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ABSTRACT.  An amiloride-resistant mutant with diminished Na+/H+ antiporter activity was isolated from 
Methanothermobacter thermoautotrophicus. To define the protein basis of amiloride resistance, the compo-
sition of membrane-associated proteins was partially characterized and compared with that of the wild type 
strain. An abundant 670-kDa membrane-associated protein that was present only in the mutant strain was 
analyzed by MALDI-TOF MS and identified as a coenzyme F420-reducing hydrogenase. The amiloride resis-
tance was not accompanied by changes in protein size or changes in the level of subunits A or B of the 
A1Ao-type ATP synthase; on the other hand, the SDS-PAGE patterns of the chloroform–methanol extract of 
membranes from both strains were different. Two bands with calculated molecular mass 16 and 11 kDa 
were identified as MtrD and AtpK, respectively. The observed over-expression of a 22.7-kDa protein in the 
mutant cells may represent the multimeric form of the MtrD subunit. These results show that the impairment 
of the Na+/H+ antiporter system in the amiloride-resistant mutant of Methanothermobacter thermoautotro-
phicus is accompanied by only small changes in a few membrane-associated proteins.     

Evidence has been obtained that Na+ ions can substitute for H+ as the coupling ions in a number of 
different bacterial species (Skulachev 1994). The Na+-energetic cycle composed of primary Na+ electroche-
mical gradient generator(s) and consumer(s) was found in various bacteria in addition to the “classical” ener-
getic of H+-cycle based on circulation of protons (Skulachev 1989). Na+/H+ antiporters can therefore serve 
as a universal device for linking the H+-cycle with Na+-cycle (Padan and Schuldiner 1994; cf. Kinclová-
Zimmermannová et al. 2004). 

Similarly, Na+ stimulated the growth, methane production and some membrane-bound processes in 
methanoarchaea (Perski et al. 1981, 1982). These findings indicate that Na+ can be directly involved in ener-
gy transduction in this special branch of Archaea. During methanogenesis, H2 reduction of CO2 generates an 
electrochemical ion gradient of  H+ and Na+ by two distinct primary ion pumps (Deppenmeier et al. 1996). 
Heterodisulfide reductase (EC 1.12.99.2) has been characterized as a proton-translocating system and  
N 5-methyltetrahydromethanopterin:coenzyme M methyltransferase (EC 2.1.1.86) has been shown to act as  
a primary Na+ translocating enzyme (Becher et al. 1992). Both the ion gradients are directly coupled to ATP 
synthesis via two specific H+- and Na+-dependent processes (Deppenmeier et al. 1996). Furthermore, the 
circulation of H+ and Na+ across the cytoplasmic membrane seems to be coupled via Na+/H+ antiport in me-
thanoarchaea. It was suggested that the Na+/H+ antiporter might participate in the transformation of a so-
dium electrochemical gradient into proton-motive force (Kaesler and Schönheit 1989). In such a case, the 
Na+/H+ antiporter might be a key regulatory element in the bioenergetic strategy of methanoarchaea and 
could be responsible for the adaptive energetic behavior observed under different physiological conditions 
(Majerník et al. 1997). In spite of many studies over the past decade, these processes have not yet been satis-
factorily elucidated.  

To understand the function and interrelationship of these bioenergetic subsystems, genetic eliminat-
ion of the components of the bioenergetic machinery could be very fruitful. Therefore, we started with a sys-
tematic genetic approach to the problem of energy conservation in methanoarchaea (Šmigá� et al. 1997). 
This paper presents an analysis of membrane-associated proteins from a Methanothermobacter thermoauto-
trophicus mutant resistant to amiloride, an inhibitor of the Na+/H+ antiporter. 
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MATERIALS  AND  METHODS 

Proteins from membrane vesicles were analyzed by SDS-PAGE using a standard technique (Laem-
mli 1970). Separated proteins were electroblotted onto nitrocellulose and probed with antibodies against the 
A and B subunits of A1Ao ATPase from Halobacterium salinarium. Visualization was performed with pig 
anti-rabbit IgG secondary antibodies conjugated with alkaline phosphatase. After native PAGE, protein bands 
were excised from the gel, trypsin digested and analyzed using a MALDI TOF/TOF 4700 Proteomic Analyzer 
(ABI). The Mascot search engine was used to identify cognate proteins by matching MS detected peptides to 
M. thermoautotrophicus proteins. Selective extraction of subunit c of the A1Ao ATPase from cytoplasmic 
membranes of M. thermoautotrophicus and the amiloride-resistant (AR) mutant was performed by chloro-
form–methanol extraction according to Ruppert et al. 2001. Protein was quantified according to Lowry me-
thod with bovine serum albumin as standard.  

