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The role of the multisubunit sodium/proton antiporter (Mrp) of Methanosarcina acetivorans was investigated with a mutant
deleted for the gene encoding the MrpA subunit. Antiporter activity was 5-fold greater in acetate-grown versus methanol-grown
wild-type cells, consistent with the previously published relative levels of mrp transcript. The rate, final optical density, and dry
weight/methane ratio decreased for the mutant versus wild type when cultured with a growth-limiting concentration of acetate.
All growth parameters of the mutant or wild type were identical when grown with methanol in medium containing a growth-
limiting Na� concentration of 1.04 M. The lag phase, growth rate, and final optical density for growth of the mutant were subop-
timal compared to the wild type when cultured with acetate in medium containing either 0.54 or 1.04 M Na�. The addition of 25
mM NaCl to resting cell suspensions stimulated ATP synthesis driven by a potassium diffusion potential. ATP synthesis was
greater in wild-type than mutant cells grown with acetate, a trend that held for methanol-grown cells, albeit less pronounced.
Both sodium and proton ionophores reduced ATP synthesis in the wild type grown with either substrate. The results indicated
that the Mrp complex is essential for efficient ATP synthesis and optimal growth at the low concentrations of acetate encoun-
tered in the environment.

Acetate is the major source of biological methane in both fresh-
water and marine environments (1, 2). Only two genera

(Methanosarcina and Methanosaeta) of acetate-utilizing methane-
producing microbes are known, of which Methanosarcina species
have been researched to a greater extent. Most investigations have
focused on Methanosarcina barkeri and Methanosarcina mazei, for
which electron transport in the pathway of acetate conversion to
methane is dependent on the production and consumption of H2,
although the majority of Methanosarcina species are unable to
metabolize H2 (3). On the other hand, all Methanosarcina species
investigated transfer the methyl group of acetate to methane sim-
ilarly, beginning with the CO dehydrogenase/acetyl coenzyme A
(CoA) complex (Cdh), which cleaves activated acetate into methyl
and carbonyl groups (4). The Cdh transfers the methyl group to
tetrahydrosarcinapterin (THSPT), followed by transfer from
CH3-THSPT to coenzyme M (HS-CoM), a reaction catalyzed by a
membrane complex (Mtr). The exothermic reaction producing
CH3-S-CoM is coupled to generation of a Na� gradient with the
potential to drive ATP synthesis. A methylreductase (Mcr) cata-
lyzes reduction of the methyl group of CH3-S-CoM to methane,
with electrons donated by coenzyme B (HS-CoB). The heterodis-
ulfide CoM-S-S-CoB, a product of the CH3-S-CoM demethyl-
ation reaction, is reduced to the active sulfhydryl forms of the
cofactors by heterodisulfide reductase (HdrDE). The two elec-
trons required for this reduction are derived from oxidation of the
carbonyl group of acetate, which is catalyzed by the Cdh for which
ferredoxin (Fd) is the electron acceptor.

Transfer of electrons from Fd to HdrDE involves a membrane-
bound electron transfer chain remarkably different in H2-utilizing
M. barkeri and M. mazei compared to the majority of Methano-
sarcina species, which are unable to metabolize H2. In M. barkeri
and M. mazei, Fd donates electrons to a hydrogenase complex
(Ech) that produces H2 and generates a proton gradient for ATP
synthesis (5–8). A hypothesis has been advanced wherein H2 is
reoxidized by another membrane-bound hydrogenase (Vho), de-

positing protons outside the cell membrane and transferring elec-
trons to methanophenazine (MP), a quinone-like electron carrier
(9). Finally, the reduced MP donates electrons to HdrDE, which
reduces CoM-S-S-CoB to HS-CoM and HS-CoB and is accompa-
nied by translocation of protons, which further contributes to
ATP synthesis.

