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defects in antiport function and/or complex formation. No 
significant phenotypes were detected in strains with muta-
tions in corresponding residues of MrpA, but site-directed 
changes in the C-terminal region of MrpA had profound 
effects, showing that the MrpA C-terminal region has indis-
pensable roles in antiport function. The results are consist-
ent with a divergence in adaptations that support the roles of 
MrpA and MrpD in secondary antiport, as compared to later 
adaptations supporting homologs in primary proton pump-
ing by the respiratory chain complex I.

Keywords Alkaliphiles · Cation/proton antiporter · Mrp · 
Complex I

Introduction

Cation/proton antiporters have essential roles in cytoplas-
mic pH homeostasis and in adjusting cytoplasmic cation 
concentrations in both eukaryotic and prokaryotic cells 
(Padan et al. 2001; Brett et al. 2005; Orlowski and Grin-
stein 2007; Lee et al. 2013; Schuldiner 2014). Mrp-type 
antiporters, the only member of Cation/Proton antiporter-3 
family of the Transporter Database, are widely distrib-
uted and have been found to play major roles in bacteria 
and archaea that need to be able to adapt to elevated salt 
and/or high pH environments (Ren et al. 2007; Saier et al. 
2009). In addition, Mrp plays a role in the pathogenesis 
of some bacteria, e.g., Pseudomonas aeruginosa (Kosono 
et al. 2005). While most cation/proton antiporters are single 
gene products or their homo-dimers, Mrp antiporters con-
sist of six or seven hydrophobic proteins, either an MrpA-B 
fusion and individual MrpC-G proteins, or seven individual 
MrpA-G proteins; the genes for the proteins are encoded 
in mrp operons (Swartz et al. 2005; Rimon et al. 2007). In 

Abstract Mrp antiporters are the sole antiporters in the 
Cation/Proton Antiporter 3 family of transporter databases 
because of their unusual structural complexity, 6–7 hydro-
phobic proteins that function as a hetero-oligomeric com-
plex. The two largest and homologous subunits, MrpA and 
MrpD, are essential for antiport activity and have direct 
roles in ion transport. They also show striking homology 
with proton-conducting, membrane-embedded Nuo subunits 
of respiratory chain complex I of bacteria, e.g., Escherichia 
coli. MrpA has the closest homology to the complex I NuoL 
subunit and MrpD has the closest homology to the complex 
I NuoM and N subunits. Here, introduction of mutations 
in MrpD, in residues that are also present in MrpA, led to 
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                                 TMS-3                               TMS-8 
Bp_MrpA         67 SLGINFTVFVDGLSLLFALLITGIGTLVILYSIFYLSKK-(X134)-APTPVSAYLHSATMVKAGIYLV 
Bh_MrpA         67 SLGINFTVYVDGLSLLFALLITGIGTLVALYSIYYLSKK-(X134)-APTPVSAYLHSATMVKAGLYLV 
Bs_MrpA         67 SLGINFTVYIDGLGLLFALLITGIGSLVTLYSIFYLSKE-(X134)-APTPVSAYLHSATMVKAGIYVI 
Sm_PhaA/B       94 ELGLNFTLRMDGFAWLFSALITAIGVLVALYARYYMAEE-(X133)-APTPVSAYLHSATMVKAGVFLL 
Vc_MrpA/B       52 GLDLNLSFRLDGLSFLFASLITGIGALIQIYALAYMKEK-(X133)-APTPVSAYLHSATMVKAGIYLL 
Bp_MrpD         65 QAPFGIVLVADLFATMMVILASIVGVVCLFFAFQTISSE-(X132)-GPPAAIAALFGGLLTKVGIYAI 
Bh_MrpD         65 PAPFGIVLVADMFATMMIILSSIVGVACLFFAFQTISSE-(X132)-GPPAAIAALFGGLLTKVGIYAI 
Bs_MrpD         65 KAPYGIVLAADQFASLLVLTTAIIGLLVGLYSFRSVGEK-(X132)-APPAAISALFGALLTKVGLYAI 
Sm_PhaD         75 PAPFGIVLVLDRLSALMLCLTSGLALAAQAYSMARWHTA-(X132)-AATPPVAGVF-AVLTKVGIYVI 
Vc_MrpD         66 PAPFGIVFVADLLSVGMVMVTAIIGLVSVIYAIADLSAK-(X131)-TLPSAIVALFAALLTKVGVYAL 
Ec-NuoL         72 DFNIGFNLVLDGLSLTMLSVVTGVGFLIHMYASWYMRGE-(X135)-GPTPVSALIHAATMVTAGVYLI 
Ec-NuoM         74 RFGISIHLAIDGLSLLMVVLTGLLGVLAVLCSWKEIEKY-(X138)-QAPTAGSVDLAGILLKTAAYGL 
Ec-NuoN         60 AMDVTPLMRVDGFAMLYTGLVLLASLATCTFAYPWLEGY-(X135)-GAPAPVSTFLATASKIAIFGVV  
                                             TMS-9                       TMS-10 
Bp_MrpA        261 ARLTPVFAGSAE------WFWLLTGFGVVTLLWGSTSAVRQKDLKGILAFSTVSQLGLIMTLLGLGSAA 
Bh_MrpA        261 ARLTPVFGGTPE------WFWLLAGFGIITLCWGSISAVRQKDLKSILAFSTISQLGLIMCLFGLGSAT 
Bs_MrpA        261 ARFSPIFAFSAQ------WFWIVSLVGLFTMVWGSFHAVKQTDLKSILAFSTVSQLGMIISMLGVSAAA 
Sm_PhaA/B      287 VRFWPVMAGTEA------WFWIVGLAGLTTLLLGAYFAIFQQDLKGLLAYSTISHLGLITVLLSLGSP- 
Vc_MrpA/B      245 ARLSPIYASSDF------WFYCLTIVGAVTALWCALLAFKQTDLKLMLAYSTNVALGKLTLLLGLGTE- 
Bp_MrpD        257 MRTFTLIFNHDP----GFTHTLILILAGLTMFFGVLGAVSQFDFKRILSYHIISQVGYMVMGLGIYTQ- 
Bh_MrpD        257 IRTFTLIFNHDP----SFTHTIILALAGFTMFFGVLGAVSQFDFKRILSYHIISQVGYMVMGLGIFTP- 
Bs_MrpD        257 TRVFTLIFIHDT----AFTHQLMIWLAALTVIFGVIGSLAYSNVMKIVIYNIITAVGVILFGVAVHTP- 
Sm_PhaD        266 IRLHLLVFGTAAGASSGFGQEWLVTGGMLTIAFGGIGVLASQAMGRLAGYSVLVSSGTLLAAVGLGHD- 
Vc_MrpD        257 LRVFTLVFPLDG----SGWQPVLLGIAALTMLTGVLGAASQYDIKKILSFHIISQIGYMIMGLAIYTP- 
Ec-NuoL        267 ARTHGLFLMTPE------VLHLVGIVGAVTLLLAGFAALVQTDIKRVLAYSTMSQIGYMFLALGVQAW- 
Ec-NuoM        272 LRFSLPLFPNAS----AEFAPIAMWLGVIGIFYGAWMAFAQTDIKRLIAYTSVSHMGFVLIAIYTGSQ- 
Ec-NuoN        255 MRLFLYAPVGDS----EAIRVVLAIIAFASIIFGNLMALSQTNIKRLLGYSSISHLGYLLVALIALQTG  

