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ABSTRACT The multisubunit cation/proton antiporter 3 family, also called Mrp, is
widely distributed in all three phylogenetic domains (Eukarya, Bacteria, and Archaea).
Investigations have focused on Mrp complexes from the domain Bacteria to the ex-
clusion of Archaea, with a consensus emerging that all seven subunits are required
for Na*/H™* antiport activity. The MrpA subunit from the MrpABCDEFG Na*/H™* anti-
porter complex of the archaeon Methanosarcina acetivorans was produced in
antiporter-deficient Escherichia coli strains EP432 and KNabc and biochemically char-
acterized to determine the role of MrpA in the complex. Both strains containing
MrpA grew in the presence of up to 500 mM NaCl and pH values up to 11.0 with no
added NaCl. Everted vesicles from the strains containing MrpA were able to gener-
ate a NADH-dependent pH gradient (ApH), which was abated by the addition of
monovalent cations. The apparent K, values for Na* and Li* were similar and
ranged from 31 to 63 mM, whereas activity was too low to determine the apparent
K, for K*. Optimum activity was obtained between pH 7.0 and 8.0. Homology mo-
lecular modeling identified two half-closed symmetry-related ion translocation chan-
nels that are linked, forming a continuous path from the cytoplasm to the
periplasm, analogous to the NuoL subunit of complex I. Bioinformatics analyses re-
vealed genes encoding homologs of MrpABCDEFG in metabolically diverse methane-
producing species. Overall, the results advance the biochemical, evolutionary, and
physiological understanding of Mrp complexes that extends to the domain Archaea.

IMPORTANCE The work is the first reported characterization of an Mrp complex
from the domain Archaea, specifically methanogens, for which Mrp is important for
acetotrophic growth. The results show that the MrpA subunit is essential for antiport ac-
tivity and, importantly, that not all seven subunits are required, which challenges current
dogma for Mrp complexes from the domain Bacteria. A mechanism is proposed in
which an MrpAD subcomplex catalyzes Na*/H* antiport independent of an MrpBCEFG
subcomplex, although the activity of the former is modulated by the latter. Properties of
MrpA strengthen proposals that the Mrp complex is of ancient origin and that subunits
were recruited to evolve the ancestral complex I. Finally, bioinformatics analyses indicate
that Mrp complexes function in diverse methanogenic pathways.

KEYWORDS Methanosarcina, methanogen, sodium/proton antiport

ation/proton antiporters are of fundamental importance and are widely distributed
in organisms from all three phylogenetic domains (Bacteria, Archaea, and Eukarya)
of life. Antiporters in the domains Bacteria and Archaea are secondary transporters
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driven by an electrochemical gradient of protons (high outside) to achieve cytoplasmic
homeostasis of cations. Most cation/proton antiporters are monomers, in contrast to
the cation/proton antiporter 3 (CPA3) family, also called Mrp complexes, which are
comprised of six or seven subunits, depending on whether subunits MrpA and MrpB
are fused (1-3). Analyses of genomic sequences show Mrp complexes are broadly
distributed among species with diverse physiologies from the domains Bacteria and
Archaea, although investigations have focused on Bacteria to the exclusion of Archaea.
Mrp complexes from Bacteria have been implicated in functions that include Na*/H*
antiport (2-8), K*/H* antiport (9), pH homeostasis (7, 10, 11), resistance to bile salts (7,
12), arsenite oxidation (8), pathogenesis (12, 13), and energy conversion (14, 15). Mrp
complexes and their subunits are anticipated to have undiscovered functions (1). A
complex containing both Mrp and hydrogenase (Mbh) subunits is present in anaerobic
microbes that oxidize ferredoxin and produce H, coupled with generation of a proton
gradient that drives ATP synthesis for growth (16). Analysis of available genome
sequences revealed homologs of Mrp-Mbh complexes in the Bacteria and Archaea. The
biological diversity and evolutionary importance of Mrp complexes in nature is under-
scored by the resemblance of MrpA, MrpD, and MrpC to subunits of the coenzyme F,,
dehydrogenase complex from methane-producing species in the domain Archaea (17).

MrpA and MrpD are homologous to the antiporter-like subunits NuoL and NuoM/
NuoN, respectively, of respiratory complex | from the domains Bacteria and Eukarya
(18-20). Indeed, NuoL and NuoN are functional replacements for MrpA and MrpD of
Bacillus species (20). The recently reported crystal structure of complex | highlights the
similarity of MrpA and MrpD from the domain Bacteria with antiporter-like subunits
NuoL and NuoM/NuoN, respectively, of complex | (21). Indeed, it has been proposed
that subunits of the Mrp complex were recruited to evolve the ancestral complex | (22).
This proposal is also consistent with the proposal that the Mrp complex was a
component of the ancient anaerobic core present in the ancestor of the bacterial and
archaeal lineages (23).