An electron transport chain has been proposed for Methano-
sarcina acetivorans, the only non-H2-metabolizing Methanosar-
cina species for which the genome has been sequenced. The ge-
nome does not encode Ech hydrogenase (10), further excluding
H2 in electron transport. In contrast to M. barkeri and M. mazei,
M. acetivorans synthesizes a six-subunit complex (Rnf) with high
identity to membrane-bound Rnf (Rhodobacter nitrogen fixation)
complexes from the domain Bacteria (11). The genes (MA0657-
MA0664), encoding the Rnf complex of M. acetivorans, are
cotranscribed with a gene (MA0658) that encodes a heme cyto-
chrome c and another gene (MA0665) that encodes a hypothetical
membrane integral protein with unknown function (11). The cy-
tochrome c is synthesized at high levels in acetate-grown cells,
where it dominates the UV-visible spectrum of purified mem-
branes (11). Reduction of purified membranes from acetate-
grown cells with Fd leads to reduction of the cytochrome c, which
is reoxidized by the addition of either CoM-S-S-CoB or an analog
of MP, 2-hydoxyphenazine (12). Reduced 2-hydoxyphenazine is
reoxidized by membranes, and this is dependent on the addition
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of CoM-S-S-CoB, which implies the translocation of protons.
Furthermore, it has been reported that a �(MA0658-MA0665)
mutant of M. acetivorans fails to grow with acetate as the sole
substrate (13). The combined evidence supports a H2-indepen-
dent membrane-bound electron transport chain originating with
Fd and culminating with reduction of CoM-S-S-CoB that involves
the Rnf complex, cytochrome c, and MP. More recently, it was
reported that inverted membrane vesicles of M. acetivorans cata-
lyze Na� transport coupled to the oxidation of Fd and reduction
of CoM-S-S-CoB (14). It was further reported that a �rnf mutant
is unable to grow with acetate and that Na� transport coupled to
Fd:CoM-S-S-CoB oxidoreductase activity of membranes is abol-
ished (14), which supports a role for the Rnf complex in genera-
tion of a Na� gradient supplementing the Na� gradient generated
by Mtr. Thus, it is anticipated that both Na� and H� gradients are
generated during acetate-dependent growth of M. acetivorans.
This conjecture is consistent with the concurrently coupled trans-
location of both Na� and H� by the ATP synthase of M. acetiv-
orans (15, 16); however, the Na�/H� ratio for optimal ATP syn-
thesis is yet to be investigated.

The genome of M. acetivorans encodes a homolog of the mul-
tisubunit Na�/H� antiporter Mrp, which was first characterized
from species in the domain Bacteria. The homolog is upregulated
in M. acetivorans in response to growth with acetate (11, 17), a
result consistent with an Mrp requirement for optimal ace-
totrophic growth. Mrp homologs from species in the domain Bac-
teria function in Na� resistance, pH homeostasis of alkaliphiles,
bile salt resistance, and energy-yielding metabolism (18–22). Al-
though Mrp homologs are encoded in the genomes of species
from the domain Archaea (18), none has been investigated. Here,
we report the phenotypic characteristics of a �mrpA mutant of the
archaeon M. acetivorans that indicate an essential role for MrpA in
efficient ATP synthesis and optimal growth at the low concentra-
tions of acetate encountered in the environment.

MATERIALS AND METHODS
Cell growth. M. acetivorans C2A (DSM 2834) was previously isolated
from marine sediment in the Summer Branch of Scripps Canyon near La
Jolla, CA (23). Both the wild type and �mrpA mutant, described below,
were cultured at 37°C in marine medium (0.54 M total Na�) containing,
per liter: 25.4 g NaCl, 3.8 g NaHCO3, 1.8 g KCl, 11 g MgCl2, 0.2 g CaCl2, 1
g NH4Cl, 0.5 g cysteine. The medium was supplemented with vitamin and
mineral solutions (24) at 0.0001% (wt/vol), resazurin as a redox indicator,
and 100 mM acetate or 100 mM methanol as growth substrate where
indicated. The medium was prepared anaerobically in an atmosphere that
contained N2-CO2 (4:1), generated by a modification of the Hungate
technique (25), and to which was added 10 ml of 2.5% (wt/vol) Na2S per
liter. All gases were passed through a column of reduced copper turnings
at 350°C to remove traces of oxygen. The pH was adjusted to 6.8 as pre-
viously described (11, 23). Media with different concentrations of total
Na� were prepared by adjusting the NaCl concentration. Media with
different concentrations of sodium acetate were maintained at 0.54 M
Na� by adjusting the NaCl concentration. Media with different pHs (7.5,
8.0, and 8.5) were buffered with NaHCO3 (45 mM), HEPES (45 mM), or
bicine (45 mM), respectively, and maintained at 0.54 M total Na� by
adjusting the NaCl concentration. All growth experiments used inocula
grown under standard conditions of 0.54 M NaCl and pH 6.8.