                                    TMS-11 
Bp_MrpA        324 IYFG-ESVDPAFYSFAIMAAIFHLINHATFKGSLFMTAGIIDHETGT
Bh_MrpA        324 LHFDPTDSMIKFYATATLAAVFHLINHATFKGSLFMTVGIIDHETGT 
Bs_MrpA        324 LHYG----HTEYYTVAAMAAIFHLINHATFKGSLFMAVGIIDHETGT 
Sm_PhaA/B      349 --------------LAAVAAVFHIVNHATFKASLFMAAGIIDHESGT 
Vc_MrpA/B      307 --------------VALTAAVLFIFAHSFYKAALFMVVGNIDKATGT 
Bp_MrpD        321 --------------LAIAGAIYYIAHHIIVKAALFLFAGATQRITGT 
Bh_MrpD        321 --------------LALAGAIYYIAHHIIVKAALFLFAGATEKITGT 
Bs_MrpD        321 --------------ASIQGAIYYLIHDMLIKGALFMLAGTLIALTGT 
Sm_PhaD        334 --------------GMLAGALFYLVSSTLTIGAFFLLIELVERGRDA 
Vc_MrpD        321 --------------LAITGAIFYVIHHILVKGNLFLIGGLIGRKYGT 
Ec-NuoL        329 -----------------DAAIFHLMTHAFFKALLFLASGSVILACHH 
Ec-NuoM        336 --------------LAYQGAVIQMIAHGLSAAGLFILCGQLYERIHT 
Ec-NuoN        320 -------------EMSMEAVGVYLAGYLFSSLGAFGVVSLMSSPYRG 
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extremophilic alkaliphiles that grow under non-fermen-
tative conditions, the Mrp antiporter has an essential role 
in cytoplasmic pH homeostasis in their upper pH ranges, 
which in alkaliphilic Bacillus pseudofirmus OF4 is as high 
as pH 11.2 (Sturr et al. 1994).