Understanding the antiport mechanism of Mrp complexes has been hindered by the
lack of a crystal structure and the subunit multiplicity. The seven-subunit MrpABCDEFG
complexes from Bacillus species have been model systems for investigation, with a
focus on the MrpA and MrpD subunits that contain transmembrane acidic residues,
consistent with ion translocation functions (24). Although MrpA and MrpD subunits
from the domain Bacteria are implicated in translocation of Na* and H™, respectively,
a consensus has emerged that all seven subunits are required for antiport activity (2, 3,
11, 20, 25, 26). Specifically, expression of an MrpAD subcomplex in the antiporter-
deficient Escherichia coli strain KNabc showed no antiport activity (27). Furthermore,
MrpA and MrpD were reported to be inactive when expressed alone (1). On the other
hand, a fused MrpA-MrpD homolog in the alkaliphilic Natranaerobius thermophilus
displayed Na*/H™* antiport activity when produced in E. coli strain KNabc (5, 28). Clearly,
further research is necessary to clarify the mechanism and multifaceted roles of Mrp
complexes in diverse species.

Even though the sequenced genomes of species in the domain Archaea are anno-
tated with genes encoding Mrp complexes, the only reported investigation is that for
the seven-subunit MrpABCDEFG complex from the methane-producing (methanogen)
Methanosarcina acetivorans (15). Comparisons of the wild type versus a AmrpA mutant
show that the Mrp complex is essential for optimal ATP synthesis and growth of cells
converting acetate to methane and carbon dioxide (15). Growth with acetate generates
both Na* and H* gradients that drive ATP synthesis by an ATP synthase dependent on
both Na* and H* gradients (29). It is postulated that the Mrp complex from M.
acetivorans functions to adjust the Na*/H* ratio optimally for ATP synthase (15). Here,
we report properties of the MrpA subunit of M. acetivorans produced in E. coli strains with
Na*/H* antiporter deficiencies that establishes a role for MrpA in the MrpABCDEFG
complex important for acetotrophic growth.
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FIG 1 Effects of NaCl and pH on growth of transformed E. coli strains mrpA EP432 and mrpA KNabc. (A)
Transformants were grown at pH 7 in media containing the indicated concentrations of NaCl. (B)
Transformants were grown with no added NaCl at the indicated pH values. The media contained
approximately 12 mM residual NaCl. [J, strain EP432; O, strain KNabc; B, transformed strain mrpA EP432;
@, transformed strain mrpA KNabc. The cultures were grown for 10 to 11 h. The values are the means of
the results of at least 4 experiments + SD.

RESULTS AND DISCUSSION

Transformation with mrpA from M. acetivorans complements the Na* and alkali
sensitivities of antiporter-deficient E. coli strains. Antiporter-deficient E. coli strains
have been used extensively to evaluate the Na*/H™ antiport activity of Mrp complexes
and subcomplexes (4-6, 12, 27). The antiporter-deficient strains EP432 and KNabc are
highly sensitive to growth inhibition by NaCl concentrations greater than 200 mM
compared to the E. coli wild type, as confirmed by the results shown in Fig. 1A. Both the
E. coli mrpA EP432 and E. coli mrpA KNabc transformants showed striking Na™ resistance
up to 500 mM. Strains EP432 and KNabc are also sensitive to pH values above 8.0 (Fig.
1B). Both transformants supported higher final growth yields than the antiporter-
deficient strains at pH values up to 11.0 in the absence of added Na* (Fig. 1B). To our
knowledge, this is the first report showing that MrpA from any source participates in
Na*/H* antiport activity that is independent of an intact MrpABCDEFG complex.

MrpA catalyzes secondary Na* (Li*)/H+ antiport with a high apparent K, for
Na* and a neutral pH optimum. Antiport was assessed by energization of everted
(inside out) membrane vesicles with the addition of an electron donor that elicits a pH
gradient (ApH; acid inside) in the vesicles. The ApH was monitored by quenching of
acridine orange fluorescence until the steady state is reached. Activity was evaluated by
the percent dequenching that results from addition of the monovalent cation required
for antiport.