Construction of a �mrpA deletion in M. acetivorans. The gene en-
coding M. acetivorans mrpA (MA4572) was PCR amplified approximately
300 bp upstream and downstream of the structural gene with primers 236
(5=-GCTTGATACTGAAGATGCGTCCAG-3=) and 237 (5=-CAAACAG
ACCTTCGCGATTGT-3=). A reaction was set up with an Invitrogen

AmpliTaq kit using 1� PCR buffer II, 1.5 mM MgCl2, 1.6 mM deoxy-
nucleoside triphosphate mix, 1 �g M. acetivorans C2A genomic DNA, 2
pmol of each primer, 2.5 U AmpliTaq DNA polymerase (Invitrogen) in a
50-�l total volume. Conditions for PCR were as follows: initial denatur-
ation at 94°C for 5 min, followed by 30 amplification cycles of 94°C for 30
s, 55°C for 1 min, and 72°C for 3 min. The PCR product was ligated into
the PCR 4.0 cloning vector (Invitrogen TOPO cloning kit) to generate
pEA 157. A serCP::proC cassette from pJK88 (26) PCR amplified with
primers 253 (5=-CCCTCTAGAAGCTTGCGATCTCAACC-3=; HindIII
site underlined) and 254 (5=-CGTAACCGCACCGAAGACGCGCCATG
AC-3=; BbsI site underlined) as described above was ligated into the
unique HindIII and BbsI restriction sites in mrpA, which deleted 1,331 bp
of the mrpA gene, generating pEA163. The deletion insert was PCR am-
plified with primers 236 and 237, and the product (4 �g) was used as the
DNA transformed into M. acetivorans WWM24 strain as described previ-
ously (27). Transformants were selected for growth on solidified medium
without proline and screened for PCR amplification of product with
primers 265 (CCAAACTAAACCTCTTGATCCACAGTTTTAATGG)
and 269 (CACCGGGAGGCACCACCATTGAAGC) as described above,
which included the mrpAproC junction (28). The correct constructs were
confirmed in four clones by sequencing, and one clone (KSC63) was used
for further experiments.

Antiporter assays. Proton uptake in cells preloaded with NaCl, LiCl,
or KCl was determined as described previously (29) with modifications.
Briefly, cells grown to stationary phase in a 100-ml culture were harvested
and washed twice with 50 ml of buffer A containing 15 mM MgCl2, 3.0
mM CaCl2, 1.7 mM cysteine, 15 mM NH4Cl, 0.5 mM Na2HPO4, 0.01%
(wt/vol) Na2S, and 0.0001% resazurin in 5 mM HEPES (pH 7.5). The cells
were resuspended in the same buffer except with 2.5 mM Tris (pH 7.8)
substituted for HEPES (buffer B). The cell suspension (12 to 15 mg of
protein/ml) was incubated with 0.2 M NaCl, LiCl, or KCl for 2 h under a
N2 atmosphere and then washed and resuspended in 10 ml of buffer B.
The cell suspension was gently stirred at 125 rpm on a rotary shaker under
aerobic conditions at 37°C. An HCl pulse was added (2,000 nmol of H�),
and realkalinization of the medium was recorded.

ATP synthesis driven by a K� diffusion potential. ATP synthesis was
determined under anaerobic conditions (75% N2, 20% CO2, and 5% H2

atmosphere) as described previously (30) with modifications. Briefly, cell
suspensions (0.9 ml) containing 0.5 to 1.0 mg of protein were incubated at
25°C for 3 min in 25 mM NaCl in the presence or absence of the proto-
nophore carbonyl cyanide-m-chlorophenyl-hydrazone (CCCP) or the
sodium ionophore ETH157. Valinomycin was added to a final concentra-
tion of 50 �M, and after 2 min the reaction was stopped by addition of
precooled perchloric acid at a 3% (vol/vol) final concentration. The ATP
concentration was determined as previously described (31).

