SUPPLEMENTARY INFORMATION

Introduction of the site-directed mutations in the mrp operon

For construction of pTFCHS7MrpA-Y136A, pTFCHS7MrpA-E140A,
pTFCHS7MrpA-K223A, pTFCHS7MrpA-H230A, pTFCHS7MrpA-H230K,
pTFCHS7MrpA-W232A, pTFCHS7MrpA-Y258A, pTFCHS7MrpA-K299A,
pTFCHS7MrpA-H345A, pTFCHS7MrpA-G392A, and pTFCHS7MrpA-G392R,
pGEMmrpEcoRI-Nsil containing part of mrpA gene except for the 3’ region was constructed. The
truncated mrpA fragment of EcoRI- and Nsil-digested pGEMmrp16-7 was ligated with the EcoRI-
and Nsil-digested pGEM7zf(+), yielding pPGEMmrpEcoRI-Nsil. This plasmid was methylated and
then used as a template for the mutagenesis system in which PCR was performed with respective
sets of primers that contained the target mutations. All primer sequences are provided in Table S2.
The PCR products were transformed into E. coli DH5a-T1%. The host cell circularized the linear
mutated DNA, and McrBC endonuclease in the host cell digested the methylated template DNA,
leaving only unmethylated, mutated product. For the construction of plasmid possessing full length
mrp, the fragments containing one mutation from EcoRI- and Nsil-digested pGEMmrpEcoRI-Nsil
were ligated with pPGEMmrpTFCHS7 digested by EcoRI-Nsil.

For construction of pTFCHS7MrpA-F405A, pTFCHS7MrpA-H700A,
pTFCHS7MrpA-H700K, pTFCHS7MrpA-H700W, pTFCHS7MrpB-H34A, pTFCHS7MrpB-P37G,
pTFCHS7MrpB-F41A, pTFCHS7MrpC-Q70A, pTFCHS7MrpC-T75A, pTFCHS7MrpC-G821 and
pTFCHS7MrpC-G82P, pGEMmrpTFCHS7-Pstl containing part of the mrpA to mrpC region was
constructed. The mrpA to mrpC fragments of Pstl-digested pPGEMmrpTFCHS7 were ligated with the
Pstl-digested pGEM5zf(+), yielding pPGEMmrpTFCHS7-Pstl. The subsequent methods were the
same as described above. For the construction of plasmid possessing full length mrp, the fragments
containing one mutation from Pstl-digested pPGEMmrpPstl were ligated with pGEMmrpTFCHS7
digested by Pstl.

For construction of pTFCHS7MrpD-F135A, pTFCHS7MrpD-F136A,
pTFCHS7MrpD-F136G, pTFCHS7MrpD-F136E, pTFCHS7MrpD-F136T, pTFCHS7MrpD-E137A,
pTFCHS7MrpD-E137D, pTFCHS7MrpD-E137Q, pTFCHS7MrpD-K219A and
pTFCHS7MrpD-W228A, pGEMmrp-Sphl containing mrpD and the downstream region was
constructed. pPGEMmrpTFCHS7 was digested by Sphl and self-ligated in order to remove the mrpA
to mrpC region, yielding pGEMmrp-Sphl. The same subsequent methods as described above were
then used. For the construction of plasmid possessing full length mrp, the mrpA to mrpC fragments
of Sphl-digested pGEMmrpTFCHS7 were ligated with the Sphi-digested pGEMmrp-Sphl containing
one mutation.

For construction of pTFCHS7MrpE-T113A, pTFCHS7MrpE-T113Y,



pTFCHS7MrpE-P114A and pTFCHS7MrpE-P114G, the strategy was described previously [main
text (22)].