In the antiport reaction of the Mrp antiporter of B. 
pseudofirmus OF4, Mrp-dependent efflux of sodium ions 
is coupled to electrogenic uptake of a greater number of 
protons, which are imported against their chemical gradi-
ent. This electrogenic exchange is energized by the trans-
membrane electrical potential of the proton motive force 
that is generated by respiration (Krulwich et al. 2011). 
Mrp-dependent sodium efflux also maintains an inwardly 
directed sodium gradient that energizes motility and a large 
number of cation/solute symporters of alkaliphilic Bacillus 
spp. (Padan et al. 2005; Krulwich and Ito 2013). There is 
not yet structural information for a secondary cation/proton 
antiporter of the Mrp-type that could enable simulations 
such as those of “water wires” that are involved in rapid 
unidirectional proton transfers in a complex I membrane 
domain that has significant resemblance to segments of 
Mrp (Kaila et al. 2014). Among the 7 Mrp subunits of B. 
pseudofirmus OF4, MrpA and MrpD show similarities to 
each other as well as to subunits of respiratory chain com-
plex I (NADH: ubiquinone oxidoreductase), as was noted 
when the partial sequence of the Mrp of an alkaliphilic 
Bacillus was first reported by Hamamoto et al. (Hamamoto 
et al. 1994). Deletions of mrp in B. pseudofirmus OF4 have 
thus far been lethal, whereas a mrp null mutant and in-
frame deletion mutants of each mrp gene of Bacillus subti-
lis are viable (Ito et al. 2000; Padan et al. 2005). The NuoL, 
NuoM and NuoN subunits of the complex I of Escherichia 
coli are referred to as “antiporter”-like subunits, along with 
the smaller NuoK, which most closely resembles MrpC 
(Mathiesen and Hägerhäll 2003). These subunits have 
striking regions of homology with Mrp antiporter subu-
nits and are proposed to dominate the proton-conducting 
membrane domain of complex I (Efremov and Sazanov 
2011). In complex I, these membrane domains contain the 

paths taken by protons that are pumped out of the mem-
brane domains using the energy obtained by coupling of 
this domain to a hydrophilic electron transport domain, 
the ‘peripheral arm’ (Efremov and Sazanov 2011; Steimle 
et al. 2012; Baradaran et al. 2013). By contrast, the trans-
membrane proton motive force provides the energy for the 
electrogenic cation/proton exchange catalyzed by Mrp anti-
porters, which lack a peripheral arm (Swartz et al. 2005; 
Morino et al. 2008). In this study, the effects of mutations 
in MrpA and MrpD were examined in the context of evi-
dence that MrpA catalyzes Na+ efflux, while MrpD cata-
lyzes uptake of a greater number of H+; in B. subtilis, these 
two Mrp subunits can be replaced partially by NuoL and 
NuoN, respectively (Moparthi et al. 2014). Further, Mrp 
antiporter subunits are proposed to be contributors to the 
evolution of respiratory chain complex I as well as related 
hydrogenases (Moparthi and Hägerhäll 2011a, b).

Mutagenesis analyses have shown that MrpA and MrpD 
residues that are important for ion exchange are found in 
homologs positions in their Nuo homologs, i.e., MrpA-
E140, MrpA-K223, MrpD-E137 and MrpD-K219 (Fig. 1a) 
(Torres-Bacete et al. 2007; Morino et al. 2010; Nakamaru-
Ogiso et al. 2010; Sato et al. 2013). Crystal structures of 
E. coli complex I showed that the “antiporter”-like subunits 
have a common conformational feature, an anti-parallel 
repeat structure composed of 14 transmembrane segments 
(TMS) (Amarneh and Vik 2010; Efremov and Sazanov 
2011; Baradaran et al. 2013; Virzintiene et al. 2013). The 
region from the N-terminus to the putative 14th transmem-
brane helices of Nuo is well conserved in both MrpA and 
MrpD. MrpA has a unique additional region in the C-termi-
nus, the A-CT (C-terminal extension of the MrpA) region. 
This region was referred to by Virzintiene et al. (2013) as 
“the evolutionary progenitor of the long horizontal helix in 
complex I”. The NuoJ subunit of the NuoAJK domain, that 
is near the bend toward the peripheral arm, originates in 
A-CT (Morino et al. 2010; Moparthi and Hägerhäll 2011b).

In this study, we introduced site-directed mutations 
into amino acid residues conserved across MrpA, MrpD, 
NuoL, NuoM and NuoN to probe functional differences 
between MrpA and MrpD using a comparison framework 
that includes the Nuo homologs. Effects of mutations of 
the A-CT region of MrpA were also examined to clarify 
their contributions to antiport activity and Mrp complex 
assembly.

Materials and methods

Bacterial strains, culture conditions and plasmids

The bacterial strains and plasmids used in this study are 
listed in Table 1 with their properties and sources. E. coli 

Fig. 1  Positions of essential charged amino acid residues and 
mutated residues in MrpA and MrpD. a The residues in which a 
mutation reduced the antiport activity to 75 % or less of the wild 
type activity are indicated by filled circles. The open circles repre-
sent residues in which mutation exhibited wild type activity. The 
filled stars represent residues in which a mutation led to loss of both 
Na+/H+ antiporter activity and Na+ tolerance in previous work (20). 
b Multi-alignment analyses around residues in which we introduced 
mutations in this study. The target residues are indicated by bold. The 
gray highlighted residues represent the TMSs; for MrpA and MrpD, 
the TMSs except for the 8th TMS were predicted by all three pro-
grams. The 8th TMS was predicted by only two programs, HMMTOP 
and TMHMM. Details are described in Experimental Procedures. For 
NuoLMN subunits, the proposed structures reflect data from crystal 
structures (Baradaran et al. 2013)

◂
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strains, DH5α MCR (GibcoBRL) (wild type) and KNabc 
(antiporter-deficient) strains (Nozaki et al. 1998) were, 
respectively, used in this study for routine genetic manip-
ulations or assay of mutated Mrp antiporters. The E. coli 
KNabc transformants were grown in LBK medium (1 % 
tryptone, 0.5 % yeast extract and 83 mM KCl pH 7.5). 
For the preparation of membrane vesicles, the transfor-
mants were grown at 37 °C for 16 h in LBK-Na medium 
(1 % tryptone, 0.5 % yeast extract, 83 mM KCl and 50 mM 
NaCl pH 7.5). Ampicillin and kanamycin were added to a 
final concentration of 0.1 and 0.025 mg/ml.