Everted vesicles were able to form a ApH after the addition of p-lactate (data not
shown), although more reliable results were attained with NADH, where up to 90% of
total dequenching determined by carbonyl cyanide m-chlorophenylhydrazone (CCCP)
addition was achieved (Fig. 2A to C), indicating high-quality preparations of sealed
everted vesicles; hence, NADH was used in all the experiments. Figure 2A to C shows
representative traces of ApH formation in everted vesicles from E. coli strain K-12 and
the transformed strains mrpA EP432 and mrpA KNabc at pH 8.0. The H* gradient was
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FIG 2 Antiport activity of M. acetivorans MrpA in everted membrane vesicles of E. coli strains. The assay
mixtures contained 50 to 75 g of vesicle protein in 2 ml of 50 mM Bis-Tris propane buffer at pH 8.0. (A)
Strain K-12. (B) Strain mrpA EP432. (C) Strain mrpA KNabc. (D) Strain EP432. The traces are representative
of the results of 4 independent experiments. The arrows indicate (i) the time scale (50s), (ii) when
respiration was initiated with 0.5 mM NADH (NADH), (iii) when quenching reached steady state and a
nonsaturating 50 mM NaCl was added (NaCl), and (iv) when 5 uM CCCP was added (CCCP). AF, relative
change in fluorescence.

abated almost completely by addition of NaCl, as judged by CCCP addition, a result
indicating that the H* gradient was exhausted by antiport with Na®™ dependent on
MrpA. For comparison, the H* gradient formed by membranes from Na*-sensitive
strain EP432 was not abated by NaCl addition, attributable to the absence of native
Na*/H* antiporters in the strain (Fig. 2D). These data indicate that the MrpA subunit
from M. acetivorans was synthesized and correctly oriented in the membranes of E. coli
strains, necessary for Na™/H™ antiport activity. The results reinforce those shown in Fig.
1, supporting the conclusion that MrpA is essential for Na™/H™* antiport activity. The
results further show that activity is independent of an intact MrpABCDEFG complex,
contrary to previous assertions that intact complexes from the domain Bacteria are
required for activity (2, 3, 11, 20, 25, 26).

The concentration of ion producing half-maximal dequenching is a good estimate
of the apparent K,,, of sodium/proton antiporters and is used routinely (4). Nonlinear
fitting of activities determined with mrpA EP432 vesicles over a range of concentrations
up to 150 mM resulted in apparent K, values for Na* and Li* of 47 = 16 and 45 = 14
mM (mean = standard deviation [SD]; n = 4), respectively (Fig. 3A and B). Lineweaver-
Burk plots of the data (Fig. 3A and B, insets) yielded apparent K,,, values for Na™ and Li*
of 31 and 63 mM. Dequenching reached 80 and 90% of maximum with Na™ and Li*,
respectively (Fig. 3). Activities with K+ were low and unreliable, reaching only 20% of
maximum dequenching of fluorescence, which precluded a reliable evaluation of the
apparent K,,,. The low activity with K compared with Na* and Li* shows that Na™* is
the preferred physiological cation, similar to what has been reported for complete Mrp
complexes from Staphylococcus aureus, Bacillus sp., and Vibrio cholerae of the domain
Bacteria (4, 12). Remarkably, the apparent K, values determined for Na* and Li™ with
E. coli mrpA EP432 vesicles were more than 400-fold higher than the K, values reported
for E. coli EP432 vesicles containing Mrp complexes from species in the domain Bacteria
that function in resistance to salt and alkaline pH (4, 12). It could be argued that the
MrpA subunit has considerably lower affinities for Na* when it is present in the
complete Mrp complex, consistent with the proposal that Mrp complexes are a
consortium of antiporters that function in concert (1). However, the differences in
apparent cation affinities may also reflect a role for the M. acetivorans Mrp complex in
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FIG 3 Antiport activity as a function of the cation concentration and pH. (A and B) Fluorescence-based
assays of the Na*/H* antiport activities of MrpA in E. coli strain mrpA EP432 vesicles were conducted at
pH 8.0 over a range of concentrations of added NaCl (A) and LiCl (B). (C) Effect of pH on Na*/H*
antiporter activity of MrpA in vesicles of E. coli strain EP432 ((J) and E. coli strain mrpA EP432 (). The
assay mixtures contained 100 mM NaCl. The error bars indicate standard deviations of the results of three
independent assays.

adjusting the ratio of the Na™ and H* gradients optimally for Na*- and H*-dependent
ATP synthase (15, 29).

The Na*/H™ antiport activity profile as a function of pH was determined with E. coli
mrpA EP432 vesicles energized with NADH (Fig. 3C). Similar results were obtained when
p-lactate replaced NADH (not shown). Optimum activity was obtained between pH 7.0
and 8.0, with significant activity maintained up to pH 9.0. Activity was barely detectable
with control E. coli EP432 vesicles. The results are in contrast to the optimal pH activity
between 8.0 and 9.5 reported for E. coli EP432 vesicles containing complete Mrp
complexes from Bacillus sp. and V. cholerae (4, 12). Conversely, the results shown in Fig.
3C are similar to those reported for E. coli EP432 vesicles containing the complete Mrp
complex from S. aureus (4). Nonetheless, the difference in pH profiles of antiporter
activity between M. acetivorans and species from the domain Bacteria, combined with
the different affinities for Na™, suggests a different function for the Mrp complex from
M. acetivorans, consistent with the previous proposal that the complex functions
primarily in energy conversion (15).