For construction of pTFCHS7MrpF-P28G, pTFCHS7MrpF-D32A, pTFCHS7MrpF-R33A,
pTFCHS7MrpG-P81G, and pTFCHS7MrpG-P81A, pGEMmrp-BamHI containing the mrpE to
mrpG region was constructed. The mrpE to mrpG fragment of BamHI-digested pGEMmrpTFCHS7
was ligated with the BamHI-digested pGEM7zf(+), yielding pGEMmrp-BamHI. The same methods
described above were then followed. For the construction of plasmid possessing full length mrp,
each pGEMmrp-BamHI containing one of the mutations was digested by BamHI and ligated with
PGEMmrpTFCHS?7 digested by BamHI.

Supplementary Figure Legends

Figure S1. Alignment of Mrp subunits of Bacillus pseudofirmus OF4 with Mrp subunits
from various organisms. The alignment was carried out by the ClustalW program. Amino acid
sequence sources are BP, Bacillus pseudofirmus OF4, BH, Bacillus halodurans C-125, BS,
Bacillus subtilis 168, SA, Staphylococcus aureus (in which Mrp is named Mnh), SM,
Sinorhizobium meliloti (in which Mrp is named Pha), PA, Pseudomonas aeruginosa and VC,
Vibrio cholerae. Sequence sources of NDH-1 Subunits are EC, Escherichia coli and RC,
Rhodobacter capsulatus. Transmembrane segments were predicted and shown by 3 colors,
yellow, green and blue. Con Predll (http://bioinfo.si.hirosaki-u.ac.jp/~ConPred2/), HMMTOP
(http://www.emzim.ju/hmmtop/) and TMHMM (http://www.cbs.dtu.dk/servicessTMHMMY/)
were used to predict secondary structure of each Mrp subunit. The stretches of residues in which
three methods agreed in their prediction of a transmembrane segment are highlighted in yellow,
and areas in which two or fewer methods agreed are in green. The stretches of residues in which
HMMTOP and TMHMM, but not Con Pred Il methods agreed in their prediction of a
transmembrane segment are highlighted in blue. Amino acid residues indicated by a red “Na”
have been proposed to have roles in Na* binding [main text (38)]. Histidine residues indicated
by a red “Q” are in possible quinone-binding sites [main text (35-37)]. Mutations of glycine
residues indicated by a red “C-125" have been previously reported to lead to alkali-sensitivity in
B. halodurans C-125 [main text (11)].

Figure S2. Effect of mutations on the capacity of Mrp systems 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. The Agy Of
the cultures was then measured. The error bars indicate standard deviations for the results from



duplicate cultures in three independent experiments.

Figure S3. Na'/H" antiport activity in everted membrane vesicles from E. coli KNabc
transformants expressing mutant Mrp constructs. Details of the methods for preparation and
assays of membrane vesicles are described under Experimental Procedures. 2 mM
Tris-succinate was used to energize the everted membrane vesicles. The arrow indicates the time
at which the addition of 10 mM NaCl was made. The assay buffer contained BTP-chloride
buffer, which contains 140 mM choline chloride, 10mM Bis Tris propane and 5 mM magnesium
chloride and was adjusted to pH 8.0, 8.5 or 9.0 with sulfuric acid.

Figure S4. Immunoblot analysis of everted membrane vesicles from E. coli KNabc
transformants. For each sample, thirty micrograms of protein was loaded on to the SDS-PAGE
gels. Mrp subunits were detected with antibodies against unique epitope tags linked to their
carboxy-terminus or, in the case of MrpE and MrpF, the subunits were detected with polyclonal
antibodies raised against the proteins [main text (22)].

Figure S5. Detection of Mrp complexes by immunoblot analysis of BN-PAGE. Samples
containing thirty micrograms of protein extracted from membranes using 1% DDM were loaded
on BN-PAGE. BN-PAGE was carried according to instructions provided by the manufacturer
(Invitrogen). Mrp subunits were detected with the same antibodies as used in the SDS-PAGE
analysis. The results of the detection of MrpA and MrpD in MrpE T113A and P114G mutants
in Figure S5H have been reported in a previous paper [main text (22)]. In a few instances, not
every subunit was well detected, in the immunoblots in Fig. S5, in positions corresponding to
monomeric or dimeric MrpA-to-MrpG complexes., Since those complexes are only formed
when all seven Mrp proteins are present [main text (22)], the clear presence of multiple Mrp
proteins at hetero-oligomer positions is scored as a “+” in the MrpA-G dimer or monomer
column even if one or more other Mrp proteins are not well resolved.