Construction of site‑directed mutants and A‑CT 
deletion mutants

Amino acid-substituted mutation plasmids were made using 
pGEMmrp TFCHS7 (Morino et al. 2008), which encodes 

the B. pseudofirmus OF4 mrpABCDEFG operon with a 
T7 tag, FLAG (DDDDK) tag, c-myc tag, His7 tag and S 
tag sequence fused to the mrpA, mrpB, mrpC, mrpD and 
mrpG genes and containing its putative promotor region, 
respectively. MrpE and MrpF proteins were detected by 
anti-MrpE antibody and anti-MrpF antibody, respectively. 
Goat-anti-Rabbit HRP (Bio-Rad) was also used as the sec-
ond antibody for detection of anti-MrpE and anti-MrpF 
antibodies. For introduction of site-directed mutations 
in vitro, the Gene Tailor™ site-directed mutagenesis system 
(Invitrogen) was used, following the procedure previously 
reported (Morino et al. 2010). To identify the conserved 
amino acid residues, ClustalW2 (http://www.ebi.ac.uk/
Tools/msa/clustalw2/) was used. Amino acid sequence 
sources are Bp-Mrp from B. pseudofirmus OF4, Bh-Mrp 
from Bacillus halodurans C-125, Bs-Mrp from B. subtilis 
168, Sm-Pha from Sinorhizobium meliloti (in which Mrp 

Table 1  Bacterial strains and plasmids used in this study

Strain or plasmid Genotype References or source

Escherichia coli

 DH5α MCR F− mcrAΔ1 (mrr-hsd RMS-mcrBC) 80dlacZΔ(lacZYAargF)U169 deoR recA1 
endA1 supE44 λthi-1 gyr-496 relA1

Stratagene

 KNabc TG1 (ΔnhaA ΔnhaB ΔchaA) (Nozaki et al. 1998)

Plasmids

 pGEM7zf (+) Cloning vector, Ampr Promega

 pGEMmrpTFCHS7 pGEM7zf(+) + mrp operon from B. pseudofirmus OF4 (MrpA-T7, MrpB-FLAG, 
MrpC-c myc, MrpD-His and MrpG-S tag)

(Morino et al. 2008)

 pGEMmrpTFCHS7 MrpA-D77A pGEMmrpTFCHS7 + MrpA-D77A mutation This study

 pGEMmrpTFCHS7 MrpA-D77E pGEMmrpTFCHS7 + MrpA-D77E mutation This study

 pGEMmrpTFCHS7 MrpA-
R262A

pGEMmrpTFCHS7 + MrpA-R262A mutation This study

 pGEMmrpTFCHS7 MrpA-
Q295A

pGEMmrpTFCHS7 + MrpA-Q295A mutation This study

 pGEMmrpTFCHS7 MrpA-
G311A

pGEMmrpTFCHS7 + MrpA-G311A mutation This study

 pGEMmrpTFCHS7 MrpA-F357A pGEMmrpTFCHS7 + MrpA-F357A mutation This study

 pGEMmrpTFCHS7 MrpA-F671A pGEMmrpTFCHS7 + MrpA-F671A mutation This study

 pGEMmrpTFCHS7 MrpA-P677G pGEMmrpTFCHS7 + MrpA-P677G mutation This study

 pGEMmrpTFCHS7 MrpA-T683A pGEMmrpTFCHS7 + MrpA-T683A mutation This study

 pGEMmrpTFCHS7 MrpA-E687A pGEMmrpTFCHS7 + MrpA-E687A mutation This study

 pGEMmrpTFCHS7 MrpA-P702G pGEMmrpTFCHS7 + MrpA-P702G mutation This study

 pGEMmrpTFCHS7 MrpA-
R773A

pGEMmrpTFCHS7 + MrpA-R773A mutation This study

 pGEMmrpTFCHS7 MrpA-E780A pGEMmrpTFCHS7 + MrpA-E780A mutation This study

 pGEMmrpTFCHS7 MrpD-D75A pGEMmrpTFCHS7 + MrpD-D75A mutation This study

 pGEMmrpTFCHS7 MrpD-D75E pGEMmrpTFCHS7 + MrpD-D75E mutation This study

 pGEMmrpTFCHS7 MrpD-
R258A

pGEMmrpTFCHS7 + MrpD-R258A mutation This study

 pGEMmrpTFCHS7 MrpD-
G309A

pGEMmrpTFCHS7 + MrpD-G309A mutation This study

 pGEMmrpTFCHS7 MrpD-F341A pGEMmrpTFCHS7 + MrpD-F341A mutation This study

http://www.ebi.ac.uk/Tools/msa/clustalw2/
http://www.ebi.ac.uk/Tools/msa/clustalw2/
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is named Pha) and Vc-Mrp from Vibrio cholerae. Second-
ary structure predictions for MrpA and MrpD were carried 
out previously using three programs: ConPred II (http://
bioinfo.si.hirosaki-u.ac.jp/~ConPred2/), HMMTOP (http://
www.enzim.hu/hmmtop/), and TMHMM (http://www.cbs.
dtu.dk/ services/TMHMM/). All primer sequences are pro-
vided in Table S1.