Bioinformatics analyses. A BLASTp search of databases (http://www.ncbi.nlm.nih
.gov/pubmed) was conducted with M. acetivorans MrpA (gene locus identifier MA4572)
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FIG 4 Distance tree of MrpA from M. acetivorans, MrpA homologs from other methanogens, and MrpA
from Bacillus subtilis. The evolutionary history was inferred using the neighbor-joining method with
significant alignments (see Fig. S5 in the supplemental material) recovered from the NCBI database
queried with MrpA (MA4572; MA_RS23835) from M. acetivorans (53). The optimal tree, with a sum of
branch lengths equal to 2.3, is shown. The percentages of replicate trees in which the associated taxa
clustered together in the bootstrap test (500 replicates) are shown next to the branches (54). The tree is
drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to infer
the phylogenetic tree. The evolutionary distances were computed using the Poisson correction method
and are in units of the number of amino acid substitutions per site (55). All positions containing gaps and
missing data were eliminated. There were a total of 776 positions in the final data set. Evolutionary
analyses were conducted in MEGA7 (56). The percent identities relative to MrpA from M. acetivorans
(shown in parentheses) were as follows: WP_011024445.1, Methanosarcina acetivorans (100%); WP_
048174247.1, Methanosarcina siciliae (98%); WP_048136646.1, Methanosarcina horonobensis (96%); WP_
048125080.1, Methanosarcina thermophila (93%); WP_048124368.1, Methanosarcina lacustris (91%);
WP_023846288.1, Methanolobus tindarius (63%); WP_013194388.1, Methanohalobium evestigatum (59%);
WP_048204897.1, Methanococcoides methylutens (62%); WP_013037209.1, Methanohalophilus mabhii
(60%); WP_015325011.1, Methanomethylovorans hollandica (61%); WP_048147233.1, Methanolobus psy-
chrophilus (59%); WP_011498313.1, Methanococcoides burtonii (59%); WP_013898326.1, Methanosalsum
zhilinae (56%); WP_014470898.1, Bacillus subtilis (40%). | and Il, clades | and II.

as the query. Of the 100 significant alignments retrieved, homologs with the greatest
identity (56 to 98%) were from methanogen species, followed by homologs (38 to 43%
identity) from Bacillus species. The methanogen homologs were divisible into two
clades (Fig. 4). Clade | contained sequences (91 to 98% identity) from acetate-utilizing
Methanosarcina species, except for the freshwater counterparts Methanosarcina mazei
and Methanosarcina barkeri, whereas clade Il was comprised of sequences (56 to 62%
identity) from diverse genera that utilize only methylotrophic substrates (methanol,
methylamines, and dimethyl sulfide) for growth and methanogenesis. An alignment of
sequences from clades | and Il showed two consensus sequences present in clade |
(SETY and GIGVG), with unknown function, that are absent in all the sequences of clade
IIl. The MrpA homologs from Methanococcoides burtonii and Methanococcoides methy-
lutens in clade Il were adjacent to a contiguous set of genes encoding homologs of the
remaining six subunits of the canonical seven-subunit Mrp complex. Although gene
context data were not available for other species in clade Il, the results are consistent
with a role for Mrp complexes in species from both clades. A role for the Mrp complex
in M. acetivorans was previously proposed, where the complex adjusts the ratio of Na™
and H* gradients optimally for driving ATP synthesis by sodium- and proton-
dependent ATP synthase during growth with acetate (15). The genomes of M. burtonii
and M. methylutens in clade Il are annotated with genes encoding subunits of the
canonical membrane-bound Rnf complex shown to pump Na™ during electron trans-
port in M. acetivorans (30, 31). The Rnf complex in these methylotrophic methanogens
has the potential for participation in the membrane-bound electron transport chain
that also generates a H™ gradient, in addition to a Na™ gradient (32). Thus, the Mrp
complex may also function to adjust the ratio of Na™ and H* gradients optimally for
driving ATP synthesis, although it would depend on a sodium- and proton-dependent
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FIG 5 M. acetivorans MrpA modeled with NuoN. The MrpA N-terminal and C-terminal domains are shown
in purple and magenta, respectively. See Materials and Methods for the modeling procedures.

ATP synthase in methylotrophic methanogens that has not been reported. Interest-
ingly, it has been speculated that differences in the abundances of Mrp subunits during
growth of M. burtonii with methanol at different temperatures reflect a role for the Mrp
complex in energy conservation (33). On the other hand, the differences that separate
clades | and Il possibly indicate different functions. Indeed, except for the freshwater
strains Methanomethylovorans hollandica and Methanolobus psychrophilus, species in
clade Il were isolated from marine environments, consistent with a potential role for the
Mrp complexes in maintaining salt homeostasis.