Figure S6. Analysis of two mutants in category “complex formation” by two dimensional
Blue native/SDS-PAGE. Thirty microgram of extracted proteins was loaded on one
dimensional BN-PAGE. Then each lane was denatured in buffer containing of 50mM Tris-HCI
(pH6.8), 2% SDS and 1% 2-mercaptoethanol for 30 min. The denatured BN-lanes were put on
2D SDS-PAGE gel and run. After transferred to nitrocellulose membrane, MrpE proteins were
detected. Detail methods of BN-PAGE, SDS-PAGE and immunoblotting were described in
Experimental Procedures. Values on top of the figure indicate the molecular weight of protein
maker in 1D BN-PAGE.



TABLE S1. Bacterial strains and plasmids used in this study

Strain and plasmid Genotype and description Source and
reference
E. coli Strains
DH5aMCR F~ mcrAA1 (mrr-hsd RMS-mcrBC) ®80dlacZ A(lacZzYAargF) U169 Stratagene
deoR recAl endAl supE44 Athi-1 gyr-496 relAl
KNabc TG1 (AnhaA AnhaB AchaA) Q)
Plasmids
pGEM-5zf(+) Cloning vector; ApR Promega
pGEM-7zf(+) Cloning vector; ApR Promega
pGEMOF4mrp16 PGEM7Zf(+)+full mrp operon from B. pseudofirmus OF4 2
pGEMmrpTFCHS7 PGEMOF4mrpl6, MrpA-T7 tag, MrpB-FLAG tag, MrpC-c-myc tag, )
MrpD-Hisy tag, MrpG-S-tag with mutation free
pTFCHS7MrpA-Y136A pGEMmMrpTFCHS7, MrpA-Y136A This study
pTFCHS7MrpA- E140A  pGEMmrpTFCHS7, MrpA-E140A This study
pTFCHS7MrpA-K223A PpGEMmMrpTFCHS7, MrpA-K223A This study
pTFCHS7MrpA-H230A pGEMmrpTFCHS7, MrpA-H230A This study
pTFCHS7MrpA-H230K PpGEMmMrpTFCHS7, MrpA-H230K This study
pTFCHS7MrpA-W232A  pGEMmrpTFCHS7, MrpA-W232A This study
pTFCHS7MrpA-Y258A PpGEMmMrpTFCHS7, MrpA-Y258A This study
pTFCHS7MrpA -K299A  pGEMmrpTFCHS7, MrpA-K299A This study
pTFCHS7MrpA-H345A PpGEMmMrpTFCHS7, MrpA-H345A This study
pTFCHS7MrpA-G392A PGEMmMrpTFCHS7, MrpA-G392A This study
pTFCHS7MrpA-G392R  pGEMmrpTFCHS7, MrpA-G392R This study
pTFCHS7MrpA -FA05A  pGEMmrpTFCHS7, MrpA-F405A This study
pTFCHS7MrpA-H700A pGEMmrpTFCHS7, MrpA-H700A This study
pTFCHS7MrpA-H700K pGEMmrpTFCHS7, MrpA-H700K This study
pTFCHS7MrpA-H700W  pGEMmrpTFCHS7, MrpA-H700W This study
pTFCHS7MrpB-H34A pGEMmrpTFCHS7, MrpB-H34A This study
pTFCHS7MrpB-P37G pGEMmrpTFCHS7, MrpB-G37G This study
pTFCHS7MrpB-F40A pGEMmrpTFCHS7, MrpB-F40A This study
pTFCHS7MrpC-Q70A PGEMmMrpTFCHS7, MrpC-Q70A This study
pTFCHS7MrpC-T75A pGEMmMrpTFCHS7, MrpC-T75A This study
pTFCHS7MrpC-G82P pGEMmrpTFCHS7, MrpC-G82P This study
pTFCHS7MrpC-G82I pGEMmrpTFCHS7, MrpC-G82I This study