Analytical methods. Culture densities were determined spectropho-
tometrically at 600 nm (1-cm path length). For dry weight determina-
tions, 10 to 30 ml of cells was collected on a preweighed 0.22-�m-pore-
size filter (Millipore). The filters containing cells were washed twice with
fresh medium without growth substrate and dried at 80 to 85°C overnight
before weighing. Protein was determined by the Biuret method (32) using
bovine serum albumin as the standard. The methane concentration was
determined by gas chromatography as described previously (33).

RESULTS
Growth parameters of the wild type versus �mrpA mutant of M.
acetivorans. Roles for Mrp of M. acetivorans of the domain Ar-
chaea were addressed by comparing growth parameters of the wild
type versus the �mrpA mutant cultured with either methanol or
acetate. The MrpA subunit of the Mrp complex was targeted, since
it had been shown that the homologous MrpA of Bacillus subtilis is
essential for Na�/H� exchange activity and the proposed site of
Na� translocation (21, 34, 35).

Figure 1 shows similar growth rates and final optical densities
between the wild type and mutant grown with methanol, although
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the lag phase for both strains was lengthened when cultured at pH
8.0 compared to pH 6.8, indicating a required adaptation period
for optimal growth at the higher pH for both the mutant and wild
type. These results indicated MrpA is not essential for maintaining
pH homeostasis for optimal growth when M. acetivorans is cul-
tured with methanol. The lag phase of wild-type and mutant
strains grown with 100 mM acetate was prolonged (Fig. 2) relative

to that for methanol-grown cells (Fig. 1). However, in contrast to
methanol-grown strains (Fig. 1), the mutant reached a final opti-
cal density that was lower than the wild type, with similar differ-
ences at both pHs. These results suggested that, although not im-
portant for pH homeostasis, MrpA is important for optimal
growth with 100 mM acetate.

Figure 3 shows similar growth rates and final optical densities
for both the wild-type and mutant strains cultured at pH 6.8 for
optimal growth of the wild type and either 0.54 M Na�, within the
salinity range for optimal growth of the wild type, or the less-
optimal 1.04 M Na� (23). However, the lag phase for both strains
was lengthened when cultured with 1.04 M Na� compared to 0.54
M Na�, indicating a required adaptation period for optimal
growth at the higher salinity for both mutant and wild type. The
results indicated that MrpA is not essential to protect against salt
stress when cells are cultured with methanol. Figure 4 shows that
the final optical density of the mutant was only slightly less than
for the wild type when both were cultured with acetate and 0.54 M
Na�. When cultured with 1.04 M Na�, the lag phase of the wild
type was lengthened, similar to methanol-grown cultures, and the
final optical density was significantly less than when cultured with
0.54 M Na�, indicating stress at the higher concentration of Na�.

FIG 1 Effect of pH on growth of wild-type versus �mrpA mutant strains of M.
acetivorans cultured with methanol and 0.54 M Na�. Data shown are the
means � standard deviations of four or five replicate experiments. Top panel,
wild type; bottom panel, �mrpA mutant. Symbols: �, pH 6.8; Œ, pH 8.0. The
final optical densities for the wild type and mutant at pH 6.8 were 1.11 � 0.06
and 1.12 � 0.09, respectively. The final optical densities for the wild type and
mutant at pH 8.0 were 1.17 � 0.09 and 1.12 � 0.07, respetively.

FIG 2 Effect of pH on growth of wild-type versus �mrpA mutant strains of M.
acetivorans cultured with acetate and 0.54 M Na�. Data shown are the
means � standard deviations of four or five replicate experiments. (Top panel)
Results at pH 6.8. Symbols: �, wild type; �, �mrpA mutant. (Bottom panel)
Results at pH 8.0. Symbols: �, wild type; Œ, �mrpA mutant. The final optical
densities for the wild type and mutant at pH 6.8 were 0.62 � 0.01 and 0.54 �
0.01, respectively. The final optical densities for the wild type and mutant at pH
8.0 were 0.53 � 0.01 and 0.42 � 0.00, respectively.

FIG 3 Effect of the Na� concentration on growth of wild-type and mutant
strains cultured with methanol at pH 6.8. Data shown are the means � stan-
dard deviations of four replicate experiments. Filled symbols, wild type; open
symbols, �mrpA mutant; squares, 0.54 M Na�; triangles, 1.04 M Na�.The final
optical densities for the wild type and mutant cultured with 0.54 M Na� were
1.12 � 0.02 and 1.09 � 0.08, respectively. The final optical densities for the
wild type and mutant cultured with 1.04 M Na� were 1.11 � 0.03 and 1.11 �
0.05, respectively.