RESULTS  AND  DISCUSSION 

The AR mutant of M. thermoautotrophicus was isolated; the composition of the membrane-associ-
ated protein fraction of this mutant was compared with that of wild-type cells. An abundant, membrane-
associated protein complex with a molar mass of 670 kDa was observed using native PAGE to be specifi-
cally expressed in AR mutant. A similar protein was also detected in an uncoupler-resistant and neomycin-
resistant mutant (�ubo�ová et al. 2004). The upregulated 670-kDa protein was identified as the coenzyme 
F420-reducing hydrogenase by positive identification of peptides derived from all three of its subunits (co-
enzyme F420-reducing hydrogenase reduces the central electron carrier – coenzyme F420 in methanoarchaea). 

ATP synthesis under different experimental conditions driven by (a) methanogenic electron trans-
port, (b) potassium diffusion potential in the presence of  H+ (electrochemical proton gradient dependent,  
(c) potassium diffusion potential in the presence of Na+ (electrochemical sodium-ion-gradient dependent) 
was significantly elevated in the mutant strain (Šurín et al. 2006). For this reason, our study focused specifi-
cally on the comparison of the presence of different subunits of the M. thermoautotrophicus A1Ao ATP syn-
thase. An immunodetection was done of the two main subunits (A and B) of the A1Ao ATPase/synthase in 
the wild-type and mutant cells. Two strong cross-reactive bands were observed after Western blotting of 
membrane vesicle proteins with a polyclonal antiserum reactive to either the A or B subunit of the halobac-
terial A1Ao ATPase (Fig. 1) in both strains. The apparent molar mass of the cross-reacting bands was 80 and 
60 kDa for the A and B subunit, respectively, which indicates that the impairment of ATPase and synthase 
activity in AR strain is not caused by or associated with remarkable changes in protein size or concentration 
of A and/or B subunits of the A1Ao ATPase/synthase.  

 
 

 
 
 
 
 
 
 
 
Fig. 1.  Western blot of protein fractions derived from mem-
brane vesicles of wild-type and amiloride-resistant mutant 
cells of M. thermoautotrophicus with antibodies against the 
A and B subunits of the A1Ao ATPase from H. salinarium; 
left – subunit A, right – subunit B; wt – wild type, m – mu-
tant. 

 

We also compared chloroform–methanol extracts of the above strains. The extraction predominantly 
yielded two highly lipophilic proteins: subunit c (AtpK or proteolipid) of the A1Ao ATPase/synthase and 
subunit D (MtrD) of the Na+-translocating methyltetrahydromethanopterin:coenzyme M methyltransferase 
(Ruppert et al. 2001). Both these subunits were predicted to be directly involved in ion transport (Ruppert et 
al. 1998; Lienard and Gottschalk 1998). SDS-PAGE patterns of the chloroform–methanol extracts of mem-
branes from wild-type and mutant strains are different (Fig. 2). Based on estimated molar mass, we were 
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able to positively identify only two smaller bands of calculated molar mass of 16 and 11 kDa represent MtrD 
and AtpK, respectively (Ruppert et al. 2001).  

AR in our mutant increased because of mutation(s) that affect a specific locus coding for the 
Na+/H+ antiporter. This mutant probably posses either pleotropic or multiple mutations responsible for the 
observable changes of protein composition.  

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2.  SDS-PAGE of chloroform–methanol extracts of membranes from wild-
type and amiloride-resistant mutant cells of M. thermoautotrophicus; protein band 
visualized by silver staining; 1 – molar-mass markers, 2 – wild-type strain, 3 – mu-
tant; arrowheads – proteins MtrD and AtpK. 

 
 

Antibodies against the A and B subunit of A1Ao ATPase from H. salinarium were a kind gift of Prof. Y. Mukohata (Nagoya 
University, Japan). The MS data collection was facilitated by Dr J. Chong (University of York, UK). This work was supported in part by 
a research grants (VEGA project 2/3047/23) of the Slovak Academy of Sciences and the Slovak Science and Technology Assistance 
Agency (APVT 51-024 904). 

REFERENCES 

BECHER B., MÜLLER V., GOTTSCHALK G.: The methyl-tetrahydromethanopterin:coenzyme M methyltransferase of Methanosarcina 
strain Gö1 is a primary sodium pump. FEMS Microbiol.Lett. 91, 239–224 (1992). 