Archaeal MrpA subunits from M. acetivorans and methylotrophic methanogens,
represented by M. burtonii, are formed by two transmembrane-rich domains, similar to
MrpA from Bacillu subtilis representing the domain Bacteria (1, 34) (see Fig. S4 in the
supplemental material). The N-terminal domains of archaeal and B. subtilis MrpA
subunits (see Fig. S4A in the supplemental material) show similarity to NuoL of complex
| from E. coli. However, the C-terminal domains of archaeal and B. subtilis MrpA subunits
(see Fig. S4B in the supplemental material) do not share significant identity with
subunits from complex | of E. coli. Residues essential for functionality in MrpA from B.
subtilis and NuoL from E. coli (E141, K227, H252, and K402) (18, 34-38) are conserved in
the archaeal MrpA subunit, suggesting a role for the residues in ion transport. Residues
directly involved in proton translocation of antiporter-like subunits in complex | are
conserved in MrpA of M. acetivorans (E141 and K227) (18). A section in the piston region
of NuoL from E. coli complex | containing the important residues D542 and D546 and
the essential D563 (39) is deleted in the piston region of archaeal and B. subtilis MrpA
subunits.

Overall, the sequence comparisons indicate that MrpA subunits from the domains
Archaea and Bacteria share an ancestor, although they have evolved somewhat differ-
ent functions. The recent proposal that conversion of acetate to methane in M.
acetivorans evolved by way of horizontal gene transfer suggests the possibility that
MrpA of M. acetivorans was acquired similarly and then evolved for a specific function
(40). Indeed, nearly one-third of the open reading frames (ORFs) in the genome of M.
mazei have the greatest identity to homologs in the domain Bacteria (41). Likewise,
genome analyses also indicate a major role for horizontal gene transfer in the evolution
of the methylotrophic methanogen M. burtonii (42).

Homology molecular model of MrpA. The N-terminal domain of MrpA (MrpA_N)
is homologous to the first 14 transmembrane sequences (TMS) of Nuol, and the
C-terminal domain (Mrp_C) is homologous to the five TMS of NuoJ of E. coli complex
I, the crystal structure of which is known (35). Additionally, MrpA from M. acetivorans is
homologous to MrpA from B. subtilis, in which the N-terminal domain replaces the
function of NuoL and the C-terminal domain replaces the function of NuoJ (see Fig. S4
in the supplemental material) (25, 34). Thus, MrpA_N and MrpA_C were modeled
independently using the corresponding NuoL and NuoJ templates.

Figure 5 shows a tentative model of MrpA from M. acetivorans built with the MrpA_N
and MrpA_C models using a template constructed from the NuoLNMJ subunits of E. coli
complex I. The model shows an arrangement in which Mrp_N corresponds to NuoL and
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FIG 6 Proposed ion translocation channel in MrpA from M. acetivorans. Shown in stick representation are
polar and charged residues forming the transmembrane channel, composed of the cytoplasm-facing
cavity (blue), the periplasm-facing cavity (green), and a zone connecting the cavities (orange). Negatively
charged residues that form cytoplasm- and periplasm-facing patches at TM5 and TM12, respectively, are
shown in black. Main TMS are colored as follows: TMS5 (green), TMS7 (yellow), TMS8 (blue), and TMS12
(red). The transmembrane ion translocation channel is shown by a light-blue arrow. The figure was
generated with the PyMOL Molecular Graphics System version 1.2r1 (Schroédinger LLC).

Mrp_C corresponds to NuoJ (21). NuoL contains a C-terminal extension called the
piston that interfaces with NuoJ in the crystal structure of complex I. The MrpA model
shows the N-terminal domain sharing a central core with NuoL, composed of 14 TMS,
and a C-terminal extension forming a piston, composed of a predicted TMS and a long
helix terminating with a TMS similar to that of NuoL. The piston sequence is 50 residues
shorter than the NuoL piston, which brings the N-terminal and C-terminal domains of
MrpA closer. The model suggests that MrpA has the potential to accommodate a single
subunit of the Mrp complex, in contrast to complex | from E. coli, where the longer
piston accommodates two antiporter-like subunits (21). The MrpA model has been
shown to accommodate the antiporter-like NuoN subunit of complex |, which is
homologous to MrpD (21). A role for the MrpA_C domain is consistent with an essential
role for the domain in the antiport activity of the Bacillus pseudofirmus Mrp complex
(43).