pTFCHS7MrpD-F135A

pGEMmrpTFCHS7, MrpD-F135A

This study



pTFCHS7MrpD-F136A
pTFCHS7MrpD-F136G
pTFCHS7MrpD-F136T
pTFCHS7MrpD-F136E
pTFCHS7MrpD-E137A
pTFCHS7MrpD-E137Q
pTFCHS7MrpD-E137D
pTFCHS7MrpD-K219A
pTFCHS7MrpD-W228A
pTFCHS7MrpE-T113A
pTFCHS7MrpE-T113Y
pTFCHS7MrpE-P114G
pTFCHS7MrpE-P114A
pTFCHS7MrpF-P28G
pTFCHS7MrpF-D32A
pTFCHS7MrpF-R33A
pTFCHS7MrpG-P81G
pTFCHS7MrpG-P81A

PGEMmMrpTFCHS7, MrpD-F136A
pGEMmrpTFCHS7, MrpD-F136G
pGEMmMrpTFCHS7, MrpD-F136T
PGEMmMrpTFCHS7, MrpD-F136E
PpGEMmMrpTFCHS7, MrpD-E137A
pGEMmMrpTFCHS7, MrpD-E137Q
pGEMmMrpTFCHS7, MrpD-E137D
PGEMmMrpTFCHS7, MrpD-K219A
PGEMmMrpTFCHS7, MrpD-W228A
PGEMmMrpTFCHS7, MrpE-T113A
pGEMmMrpTFCHS7, MrpE-T113Y
pGEMmrpTFCHS7, MrpE-P114G
PGEMmMrpTFCHS7, MrpE-P114A
PGEMmMrpTFCHS7, MrpF-P28G
PGEMmMrpTFCHS7, MrpF-D32A
PGEMmMrpTFCHS7, MrpF-R33A
PGEMmMrpTFCHS7, MrpG-P81G
PGEMmMrpTFCHS7, MrpG-P81A

This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study

213-220.
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TABLE S2. Primers used in this study

Primer

Sequence (5’-3")

Accession number and

corresponding sequence (nt)

MrpA-Y136A-F
MrpA-Y136-R
MrpA-E140A-F
MrpA-E140-R
MrpA-K223A-F
MrpA-K223-R
MrpA-H230A-F
MrpA-H230K-F
MrpA-H230-R
MrpA-W232A-F
MrpA-W232-R
MrpA-Y258A-F
MrpA-Y258-R
MrpA-K299A-F
MrpA-K299-R
MrpA-H345A-F
MrpA-H345-R
MrpA-G392A-F
MrpA-G392R-F
MrpA-G392-R
MrpA-F405A-F
MrpA-F405-R
MrpA-H700A-F
MrpA-H700K-F
MrpA-H700W-F
MrpA-H700-R
MrpB-H34A-F
MrpB-H34-R
MrpB-P37G-F
MrpB-P37-R
MrpB-F40A-F
MrpB-F40-R
MrpC-Q70A-F
MrpC-Q70-R
MrpC-T75A-F
MrpC-T75-R
MrpC-G82P-F
MrpC-G82I-F
MrpC-G82-R
MrpD-F135A-F
MrpD-F135-R
MrpD-F136A-F
MrpD-F136G-F
MrpD-F136E-F
MrpD-F136T-F
MrpD-F136-R
MrpD-E137A-F