FIG 4 Effect of Na� concentration on growth of wild-type and mutant strains
cultured with acetate at pH 6.8. Data shown are the means � standard devia-
tions of four replicate experiments. Filled symbols, wild type; open symbols,
�mrpA mutant; squares, 0.54 M Na�; triangles, 1.04 M Na�. The final optical
densities for the wild type and mutant cultured with 0.54 M Na� were 0.64 �
0.05 and 0.48 � 0.01, respectively. The final optical densities for the wild type
and mutant cultured with 1.04 M Na� were 0.48 � 0.01 and 0.57 � 0.03,
respectively.
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In contrast to methanol-grown cultures, all growth parameters
(lag phase, growth rate, and final optical density) of the mutant
were suboptimal relative to wild type, suggesting a role for MrpA
in combating Na� stress when cultured with 100 mM acetate.

Figure 5 compares growth parameters of the wild type and
�mrpA mutant cultured with a starting concentration of 10 mM
acetate in medium buffered at pH 6.8 and containing 0.54 M Na�.
The growth rate and final optical density were lower for the mu-
tant and wild type compared with growth in medium with a start-
ing concentration of 100 mM (Fig. 2). As the concentration of
acetate steadily decreased in batch culture, the results indicated
that concentrations below 10 mM were growth limiting. Further-
more, the growth rate and final optical density were substantially
lower for the mutant versus wild type cultured with 10 mM acetate
(Fig. 5). This trend held for wild-type and mutant strains cultured
with 5 mM acetate, except the difference between growth param-
eters for the wild-type versus mutant were more pronounced (Fig.
6). These results establish the importance of MrpA for growth of
M. acetivorans with low, growth-limiting concentrations of ace-
tate. When cultured with 10 mM acetate, the wild type and mutant
produced approximately the same amount of methane, close to
the 1.0 mmol expected for 100-ml cultures (Table 1). However,
the dry weight/methane ratio was significantly lower for the mu-
tant versus the wild type, a result indicating that MrpA is impor-
tant for efficient coupling of growth and methanogenesis with low
concentrations of acetate that limit growth.

Sodium/proton antiporter activity in wild-type versus
�mrpA mutant strains of M. acetivorans cultured with either
acetate or methanol. An investigation of Na�/H� antiporter ac-
tivity for the Mrp complex of M. acetivorans was prompted by the
results that indicated that MrpA is important for efficient cou-
pling of growth with methanogenesis when cultured with acetate.
Antiporter activity in cell suspensions was determined by moni-
toring the rate of Na�-dependent alkalinization following an acid
pulse (Table 2). Wild-type acetate-grown cells showed 5-fold
greater activity than wild-type methanol-grown cells, indepen-
dent of which salt was preloaded. However, acetate-grown cells
preloaded with NaCl showed greater activity than with KCl. Fur-
thermore, Li� replaced Na� as the preferred counterion. These
results are characteristic of Na�/H� antiporter activity (29, 36–
38) and confirm that acetate-grown cells have a greater capacity
for this activity versus methanol-grown cells. The previously re-
ported 5-fold-greater levels of mrpA transcript and Mrp subunits
in acetate-grown versus methanol-grown M. acetivorans (11, 17)
reflect the relative Na�/H� exchange rates (Table 2), a result in-
dicating that the majority of exchange activity in acetate-grown
cells is attributable to MrpA and the Mrp complex. This role was
further supported by the greater exchange rates observed between
wild-type and �mrpA mutant strains grown with acetate (Table
2). The coordinated increase in mrpA transcript and Mrp subunits
indicates that the regulation of protein abundance drives the ob-
served antiporter activity, and not a change in the activity of a fixed
level of MrpA and the Mrp complex.