Membrane preparations from E. coli transformants

The preparation of everted membrane vesicles from E. coli 
KNabc transformants was accomplished using a stand-
ard procedure (Morino et al. 2008). Briefly, cells were 
grown, harvested and then washed by with TCDG buffer 
(10 mM Tris–HCl pH 8.0, 5 mM MgCl2 and 10 % glycerol, 
140 mM choline Cl and 1 mM d-dithiothreitol). The cell 
suspension was passed through a French press (10,000 psi). 
After centrifugations at 7000 and 26,000g, each for 10 min, 
the membrane fraction was collected by ultracentrifugation 
at 180,000g for 90 min and then suspended in fresh TCDG 
buffer. The membrane fraction was stored at −80 °C. Pro-
tein content was determined by the Lowry method using 
lysozyme as a standard (Lowry et al. 1951).

Na+/H+ antiport activity in the everted membrane 
vesicles

Escherichia coli KNabc membrane vesicles (66 μg protein) 
were diluted into 2 ml of assay buffer (10 mM bis–tris phos-
phonate (BTP)-Cl, 5 mM MgCl2, 100 mM cholineCl) sup-
plemented with 1 μM acridine orange. The assay was initi-
ated by adding succinate to a final concentration of 2.5 mM. 
After steady-state fluorescence quenching was reached, 
NaCl was added to a final concentration of 1 mM. Finally, 
1 mM NH4Cl was added to the assay buffer to abolish 
any ΔpH and establish a baseline. Using the baseline,  % 
dequenching, a decrease in the succinate-dependent ΔpH 
due to Na+ addition, was calculated by tracing the fluores-
cent changes. In this study, the Na+/H+ antiport activities of 
each mutant were represented by normalizing  % dequench-
ing to that of wild type. The  % dequenching from empty 
vector control vesicles was subtracted from every value 
from both wild type (pGEMmrpTFCHS7) and mutant vesi-
cles, i.e., the normalized Na+/H+ antiport activity of wild 
type and empty vector control vesicles, respectively, is 100 
and 0. The concentration of Na+ yielding the half-maximal 
dequenching has been validated as a good estimate of the 
apparent Km of Na+/H+ antiporters (Swartz et al. 2007).

Western blots and Blue Native‑PAGE analyses

Western blots and Blue Native Polyacrylamide Gel Elec-
trophoresis (BN-PAGE) were performed as described 

previously (Morino et al. 2008). In western blots, each Mrp 
subunit was detected using polyclonal antibodies commer-
cially available; anti-T7 tag, FLAG tag, c-myc tag, S tag 
and His6 tag antibodies conjugated with horse radish per-
oxidase (HRP) were purchased from Abcam. MrpE and 
MrpF proteins were detected using antibodies specific for 
their peptide sequences.

Results

Multi‑alignment analysis of MrpA and MrpD homologs

In this study, we introduced alanine substitutions into posi-
tions of the following eight residues: MrpA-D77, MrpA-
R262, MrpA-G311, MrpA-F357, MrpD-D75, MrpD-R258, 
MrpD-G309, and MrpD-F341 (Fig. 1). These are con-
served in all five homologs of Mrp and Nuo, MrpA, MrpD, 
NuoL, NuoM and NuoN. The additional replacements were 
glutamic acid for MrpA-D77 and MrpD-D75 to observe the 
side-chain replacement effect. A MrpA-Q295A construct 
was also included in the mutant panel because this residue 
is highly conserved in MrpA and NuoLMN subunits.

Differences between the phenotypes of antiporter 
with MrpA or MrpD mutations

The impact of the mutations on the activity, expression and 
complex formation was characterized by expressing each 
of the mutant antiporter forms from plasmids in antiporter-
deficient E. coli KNabc. The phenotypes of the mutants 
are summarized in Table 2. The functional effects were 
elucidated by growth tests in E. coli KNabc transformants 
and fluorescence-based Na+/H+ antiport assays in everted 
membrane vesicles. While E. coli KNabc transformed 
with pGEM7zf (+), the empty vector, showed no growth 
in LBK medium containing 0.2 M NaCl, the transformants 
with the tagged wild type antiporter, pGEMmrpTFCHS7, 
grew in LBK medium with as much as 0.5 M NaCl (Fig. 2). 
In the antiport assays shown in Fig. 3, all the antiporters 
with MrpA mutant forms exhibited similar Na+/H+ anti-
port activity to wild type (MrpTFCHS7). By contrast, two 
of the antiporters with MrpD mutants, MrpD-D75A and 
MrpD-R258A, showed significantly reduced activity and 
smaller, but detectable, defects were observed in activity 
of antiporters containing MrpD-D75E or MrpD-F341A 
mutations. Transformants of E. coli KNabc expressing an 
MrpD-D75A mutant failed to grow in LBK medium at pH 
7.5 even without added NaCl (Fig. 2d). Since such inhibi-
tion was not observed at pH 7.0, the MrpD-D75A transfor-
mant was cultured at pH 7.0 for later assays. In the mem-
brane vesicles from transformants expressing MrpD-D75A, 
the antiport activity was only 10 % of wild type (Table 2; 