Proposed mechanism. The model of MrpA provides a basis for proposing an ion
translocation mechanism for the N-terminal domain of MrpA (Fig. 6). The model
features two half-closed symmetry-related channels that are linked, forming a contin-
uous path from the cytoplasm to the periplasm, analogous to NuoL (21). The periplasm
in M. acetivorans is defined as the space between the cytoplasmic membrane and the
cell wall. The cytoplasm-facing channel 1 is near TM5 and TM7, and the periplasm-
facing channel 2 is near TM12. Key residues in NuoL channel 1 (K229 and E144) and
channel 2 (K399) correspond to conserved residues K227, E141, and K402 in MrpA (see
Fig. S4 in the supplemental material). Indeed, an important role for K227 and E141 in
antiport activity is supported by site-directed replacement analyses of cognate residues
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A)

FIG 7 M. acetivorans MrpA N-terminal domain electrostatic surface potentials. (A) Cytoplasm-facing surface. (B) Periplasm-facing
surface. The black residues represent negatively charged patches on the TM5 and TM12 surfaces. Residues and TM-forming cavities
are represented as in Fig. 6. The surface potential was calculated using the PDB2PQR server (http://nbcr-222.ucsd.edu/pdb2pqr_2.0.0/)
(57). The figure was generated with the PyMOL Molecular Graphics System version 1.2r1 (Schrédinger LLC).

in MrpA homologs from the domain Bacteria (5). The essential D400 in NuoL channel
2 is replaced with E403 in MrpA (37). Similar to NuoL, the MrpA model displays cavities
facing the cytoplasmic and periplasmic sides of the membrane. The cytoplasm-facing
cavity is formed by R112, E141, S147, T171, K227, and T255. The periplasm-facing cavity
contains residues S309, S312, Y316, H339, S401, K402, E403, T439, Y442, and S443. The
two cavities are connected by charged and polar residues (H252, K347, H343, T310, and
S253) conserved in NuoL that complete the ion translocation pathway. The invariant
residue H254, which links the two half channels in NuoL, corresponds to H252 of MrpA TM8.
The motif 251-LHSATM-256 in TM8 of MrpA is largely conserved in NuoL (see Fig. S4 in the
supplemental material), consistent with a role common to both complexes. TM7 and TM12
in MrpA are interrupted in the middle of the membrane by extended loops containing P232
and P394 that are conserved in the cognate loops of NuoL (see Fig. S4 in the supplemental
material). Both helices are probably involved in ion transport by introducing flexibility to the
structure, allowing conformational changes driven by the piston-like structure that promote
ion translocation, as proposed for NuoL (21).

The surface electrostatic potential of the N-terminal domain of MrpA from M.
acetivorans shows a negatively charged patch formed by D109, E108, and E156 in
TM4-TM5 (Fig. 7). This patch is a potential interface with the cytoplasm, as it corre-
sponds to the entry of the cytoplasm-facing cavity of NuoL (21). Since MrpA was
modeled with the NuoL template in the closed conformation, the proposed Mrp
interface is also closed. The MrpA model displays a second negatively charged patch on
the surface formed by residues E360, E375, E454, D458, and D460 in TM12. This patch
is larger than that in TM4-TM5, and the possibility that it interfaces with the cytoplasm
cannot be excluded. The surface electrostatic potential, viewed from the periplasm-
facing perspective, highlights a strong negatively charged character defined by resi-
dues E327, E411, E414, and D510, with the potential to participate in ion translocation.

The modeled structure provides a framework for proposing a role for MrpA in the
Na*/H* antiporter activity of antiporter-deficient E. coli strains expressing MrpA from
M. acetivorans. Conceivably, NuoN subunits from E. coli complex | combine with MrpA
to produce a functional Na*/H* antiporter unit, as shown in Fig. 5. This proposal is
consistent with the ability of NuoL and NuoN to replace MrpA and MrpD, respectively,
of the Mrp complex in Bacillus species in which the subunits are homologous to MrpA
and MrpD of M. acetivorans (25). Thus, we propose that MrpA functions together with
MrpD to form an MrpAD subcomplex in M. acetivorans catalyzing Na*/H™* antiport
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independently of MrpBCEFG. The piston of MrpA is postulated to stabilize the subcom-
plex, analogous to what has been proposed for the piston in complex | (34, 44). The
proposed MrpAD subcomplex is consistent with the finding that an MrpA/MrpD homolog
encoded by a single gene from N. thermophilus catalyzes Na™/H* antiport in E. coli KNabc.
The proposed MrpAD subcomplex is also consistent with the hypothesis that the homol-
ogous MrpA and MrpD subunits of B. subtilis translocate Na* and H™, respectively, in
opposite directions (25). lon translocations in MrpA and MrpD are likely to be driven by
conformational coupling, analogous to the proposed conformation-driven translocation of
protons for NuoM and NuoN in complex | (21). It is tempting to speculate that an MrpBCEFG
subcomplex of M. acetivorans samples the scale of Na* and H* gradients and induces
conformational changes in the MrpAD subcomplex that modulate antiporter activity,
thereby adjusting the Na™/H™ ratio optimally for ATP synthase.