ATP synthesis. The results reported here indicate that MrpA is
important for the efficient coupling of growth with methanogen-
esis. This role for the Mrp complex was further investigated with
resting cell suspensions of M. acetivorans synthesizing ATP driven
by an artificial �� generated by valinomycin-induced potassium

FIG 5 Growth profiles of wild-type versus �mrpA mutant strains of M. ace-
tivorans cultured with growth-limiting 10 mM acetate. The starting pH was
6.8, and the Na� concentration was 0.54 M. Data shown are the means �
standard deviations of three replicate experiments. Symbols: �, wild type; Œ,
�mrpA mutant. The final optical densities for the wild type and mutant were
0.12 � 0.01 and 0.07 � 0.00, respectively.

FIG 6 Growth profiles of wild-type versus �mrpA mutant strains of M. ace-
tivorans cultured with growth-limiting 5 mM acetate. The starting pH was 6.8,
and the Na� concenration was 0.54 M. Data shown are the means � standard
deviations of four replicate experiments. Symbols: �, wild type; Œ, �mrpA
mutant. The final optical densities for the wild type and mutant were 0.035 �
0.003 and 0.012 � 0.005, respectively.

TABLE 1 Growth parameters for wild-type and �mrpA mutant strains
of M. acetivorans cultured with growth-limiting 10 mM acetatea

Parameter Wild type Mutant

Optical density (600 nm) 0.12 � 0.05a 0.07 � 0.03
CH4 (mmol) 1.09 � 0.04 0.87 � 0.10
Dry wt (mg) 2.58 � 0.23 1.5 � 0.25
Dry wt/CH4 2.3 1.7
Dry wt/optical density 21.5 21.4
a Values are the means � standard deviations of three replicate experiments. Data were
collected at the beginning of the stationary phase of growth (15 days). Dry weight and
methane values and the dry weight/methane ratio for the mutant were significantly
different from those for the wild type (P � 0.05).

TABLE 2 Antiporter activity of wild-type versus �mrpA mutant strains
of M. acetivoransa

Preloaded salt

Antiporter activity (mean � SD) when grown on:

Acetate Methanol

Wild type Mutant Wild type Mutant

NaCl 1.01 � 0.09 0.39 � 0.03 0.21 � 0.02 0.17 � 0.01
LiCl 1.04 � 0.13 0.37 � 0.04 0.18 � 0.02 0.19 � 0.02
KCl 0.56 � 0.04 0.38 � 0.05 0.13 � 0.01 0.2 � 0.03
a The units for antiporter activity are �mole per second � pH units � grams (dry
weight). Values are from three replicate experiments. In all comparisons to acetate-
grown wild-type cells preloaded with NaCl, except for acetate-grown wild-type cells
preloaded with LiCl, values were significantly different (P � 0.05).
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efflux. ATP synthesis increased with time in cell suspensions of the
wild type and �mrpA mutant grown with either acetate or meth-
anol (data not shown). ATP synthesis was dependent on increas-
ing concentrations of NaCl for all cell suspensions, with a maxi-
mum achieved at 25 mM (data not shown). Table 3 shows the
mean ATP levels obtained for five replicate experiments in which
cell suspensions contained 25 mM NaCl. The results indicate
wild-type acetate-grown cells have approximately 2-fold higher
activity than wild-type methanol-grown cells, which is consistent
with the 3-fold increase of ATP synthase in acetate-grown versus
methanol-grown M. acetivorans (11). ATP synthesis was stimu-
lated by the addition of 25 mM NaCl in cells grown with either
substrate. Additions of either the protonophore CCCP or the Na�

ionophore ETH125 reduced ATP synthesis for the wild type
grown with either substrate, a result consistent with the M. acetiv-
orans ATP synthase translocating both Na� and H� (15). Most
importantly, ATP synthesized in the acetate-grown �mrpA mu-
tant was significantly lower than for the acetate-grown wild type.
This trend held for acetate-grown cell suspensions containing
CCCP or ETH157. These results, together with results indicating
MrpA is important for coupling growth and methanogenesis, in-
dicate MrpA plays a role in the synthesis of ATP by acetate-grown
M. acetivorans. The difference in ATP synthesized for methanol-
grown wild-type and �mrpA mutant strains was substantially less
than for the acetate-grown strains, a result supporting the pro-
posed role for MrpA, considering that methanol-grown cells of M.
acetivorans contain 5-fold less mrpA transcript levels than acetate-
grown cells (17). Furthermore, the coordinated increase in mrpA
transcript and Mrp subunits indicates that the regulation of abun-
dance of the Mrp complex is responsible for the difference in ATP
synthesis and not a change in the activity of a fixed level of the
complex.