http://bioinfo.si.hirosaki-u.ac.jp/%7eConPred2/
http://bioinfo.si.hirosaki-u.ac.jp/%7eConPred2/
http://www.enzim.hu/hmmtop/
http://www.enzim.hu/hmmtop/
http://www.cbs.dtu.dk/
http://www.cbs.dtu.dk/
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Fig. 3). By contrast, the MrpD-D75E residue retained more 
substantial antiport activity, about 68 % of wild type and 
the apparent KM value was reduced 1.6-fold compared to 
wild type, suggesting that an acidic amino acid residue at 
the position of MrpD-D75 is critical for optimum enzy-
matic activity. MrpD-R258A and MrpD-F341A muta-
tions also led to decreases in antiport activity, to about 28 
and 62 % of wild type, respectively (Table 2; Fig. 3). The 
MrpD-R258 mutant retained a wild KM value while the KM 
value of the MrpD-F341A mutant was about 4 times higher 
than the wild type at pH 9.0, a typical growth pH for the 
alkaliphile (Table 2).  

In a previous study, the B. pseudofirmus OF4 Mrp antiporter 
was shown to form three complexes, monomeric and dimeric 
full-Mrp complexes that contain all seven Mrp subunits and an 
inactive MrpABCD sub-complex (Morino et al. 2008). Here, 
we used BN-PAGE analyses to probe any changes in the dis-
tribution of Mrp complexes caused by the site-specific muta-
tions (Fig. 4a–g). In the membrane vesicle assays of antiporters 
with MrpD-D75A or MrpD-R258A mutations, no Mrp com-
plexes were detectable. The levels of Mrp subunits were also 
decreased, relative to a tagged wild type, in the membranes 
from the MrpD-D75A and MrpD-R258A mutants (Fig. 4h; 
Table 2). For the other mutants, all complexes were observed.

Fig. 2  Effect of mutations on 
the capacity of Mrp antiporter 
to complement the sodium 
sensitivity of E. coli KNabc. E. 
coli KNabc transformants were 
grown at 37 °C for 16 h in LBK 
medium, at pH 7.5, containing 
added NaCl at the indicated 
concentrations. Growth of 
MrpD-D75A transformant was 
no growth at pH 7.5. Therefore, 
this transformant was also 
grown at pH 7.0. The A600 of 
the cultures was then measured. 
The error bars indicate standard 
deviations for the results from 
duplicate cultures in three inde-
pendent experiments. Red lines 
in each graph indicate mutant 
phenotypes that differ markedly 
from the wild type transformant
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The A‑CT region is involved in both antiport activity 
and complex formation

To clarify the roles of the A-CT region of MrpA, we con-
structed a set of site-directed alanine substitution mutants 
at conserved residues, except for MrpA-P677 and MrpA-
P702, which were replaced by glycine, whose flexibility is 
closer than that of alanine to proline (Fig. 5). Two gluta-
mate residues, MrpA-E687 and MrpA-E780, located in a 
putative transmembrane helix had already been reported to 
be essential for the antiport activity in Mrp from Bacillus 
subtilis (Kajiyama et al. 2009). Here, the corresponding 
acidic residues in B. pseudofirmus OF4 Mrp were mutated, 

as were several adjacent residues. The transformants of E. 
coli KNabc expressing MrpA-E687A, MrpA-R773A and 
MrpA-E780A mutants exhibited a loss of Na+ tolerance 
to growth in LBK medium (Fig. 6). The Na+/H+ antiport 
assays (Fig. 7) showed that the MrpA-E687A, -R773A 
and -E780A mutants of the alkaliphile Mrp displayed no 
antiport activity. Additionally, the MrpA-P702G mutation 
resulted in a decrease in antiport activity to about 33 % 
of wild type (Table 2) while the KM value was about 3.5-
fold higher than the wild type value at pH 9.0. For MrpA-
F671A, -P677G and T683A mutants, 79–89 % of anti-
port activity, compared to wild type, was observed in the 
antiport assays. In the BN-PAGE analyses (Fig. 8a–g), no 
monomeric full-Mrp complex was detected in the MrpA-
P677G mutant, while the dimeric full-Mrp complex and 
the MrpABCD sub-complex were observed. All three types 
of Mrp complexes were detected in the other mutants. 
The levels of Mrp subunits of MrpA-R773A mutant were 
decreased relative to a tagged wild type (Fig. 8h; Table 2). 
For other mutants, all complexes were observed.