�UBO�OVÁ �., MAJERNÍK A., ŠMIGÁ� P.: Biochemical characteristics of a mutant of the methanoarchaeon Methanothermobacter 
thermoautotrophicus resistant to the protonophoric uncoupler TCS. Folia Microbiol. 49, 147–150 (2004). 

DEPPENMEIER U., MÜLLER V., GOTTSCHALK G.: Pathways of energy conservation in methanogenic bacteria. Arch.Microbiol. 165, 149–
163 (1996). 

KAESLER B., SCHÖNHEIT P.: The sodium cycle in methanogenesis: CO2 reduction to the formaldehyde level in methanogenic bacteria is 
driven by a primary electrochemical potential of Na+ generated by formaldehyde reduction to CH4. Eur.J.Biochem. 186, 
309–316 ( 1989). 

KINCLOVÁ-ZIMMERMANNOVÁ O., FLEGELOVÁ H., SYCHROVÁ H.: Rice Na+/H+-antiporter Nhx1 partially complements the alkali-me-
tal-cation sensitivity of yeast strains lacking three sodium transporters. Folia Microbiol. 49, 519–526 (2004). 

LAEMMLI U.K.: Cleavage of structural proteins during the assembly of the head of bacteriophage T4. Nature 227, 680–685 (1970). 
LIENARD T., GOTTSCHALK G.: Cloning, sequencing and expression of the genes encoding the sodium translocating N 

5-methyl-tetra-
hydromethanopterin:coenzyme M methyltransferase of the archaeon Methanosarcina mazei Gö1. FEBS Lett. 425, 204–208 
(1998). 

MAJERNÍK A., ŠMIGÁ� P., GREKSÁK M.: A study of the Na+/H+ antiport in the archaeon Methanobacterium thermoautotrophicum 
strain �H. Biochem.Mol.Biol.Internat. 43, 123–132 (1997). 

PADAN E., SCHULDINER S.: Molecular physiology of Na+/H+ antiporters, key transporters in circulation of Na+ and H+ in cells. Bio-
chim.Biophys.Acta 1185, 129–151 (1994). 

PERSKI H.J., MOLL J., THAUER R.K.: Sodium dependence of growth and methane formation in Methanobacterium thermoautotrophi-
cum. Arch.Microbiol. 130, 319–321 (1981). 

PERSKI H.J., SCHÖNHEIT P., THAUER R.K.: Sodium dependence of methane formation in methanogenic bacteria. Arch.Microbiol. 143, 
323–326 (1982). 

RUPPERT C., WIMMERS S., LEMKER T., MÜLLER V.: The A1Ao ATPase from Methanosarcina mazei: cloning of the 5´ end of the aha 
operon encoding the membrane domain and expression of the proteolipid in a membrane-bound form in Escherichia coli. 
J.Bacteriol. 180, 3448–3452 (1998). 

 

 



316    S. ŠURÍN  et al. Vol. 51 

RUPPERT C., SCHMID R., HEDDERICH R., MÜLLER V.: Selective extraction of D of the Na+-translocating methyltransferase and sub- 
unit c of the A1Ao ATPase from the cytoplasmic membrane of methanogenic archaea by chloroform/methanol and charac-
terization of subunit c of Methanothermobacter thermoautotrophicus as a 16-kDa proteolipid. FEMS Microbiol.Lett. 195, 
47–51 (2001). 

SKULACHEV V.P.: The sodium cycle: a novel type of bacterial energetics. J.Bioenergetic.Biomembr. 21, 635–647 (1989). 
SKULACHEV V.P.: The latest news from the sodium world. Biochim.Biophys.Acta 1187, 216–221 (1994). 
ŠMIGÁ� P., POLÁK P., MAJERNÍK A., GREKSÁK M.: Isolation and characterization of a neomycin-resistant mutant of Methanobacterium 

thermoautotrophicum with a lesion in Na+-translocating ATPase (synthase). FEBS Lett. 420, 93–96 (1997). 
ŠURÍN S., VIDOVÁ M., MAJERNÍK A., MCDERMOTT P., CHONG J.P.J., ŠMIGÁ� P.: The impact of proton/sodium ion antiport deficiency 

in amiloride-resistant mutant of Methanothermobacter thermoautotrophicus on the cell physiology and bioenergetic functions, 
in press (2006). 

 
 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