DISCUSSION

This work represents the first investigation of an Mrp complex
from the domain Archaea, and the first from several species of
methanogens for which the genomes have been annotated for Mrp
complexes (39). As expected, MrpA from M. acetivorans was
shown to be required for Na�/H� antiporter activity. However, it
is not known if MrpA is both necessary and sufficient for activity.
Based on previous investigations of Mrp complexes from the do-
main Bacteria, it is likely that other subunits of the 7-subunit M.

acetivorans Mrp complex are necessary to catalyze Na�/H� anti-
porter activity, and loss of MrpA results in incomplete assembly of
the Mrp complex necessary for activity, as proposed for the ho-
mologous Mrp complex from B. subtilis (35, 40). Indeed, it has
been proposed that MrpA channels Na�, whereas MrpD channels
H� in the complex from B. subtilis (21).

The results obtained with methanol-grown M. acetivorans in-
dicated that the Mrp complex is not required for pH homoeostasis
or tolerance to Na� stress. However, the results indicated that
MrpA is essential for optimal ATP synthesis and growth of M.
acetivorans with acetate. A physiological role is envisioned for the
Mrp complex of M. acetivorans in adjusting the Na�/H� ratio
optimally for ATP synthesis by the ATP synthase and thereby in-
creasing the thermodynamic efficiency of acetate conversion to
methane. The proposed role is based on results presented here,
recent genetic evidence that the Rnf complex generates a high
external Na� gradient (14), and that activity of the ATP synthase is
concurrently coupled to both Na� and H� (15). In the pathway of
acetate conversion to methane (Fig. 7), Na� gradients are gener-
ated in the Mtr- and Rnf-catalyzed reactions, yielding the previ-
ously proposed theoretical stoichiometry of 2 Na� and 4 Na�,
respectively, for a total of 6 Na� (16). Additionally, the Hdr-cat-
alyzed oxidation of reduced MP generates a gradient with a stoi-
chiometry of 2 H�. We propose that the Mrp complex functions
to adjust the 6 Na�/2 H� ratio optimally for ATP synthesis by the
ATP synthase. A mechanism by which the Mrp complex could
sense the Na�/H� ratio is obscure, although a role for subunits
other than MrpA and MrpD that channel Na� and H� is a possi-
bility. Although the optimal Na�/H� ratio is yet to be determined,
the finding that both CCCP and ETH125 inhibit ATP synthesis is
at least consistent with a requirement for both a Na� and H�

gradient to drive ATP synthesis. The genome of M. acetivorans is
annotated with only one other Na�/H� antiporter (MA2633), for
which neither the protein mor gene expression is detectable in
either acetate- or methanol-grown cells (17, 41, 42). Clearly, the
results presented here warrant a comprehensive characterization
of the Mrp complex to determine the Na�/H� exchange role.

The proposed role of the Mrp complex is supported by the
finding that growth of the �mrpA mutant relative to wild type is
impeded to a greater extent as the concentration of acetate is low-
ered and the free energy available for ATP synthesis is decreased.
The standard free energy available via conversion of acetate to
methane (�G°= � 	36 kJ mol of CH4

	1) allows for the synthesis
of approximately 1 ATP (�G°= � 	31.8 kJ mol	1) (43). Thus, the
amount of energy available for acetotrophic growth is marginal at
best, especially when considering that 1 ATP is required for acti-
vation of acetate to acetyl-CoA in the pathway (Fig. 7). Moreover,
it is highly unlikely that standard conditions of equimolar reac-
tants and products prevail in the marine sediment from which M.
acetivorans was isolated. Indeed, it has been reported that pore
water in a variety of marine sediments contain micromolar
amounts of acetate (44), concentrations that severely restrict the
amount of energy available for ATP synthesis, which argues in
favor of an essential requirement for the Mrp complex during
acetotrophic growth of M. acetivorans in its native environment.
M. acetivorans was isolated from a submarine canyon containing
sediments with a high fraction of organic material that continually
accumulated from the littoral zone (23), which results in an esti-
mated fraction of methanogenesis from acetate of between 50 and
70% based on isotopic analysis (2). Since the pH and salinity were