Discussion

In this study, a panel of mutations was made in MrpA 
and MrpD, the two largest subunits of the 7-subunit Na+/
H+ Mrp antiporter of alkaliphilic Bacillus pseudofirmus 
OF4 (Sturr et al. 1994; Padan et al. 2005; Krulwich et al. 
2011; Krulwich and Ito 2013; Kaila et al. 2014). The sig-
nificant homology between MrpA and MrpD and one or 
more membrane subunits of respiratory complex I creates 
the opportunity to see whether MrpA and MrpD differ with 
respect to the importance of their regions of homology with 
their most closely related complex I subunit(s). For exam-
ple, if “antiporter-like” NuoL has substantially or entirely 
replaced the sodium-related features of its MrpA progeni-
tor with proton-pumping elements, then deleting those 
proton-pumping elements would not be expected to have an 
effect on MrpA (Moparthi et al. 2011). By contrast, both 
MrpD and its homologous “antiporter-like” NuoM and N 
translocate protons. MrpD moves protons inward as part of 
the electrogenic exchange with the sodium that is effluxed 
by MrpA. On the other hand, NuoM and N release protons 
using energy made available through its interactions as part 
of full primary pumping complex I. Although the energiza-
tion mode is different, use by MrpD of the domain resem-
bling that of NuoM and N is consistent with their roles in 
translocating protons. By contrast, MrpA is responsible for 
the sodium-translocation function of the antiporter while 
the NuoL subunit of the complex I membrane subunits is 
significantly, if not entirely, adapted to translocate pro-
tons. Indeed, the marked difference in the impact of muta-
tions in parallel locations of MrpA and MrpD is one of 

Fig. 3  Fluorescence-based assays of Na+/H+ antiport activity of 
MrpA and MrpD mutants. The assay was initiated by addition of suc-
cinate to 1 mM. After a succinate-dependent ΔpH formed, inside acid 
relative to outside, across the everted membrane vesicles, NaCl was 
added to 1 mM. The time point for the NaCl addition is indicated by 
an upward arrow. Each figure shows a trace of fluorescence change 
following NaCl addition. This dequenching, calculated as  % of wild 
type, is used as the measure of antiport activity. Typical averages 
of  % dequenching by the wild type Mrp antiporter are: at pH 8.0: 
54.7 ± 8.3; at pH 8.5: 55.6 ± 8.9; and at pH 9.0: 53.1 ± 9.3
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Fig. 4  BN-PAGE and SDS-PAGE analyses and western blot analy-
sis of MrpA and MrpD mutants. For BN-PAGE, the proteins (30 μg) 
extracted from the everted membrane fraction were loaded on a pre-
cast gel (4–16 % acrylamide, invitrogen). For BN-PAGE, MrpA (a), 
MrpB (b), MrpC (c), MrpD (d), MrpE (e), MrpF (f) and MrpG (g) 
proteins were detected by western blot using anti-T7 tag antibody, 
anti-FLAG (DDDDK) tag antibody, anti-c-myc tag antibody, anti-
penta His tag antibody, anti-MrpE peptide antibody, anti-MrpF pep-
tide antibody or anti-S-tag antibody, respectively. For comparison of 
expression levels of Mrp subunits in the mutants, thirty micrograms 

of membrane vesicle protein was applied to SDS-PAGE gels follow-
ing western blot (H). The arrow plus number 1, 2, 3 and 4 on the 
right of each BN-PAGE panel indicates the position of the MrpABC-
DEFG dimmer, the MrpABCDEFG monomer, the stable MrpABCD 
sub-complex, and the MrpD dimer (MrpDD), respectively. The 
asterisks in panel (a) indicate a non-specific band. Mutants shown 
in red indicate a decrease in the membrane levels of Mrp protein of 
≥60 %,or the absence of one or more Mrp complexes in the BN-
PAGE analysis. Details are found under “Materials and methods”
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the impressive observations made in this study. The three 
MrpD mutations, MrpD-D75A, MrpD-R258A and MrpD-
F341A, negatively affected antiport activity while the cor-
responding mutations in MrpA did not lead to any mutant 

phenotypes. These findings do not necessarily preclude the 
possibility that NuoL has retained some MrpA-like capac-
ity to translocate sodium that is independent of residues 
that correspond to the domain shared with MrpD. Several 

A

B

Fig. 5  Positions of site-directed mutations and deletions in the A-CT 
domain. a The residues in which the mutation reduced antiport activ-
ity to 75 % or less than wild type are indicated by filled circles. The 
open circles represent residues in which the mutation did not affect 
the activity relative to wild type. b Comparison of sequences in the 

A-CT domain. The mutated residues are indicated by bold print. The 
gray highlighted residues where the TMSs are predicted by all three 
programs: ConPred II, HMMTOP, and TMHMM. Conserved amino 
acid residues are indicated with an asterisk. See Fig. 1 legend for 
details
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studies by others have led to proposals that respiratory 
complex I may retain a capacity for catalyzing sodium 
efflux, either by an antiport mechanism when the pump is 
in a “de-active” form (Roberts and Hirst 2012). Or, per-
haps, under some conditions the active complex retains a 
minor mode of sodium/proton antiport (Batista et al. 2012; 
Steffen and Steuber 2013). This would be consistent with 
the finding noted earlier that NuoL from E. coli complex I 
can restore activity to a mrpA deletion strain of B. subtilis 
(Moparthi et al. 2011). Recent data on the structure of the 
mitochondrial complex I should provide a basis for a new 
model of the “de-active” form (Zickermann et al. 2015).