On the other hand, Na™/H™ antiport catalyzed by MrpA alone cannot be ruled out at
this juncture. It has been reported that the H*-pumping NuoL subunit of complex | can
replace the postulated Na™-pumping MrpA subunit of the MrpABCDEFG complex from B.
subtilis, consistent with the ability of NuoL and MrpA to translocate both Na* and H™ (25).
MrpA may form a homodimer in head-to-tail fashion, with the N-terminal domain inter-
acting with the piston domain. The ionizable D563 in the piston of E. coli NuoL is proposed
to be involved in proton translocation (39). Thus, residues D542, D553, and D565 in the
piston region of MrpA from M. acetivorans may be involved in antiporter activity.

Conclusions. Characterization of the MrpA subunit in the MrpABCDEFG complex
from M. acetivorans of the domain Archaea has shown that MrpA plays a role in Na*/H+
antiport activity, and that activity is independent of an intact MrpABCDEFG complex. A
mechanism was proposed in which an MrpAD subcomplex catalyzes the activity
modulated by an MrpBCEFG subcomplex. Shared properties support the proposal that
complex | evolved by recruitment of subunits from MrpA complexes of ancient origin.
Finally, bioinformatics analyses indicate that Mrp complexes function in diverse metha-
nogenic pathways.

MATERIALS AND METHODS

Materials. Antibiotics (chloramphenicol, kanamycin, and ampicillin), NADH, RNase A and DNase |
(both from bovine pancreas), acridine orange probe, and Bis-Tris propane were purchased from Sigma
(St. Louis, MO). Protein precipitation and DNA hydration solutions were from Qiagen (Maryland, USA).
Restriction enzymes Ndel and Sacll were from New England BioLabs. The pET21a(+) cloning vector was
from Invitrogen, E. coli Nova Blue Singles competent cells were purchased from Novagen. All the salts
were analytical grade and were purchased from Sigma.

DNA isolation and cloning of mrpA. Total DNA isolation was carried out using a 1.5-ml aliquot of
methanol-grown M. acetivorans cells in the early stationary phase. Cells were harvested by centrifugation
at 16,000 X g for 2 min, and the pellet was resuspended in 0.5 ml of Tris-EDTA (TE) buffer at pH 7.0. Then,
0.015 ml 10% (wt/vol) SDS and 1 IU of RNase were added to the sample, and the tube was gently mixed.
The sample was further incubated at 37°C for 60 min. Then, the protein precipitation solution was added,
and the tube was strongly vortexed and further centrifuged at 16,162 X g for 10 min. The supernatant
solution was mixed with absolute 2-propanol and centrifuged again. The pellet containing DNA was
incubated at —20°C for 60 min. The DNA was air dried, and 70% (vol/vol) ethanol was added to wash the
DNA pellet, which was air dried again. Finally, 0.05 ml of the DNA hydration solution was added to
suspend the DNA. Approximately 500 uwg DNA/ml was typically obtained with this protocol.

The cloning of mrpA from M. acetivorans was accomplished by PCR using primers designed based on
the sequence of the MA4572 locus in the operon encoding the seven MrpABCDEFG subunits of the
complex (30). The primers used were forward, 5'-GGCCGGCATATGGATCCATTTAATGCA-3’, and reverse,
5'-TTATTCCTTACCTCCCTTCAC-3'. The primers contained sites for the restriction enzymes Ndel and Sacll,
respectively. The PCR product was inserted into the pET21a(+) cloning vector and used to transform E.
coli NovaBlue Singles competent cells. Vector pET21a(+) containing the insert (designated pET-MAmrpA)
was isolated from the NovaBlue cells and, after confirming the sequence of mrpA, was used to transform
the sodium-sensitive E. coli strains EP432 and KNabc. Both E. coli strains lack genes encoding the two
Na*/H* antiporters, NhaA and NhaB, whereas strain KNabc also lacks chaA, which encodes one of the
Na* extrusion systems important for growth at high pH. Clones containing pET-MAmrpA were selected
after screening for growth on plates containing LB medium supplemented with 100 ug ampicillin/ml (see
Fig. S1 in the supplemental material). The selected clones were designated mrpA EP432 and mrpA KNabc,
respectively.