TABLE 3 ATP synthesis in resting cell suspensions driven by a
potassium diffusion potentiala

Amendment

ATP synthesis on growth substrate

Acetate Methanol

Wild type
�mrpA
mutant Wild type

�mrpA
mutant

None 3.7 � 0.5 1.63 � 0.28 2.4 � 0.18 2.44 � 0.3
25 mM NaCl 6.7 � 0.32 1.93 � 0.2 3.57 � 0.22 2.82 � 0.1
25 mM NaCl � 25

�M CCCP
3.06 � 0.05 1.22 � 0.19 2.1 � 0.13 1.7 � 0.13

25 mM NaCl � 60
�M ETH157

3.7 � 0.22 1.7 � 0.1 2.41 � 0.33 2.39 � 0.3

a Values are nmoles of ATP produced per milligram of protein, determined 2 min after
the addition of 75 �M valinomycin to buffered cell suspensions containing the
indicated amendments. Values are the means � standard errors of five replicate
experiments.
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not recorded for the site and the time of isolation, the pH (6.8) and
salinity level (0.54 M) tested were based on the published values
for optimal growth of M. acetivorans (23).

The expression of genes encoding the Mrp complex are down-
regulated nearly 10-fold in methanol- versus acetate-grown M.
acetivorans (17), and growth of M. acetivorans with methanol was
unaltered by loss of mrpA, indicating that the Mrp complex has a
less important role when grown with methanol than during ace-
totrophic growth. One explanation is the much greater energy
available via methanol conversion to methane (�G°= � 	106.5 kJ
mol CH4

	1) than with acetate (�G°= � 	36 kJ mol CH4
	1) (45),

obviating a strict requirement for Mrp to optimize the thermody-
namic efficiency of the ATP synthase. The �mrpA mutant was
found to be less tolerant to Na� stress conditions than the wild
type, which may be the consequence of energy diverted away from
ATP synthesis toward lowering the intracellular concentrations of
Na� exacerbated by a decrease in the thermodynamic efficiency of
ATP synthesis in the absence of Mrp.

A joint function for Mrp and Rnf complexes in Na�-depen-
dent chemiosmotic mechanisms of ATP synthesis is supported by
strict mutual encoding of the complexes in genomes of Methano-
sarcinaceae members isolated from marine environments, where
Na�-dependent ATP synthesis is a dominant characteristic (46).
Genomes of obligate H2-oxidizing CO2-reducing methanogens
isolated from either marine or freshwater environments, incapa-
ble of acetotrophic or methylotrophic growth, do not encode both
Rnf and Mrp complexes (18, 39). These species are incapable of
electron transport coupled to generation of ion gradients, negat-
ing the requirement for Rnf and Mrp complexes (48).

Nature has evolved diverse Fd:CoM-S-S-CoB oxidoreductase
systems in acetotrophic methanogens that generate ion gradients
driving ATP synthesis which are different from M. acetivorans and
do not require Rnf and Mrp complexes for growth. Although M.
barkeri and M. mazei utilize the growth substrate acetate, the ge-
nomes of these freshwater species do not encode Rnf and Mrp
complexes (49). Instead, unlike M acetivorans and other marine-
dwelling members of the Methanosarcinaceae, M. barkeri and M.
mazei are capable of metabolizing H2, which is both produced and
consumed in the oxidation of Fd and reduction of CoM-S-S-CoB
during growth with acetate, yielding a theoretical 5 H� (16). The
H� gradient coupled with 2 Na� translocated by Mtr yields a
theoretical ratio of 2 Na�/5 H�, compared to 6 Na�/2 H� for M.
acetivorans. Unfortunately, specificity for translocation of Na�

and H� by the ATP synthase of M. barkeri and M. mazei has not
been investigated. Methanosaeta spp. only utilize acetate as a
growth substrate and do not metabolize H2 or encode Rnf and
Mrp complexes, suggesting yet another mechanism for generating
ion gradients that drive ATP synthesis (50). Indeed, it is proposed
that Methanosaeta thermophila utilizes a Fd:CoM-S-S-CoB oxi-
doreductase system comprised of a truncated form of F420H2 de-
hydrogenase and MP and that generates a H� gradient driving
ATP synthesis (51).
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