The crystal structure of E. coli complex I reveals three 
amino acid pairs of NuoL-D82/R268, NuoM-D84/R273 and 
NuoN-D70/R256 residues that form a salt bridge in each 
of the three “antiporter-like” subunits. MrpD-D75/R258 
may similarly pair to make a salt bridge in the antiporter 

(Efremov and Sazanov 2011). The MrpD-D75A and MrpD-
R258A mutations led not only to diminished antiport activ-
ity but also to deficits in formation of Mrp complexes, 
indicating that those residues participate in Mrp complex 
stabilization or assembly of the full complex. An earlier 
study, in which a series of single mrp gene deletion mutants 
was analyzed by BN-PAGE, revealed that MrpD is essen-
tial for expression of other Mrp subunits in the cytoplasmic 
membrane (Morino et al. 2008). These data suggest that 
MrpD may have an “anchoring” role for the Mrp complex.

The A-CT region of MrpA has no homology to MrpD and 
NuoLMN subunits. The mutation at MrpA-P677 in the A-CT 
region resulted in loss of the monomeric full-Mrp complex 
although it retained the dimeric full-Mrp. The BN-PAGE 
analysis revealed the monomeric full-Mrp complex as well 
as the MrpABCD sub-complex and MrpE, MrpF and MrpG 
subunits in the mutant. This complex formation pattern had 
been observed the MrpB-P37G and MrpC-Q70A in a previ-
ous study (Morino et al. 2010). Thus, the A-CT region, MrpB 
and MrpC could be important for the interface between the 
MrpABCD sub-complex and the MrpEFG domain. Muta-
tions at MrpA-E687, -H700 (Morino et al. 2010), -P702, 
-R773 and -E780 affected antiport activity, which we cannot 
correlate with a specific lesion (Table 2). However, we note 
the significant changes in the ratios of Mrp subunit ratios in 
the group of A-CT mutants, which may ultimately impact on 
ion translocation (Table 2, expression level).

Two conserved acidic amino acid residues, MrpA-E687 
and MrpA-E780, of a putative transmembrane region in the 

Fig. 6  Effect of mutations 
in the MrpA A-CT region on 
capacity of Mrp antiporter to 
complement the sodium sensi-
tivity of E. coli KNabc. See the 
Fig. 2 legend for details
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A-CT region are essential for antiport activity. Similar find-
ings have been found in a comparable mutant in Bacillus 
subtilis MrpA, and their importance has been noted (Kajiy-
ama et al. 2009).

The phenotype of MrpA-P702G is very similar phe-
notype of MrpA-H700 mutants which were reported ear-
lier (Morino et al. 2010). The mutation at MrpA-P702G 
affected both antiport activity and increased KM values. 
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Fig. 8  BN-PAGE and SDS-PAGE analyses and western blot analy-
sis of mutations in the A-CT region. In BN-PAGE, MrpA (a), MrpB 
(b), MrpC (c), MrpD (d), MrpE (e), MrpF (f) and MrpG (g) proteins 
were detected by western blots using anti-T7 tag antibody, anti-FLAG 
(DDDDK) tag antibody, anti-c-myc tag antibody, anti-penta His tag 
antibody, anti-MrpE peptide antibody, anti-MrpF peptide antibody or 
anti-S-tag antibody, respectively. For comparison of expression levels 
of Mrp subunits in the mutants, thirty micrograms of membrane vesi-

cle proteins was applied to SDS-PAGE gels following western blots 
(H). The numbered arrows on the right of the last panel of each BN-
PAGE row indicate the positions of the MrpABCDEFG dimer (1), the 
MrpABCDEFG monomer (2), the stable MrpABCD sub-complex 
(3), and the MrpD dimer (MrpDD) (4), respectively. The asterisks in 
panel e indicate nonspecific bands. Details are found under “Materi-
als and methods”
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These residues and MrpA-E687 are located in TMS-19 
of MrpA, so TMS-19 of MrpA may have a role in cation 
transport.

MrpA-R773 and MrpA-E780 regions are around the 
most highly conserved in the A-CT region (Fig. 5b). Since 
antiport activity was completely lost from both mutants, 
this conserved region is likely to be a functionally impor-
tant region. Other fine-tuning factors in the A-CT domain 
may be clarified by studies of Mrp antiporters with different 
cation specificities. The Mrp antiporter from Thermomicro-
bium roseum has an aspartate residue at the position cor-
responding to the B. pseudofirmus OF4 MrpA-E687 of the 
MrpA A-CT region. This Mrp antiporter catalyzes Ca2+/H+ 
antiport (Morino and Ito 2012). It will be of interest to test 
whether that mutation is responsible or at least required for 
the change in specificity. This, and perhaps Mrp antiporters 
with other cation efflux substrates, will be helpful in refin-
ing our understanding of the binding sites and the roles of 
various Mrp antiporter domains.
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