near macA in the genome are all hypothetical proteins.

Analysis of the mutant strain deficient in macA. In order to
elucidate the physiological role of MacA, 64% of macA was
replaced with a kanamycin resistance cassette with the single-
step gene replacement method (20, 21). Briefly, a fragment in
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which a kanamycin resistance cassette from pBBRIMCS-2
(19) was flanked by the upstream and downstream regions of
macA was constructed from three pieces by using recombi-
nant PCR. The following primers were used, with the
pBBRIMCS-2 sequence indicated in bold: macAl (CAGTTC
ACGCCATCTCTCTATG), macA2 (GATTAAGTGCGAAG
CCGAAAGC), macA3 (GTTCTTCGATCCGCGGCTTTCAT
GAATGTCAGCTACTGG), macA4 (CTTGACGGCGTCCTT
CAGTTTCAATCGAAATCTCGTGATGG), macAS5 (GCAA
GGTCTGGAAACTGAAGG), and macA6 (GACTGCCGGT
TCATATCC). Electroporation and mutant isolation were
performed as previously described (9). Gene disruption was
confirmed by PCR and by Southern blotting, and one clone
was chosen as the representative mutant strain. Growth of the
mutant was analyzed as previously described (20).

Growth of the macA-deficient strain with acetate as the
electron donor and fumarate as the electron acceptor (gener-
ation time, 4.9 = 0.3 h [mean =* standard deviation]; n = 3)
was comparable to that of the wild type (5.1 = 0.2 h) (Fig. 2A).
Growth rates and lag times of the macA-deficient strain sub-
jected to air (6 to 12.5% headspace), H,O, (0.1 to 0.5 mM), or
0.25 to 5 mM Fe(II), which might lead to the production of
free radicals in the presence of trace amounts of oxygen (40),
were comparable to those for the wild type. This finding sug-
gests that although MacA has homology to c-type cytochromes
that have in vitro peroxidase activity, MacA is not required for
G. sulfurreducens to tolerate oxidative stress. This finding is
consistent with the suggestion that other c-type cytochromes
with homology to MacA that have in vitro peroxidase activity
have alternative in vivo functions (14, 18, 41).

The primary phenotype of the macA-deficient strain was a
significant decrease in the ability to reduce Fe(III). When
acetate-fumarate-grown cultures of the mutant were trans-
ferred at mid-log phase into acetate-Fe(1II) citrate medium,
less than 4 mM Fe(III) was reduced after 14 days, whereas the
wild-type cells, treated in a similar manner, reduced all 45 mM
Fe(III) within 4 days (Fig. 2B).

To further evaluate the impact of the deletion of macA on
Fe(III) reduction, acetate-fumarate-grown cells were washed
and suspended in a buffer containing (grams per liter): 2.5
NaHCO;, 0.6 NaH,PO, - H,O, 0.1 KCI, 0.3 MgSO,, 0.01
CaCl, - 2H,0, and 3.56 NaCl, with Fe(III) citrate (20 mM)
added as the electron acceptor and either acetate (20 mM) or
hydrogen (a headspace mixture of H,:CO, at 80:20) as the
electron donor. Fe(IIl) reduction was measured for 3 h in
triplicate incubations. The rates of Fe(IlI) reduction in the
mutant were only 13% of the wild-type rate of 1.1 pmol min !
(mg of protein) ' with acetate as the electron donor and 11%
of the wild-type rate of 0.6 umol min~' (mg of protein) " with
hydrogen as the electron donor. Reintroduction of macA into
the mutant strain in trans, on a gentamicin-resistant plasmid
derived from pCM66 (25a) using previously described methods
(20), restored Fe(III) reduction to a rate that was 36% of the
wild-type rate. This is consistent with the low level of macA
mRNA expression in the complemented strain, as determined
by Northern blotting with primers macANf and macANTr. This
finding is in accordance with previous results (20) that also
reflect the fact that the expression system that is available for
complementation does not totally restore wild-type expression
(20).
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FIG. 2. Growth of the wild-type strain (filled squares) compared to that of the macA-deficient strain (open squares). Mid-log-phase acetate-
fumarate-grown cultures were inoculated (2%) into fresh media with 20 mM acetate as the electron donor and either 27.5 mM fumarate (A) or
55 mM Fe(IlI) citrate (B) as the terminal electron acceptor. The data for each curve are the means =+ the standard deviations of the results for

triplicate cultures.

Role of MacA in Fe(III) reduction by G. sulfurreducens. The
phenotype of the macA-deficient strain is very similar to that of
the G. sulfurreducens mutant deficient in OmcB, a 12-heme,
putative outer membrane-bound c-type cytochrome (20). The
predicted location of OmcB suggests that it could be involved
in terminal electron transfer to Fe(III). In contrast, MacA is
predicted to be localized in the periplasm and thus is unlikely
to function as an Fe(III) reductase. A potential role for MacA
in electron transfer to Fe(IlI) could be as an intermediate
carrier between electron transfer components in the inner and
the outer membrane. Present evidence suggests that several
periplasmic c-type cytochromes are involved in electron trans-
fer to Fe(IIl) in dissimilatory Fe(III) reducers (1, 16, 21, 27),
though none have significant homology to MacA. A G. sulfurre-
ducens mutant strain deficient in PpcA, a 9.6-kDa, triheme,
periplasmic c-type cytochrome, was also impaired in Fe(III) re-
duction (21), though less so than the macA-deficient strain. It is
not possible with the present information to speculate on how
PpcA or MacA may interact with each other, with OmcB, or with
other potential electron carriers involved in reduction of Fe(III).
However, the discovery of the importance of MacA in the respi-
ration of Fe(Il) adds to the evidence that a network of c-type
cytochromes is involved in electron transport to extracytoplasmic
terminal acceptors in G. sulfurreducens.
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