Culture conditions and strains. M. acetivorans wild-type strain C2A was cultured at 37°C in high-salt
medium with 100 mM methanol as the growth substrate, as previously described (45). The Na*/H*
antiporter-deficient E. coli strains EP432 (melB [Li* dependent] AnhaAl:kan AnhaB1:cam AlacZY thr-1)
and KNabc (TG1 [AnhaA AnhaB AchaAl) are described elsewhere (46, 47). Both strains were maintained
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in LBK medium, obtained by replacing NaCl in LB medium with KCI (10 g/liter) (48). The parental E. coli
strain K-12 and the mutant E. coli strain EP432 were grown without antibiotics in LB and LBK media,
respectively, whereas LBK medium for growth of E. coli strain KNabc was supplemented with 30 ug
kanamycin/ml and 17.5 ug chloramphenicol/ml. The medium for growth of E. coli strains mrpA EP432 and
mrpA KNabc was regular LB medium further supplemented with 50 wg ampicillin/ml. When the
resistance to sodium was tested, NaCl in LB medium was omitted and the desired NaCl concentration was
adjusted using a 5 M NaCl sterile stock solution. When different pH values were required, cells were
grown in LBK medium, and 1T M KOH sterile stock solution was used to adjust the pH. The cultures (5 ml)
were grown overnight (10 to 11 h) at 37°C with orbital shaking (200 rpm), and the final optical density
at 600 nm (ODg,,) was recorded.

Preparation of everted membrane vesicles and measurement of Na*/H* antiporter activity.
Strains of E. coli were cultured in 1 liter of LB medium containing KCI (135 mM final concentration) for
growth of E. coli strains EP432 and KNabc or NaCl (171 mM final concentration) for growth of strains mrpA
EP432 and mrpA KNabc and the parental strain K-12. The medium was also supplemented with
antibiotics appropriate for each strain, as listed above. When culturing E. coli strains mrpA EP432 and
mrpA KNabg, it was necessary to add 0.1 mM IPTG (isopropyl-B-b-thiogalactopyranoside) at the begin-
ning to induce MrpA synthesis, which was required for growth in the presence of the regular LB medium
containing 171 mM Nacl (10 g/liter). All the cultures were grown overnight (11 to 12 h) at 37°C with
200-rpm orbital shaking. Preparation of membrane vesicles was carried out similarly to that described
previously for M. acetivorans (49).

The assay of ApH-dependent antiport activity was performed as follows. Everted vesicles (50 to 75 ug
protein) were incubated in 2 ml of 50 mM Bis-Tris propane buffer containing 140 mM choline-Cl, 10%
(vol/vol) glycerol, 5 mM MgSO,, and 0.5 uM acridine orange adjusted to the indicated pH with 1 M HCI.
The ApH (acid inside) was generated by addition of 0.5 mM NADH or 5 mM p-lactate. The acridine orange
was excited at 492 nm, and the emission was recorded at 523 nm (12). Formation of ApH (quenching of
fluorescence) and collapse of the gradient (dequenching of fluorescence) were measured after the
addition of NaCl, LiCl, or KCl. Maximum dequenching was determined by adding 5 uM CCCP to dissipate
the remaining ApH and return the fluorescence to baseline. Antiport activity was determined by the
percentage of maximum dequenching after the signal reached equilibrium. The apparent K, was
estimated from the concentration of cation that produced half-maximal dequenching prior to the
addition of CCCP. Although not based on rates, the method was shown to be a good estimate of the K,
as described previously (4).

Molecular modeling. To gain an indication of the structure of MrpA from M. acetivorans, a molecular
model was built by merging independent models of the MrpA_N and MrpA_C domains of MrpA. The
MrpA_N model was generated using a template based on the homologous NuolL subunit of E. coli
complex | (Protein Data Bank [PDB] accession no. 3RKO), of which the crystal structure is known (21). The
MrpA_C model was generated using a template based on the homologous NuoJ subunits of E. coli
complex | (PDB accession no. 3RKO) and Thermus thermophilus complex | (PDB accession no. 4HEA), of
which the crystal structures are also known (35). Preliminary models of MrpA_N and MrpA_C were built
using the I-TASSER server (50) and were then used to construct high-quality three-dimensional homology
models using MODELLER 9v12 (https://salilab.org/modeller/download_installation.html) (51). The models
were verified with PROCHECK v3.5 (see Table S1 and Fig. S2 and S3 in the supplemental material), which
qualifies combinations of the ¢ and i angles of residues in allowed zones of the Ramachandran plot (52).
The analysis indicated that the models have high enough confidence to perform structural analyses.

A tentative model of MrpA from M. acetivorans was constructed with the MrpA_N and MrA_C models
using the PyMOL Molecular Graphics System version 1.2r1 (Schrédinger, LLC) with a template derived
from the NuoLNMJ subunits of E. coli complex | (3RKO). The MrpA_N model was aligned to the NuoL
position of the template, followed by alignment of NuoN to the position occupied by NuoM. The MrpA_C
model was aligned to the position occupied by NuoJ and adjusted to reside closer to NuoN.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/
JB.00662-16.

TEXT S1, PDF file, 1.1 MB.
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