CAGATAACTTAATTGTTCTTgcTGTATTTTGGG
AAGAACAATTAAGTTATCTGATAAGAC
GTTCTTTATGTATTTTGGGCcATTAACTAGTTTAGC
CCAAAATACATAAAGAACAATTAAGTTATCTG
CTGCTTGGTGCATTCACTgcATCAGCACAGTTC
AGTGAATGCACCAAGCAGCACTA
CACTAAATCAGCACAGTTCCCATTCgcCATCTGGCTG
CACTAAATCAGCACAGTTCCCATTCaAaATCTGGCTG
GAATGGGAACTGTGCTGATTTAGTGAATGCAC
CAGTTCCCATTCCACATCgcGCTGCCAGATGC
GATGTGGAATGGGAACTGTGCTG
CGATGGTTAAAGCAGGAATCgcTCTTGTTGCACG
GATTCCTGCTTTAACCATCGTTGCAG
CTGTCAGACAAAAAGACTTAgcAGGAATCCTTGCC
TAAGTCTTTTTGTCTGACAGCAGATGTTG
GGCTGCGATTTTCgcCTTAATAAATCATGCG
GAAAATCGCAGCCATTATGGCAAAC
TTACGGTTTCATTAATTGcACTCGCCTCA
TTACGGTTTCATTAATTcGACTCGCCTCA
AATTAATGAAACCGTAAATGTGACCGGC
GCCTTCCACCATTTAACGGGEcCTTAAGTAAGG
CCCGTTAAATGGTGGAAGGCCTGCCATT
GCTTTTAATGCTTGCATTCTACgcCTTACCAGAACTTCG
GCTTTTAATGCTTGCATTCTACaAaTTACCAGAACTTCG
GCTTTTAATGCTTGCATTCTACtggTTACCAGAACTTCG
GTAGAATGCAAGCATTAAAAGCAGTACTG
TCTACCTATTCTTCGCCGGGgcTAATAATCCCGG
CCCGGCGAAGAATAGGTAGACAGAAA
CTTCGCCGGGCATAATAATggCGGAGGAGGA
ATTATTATGCCCGGCGAAGAATAGG
ATAATAATCCCGGAGGAGGAECTATTGGGGGGTT
TCCTCCTCCGGGATTATTATGCC
CTTATTCTGACCCGTTGCCAgcAGCATTGATTTTG
TGGCAACGGGTCAGAATAAGTTGTTGC
GCCACAAGCATTGATTTTGgCAGCAATTGT
CAAAATCAATGCTTGTGGCAACGGGTCAG
CAATTGTTATTAGTTTTccGGTCACTTCATTC
CAATTGTTATTAGTTTTattGTCACTTCATTC
AAAACTAATAACAATTGCTGTCAAAATC
CTTATTTAATCTATTCGTAgcCTTCGAGGTTATGC
TACGAATAGATTAAATAAGTCTCCTG
TTTAATCTATTCGTATTCgcCGAGGTTATGCTG
TTTAATCTATTCGTATTCggCGAGGTTATGCTG
TTTAATCTATTCGTATTCgaaGAGGTTATGCTG
TCTATTCGTATTCacCGAGGTTATGCTGA
GAATACGAATAGATTAAATAAGTCTCCTG
CTTATTTAATCTATTCGTATTCTTCGcGGTTATGCTG

EF468713 (1138-1157)

EF468713 (1131-1157 (minus strand))
EF468713 (1152-1186)

EF468713 (1138-1169 (minus strand))
EF468713 (1401-1433)

EF468713 (1396-1418 (minus strand))
EF468713(1415-1451)
EF468713(1415-1451)
EF468713(1408-1439(minus strand))
EF468713 (1428-1459)

EF468713 (1423-1445 (minus strand))
EF468713 (1504-1537)

EF468713 (1498-1523 (minus strand))
EF468713 (1627-1661)

EF468713 (1618-1646(minus strand))
EF468713 (1772-1802)

EF468713 (1760-1784 (minus strand))
EF468713 (1909-1937)

EF468713 (1909-1937)

EF468713 (1989-1925 (minus strand))
EF468713 (1945-1977)

EF468713 (1937-1964 (minus strand))
EF468713 (2828-2866)
EF468713(2828-2866)
EF468713(2828-2866)

EF468713 ( 2821-2849(minus strand))
EF468713 (3296-3329)

EF468713 (3290-3315 (minus strand))
EF468713 ( 3306-3336)

EF468713 (3300-3324 (minus strand))
EF468713 (3317-3350)

EF468713 (3314-3336 (minus strand))
EF468713 (3886-3920)

EF468713 ( 3879-3905(minus strand))
EF468713 (3902-3931)

EF468713 ( 3892-3920(minus strand))
EF468713 (3925-3956)

EF468713 (3925-3956)

EF468713 ( 3914-3941(minus strand))
EF468713 (4467-4501)

EF468713 (4460-4485 (minus strand))
EF468713 (4471-4503)

EF468713 (4471-4503)

EF468713 (4471-4503)

EF468713 (4476-4504)

EF468713 ( 4460-4488(minus strand))
EF468713 (4467-4503)



MrpD-E137Q-F
MrpD-E137D-F
MrpD-E137-R
MrpD-K219A-F
MrpD-K219-R
MrpD-W228A-F
MrpD-W228-R
MrpE-T113A-F
MrpE-T113Y-F
MrpE-T113-R
MrpE-P114G-F
MrpE-P114A-F
MrpE-P114-R
MrpF-P28G-F
MrpF-P28-R
MrpF-D32A-F
MrpF-D32-R
MrpF-R33A-F
MrpF-R33-R
MrpG-P81G-F
MrpG-P81A-F
MrpG-P81-R

CTTATTTAATCTATTCGTATTCTTCcAGGTTATGCTG
CTTATTTAATCTATTCGTATTCTTCGAcGTTATGCTG

GAAGAATACGAATAGATTAAATAAGTCTCCTG

TATTTTCTTAGTTGTATTTGCAATGgcGGGCGGTCTC

CATTGCAAATACAACTAAGAAAATAACCGCAA
GTCTCTTCCCCCTTTACTTCgcGCTTCCACGTT
GAAGTAAAGGGGGAAGAGACCGCCCTT
GCATCTCTTATCTCTCTTgCTCCAGGTAC
GCATCTCTTATCTCTCTTtaTCCAGGTAC
AAGAGAGATAAGAGATGCTAGAAGAC
GCATCTCTTATCTCTCTTACTggAGGTACACTA
GCATCTCTTATCTCTCTTACTgCAGGTACACTA
AGTAAGAGAGATAAGAGATGCTAGAAGAC
ATCCGTACATTAATCGGCggTACGATGTCTG
GCCGATTAATGTACGGATAAAGCAAACG
ATCGGCCCTACGATGTCTGcCCGCATCGTAGCGC
AGACATCGTAGGGCCGATTAATGTACGG
ATCGGCCCTACGATGTCTGACgcCATCGTAGCGC
GTCAGACATCGTAGGGCCGATTAATGTACGG
TTCGTTTTCCTAACTGCTggTGTAGCCGGAAT
TTCGTTTTCCTAACTGCTgCTGTAGCCGGAAT
AGCAGTTAGGAAAACGAATAAAATCG

EF468713(4467-4503)
EF468713(4467-4503)

EF468713 ( 4460-4491(minus strand))
EF468713(4713-4749)
EF468713(4706-4737(minus strand))
EF468713 (4745-4777)

EF468713 (4738-4764 (minus strand))
EF468713 (5922-5950)

EF468713 (5922-5950)

EF468713 (5914-5939 (minus strand))
EF468713 (5922-5954)

EF468713 (5922-5954)

EF468713 (5914-5942 (minus strand))
EF468713 (6145-6175)

EF468713 ( 6135-6162(minus strand))
EF468713 (6157-6190)

EF468713 ( 6147-6174(minus strand))
EF468713 (6157-6190)

EF468713 ( 6147-6177(minus strand))
EF468713 (6566-6597)
EF468713(6566-6597)

EF468713 ( 6558-6583(minus strand))

Substituted nucleotides that were added to introduce point mutation sites are shown by a small letter.



Supplementary Figure S1.
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Figure S2
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Figure S3
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Figure S5
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