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Identification of a Vanadate-Sensitive, Membrane-Bound ATPase in
the Archaebacterium Methanococcus voltae
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Membrane-bound ATPase activity was detected in the methanogen Methanococcus voltae. The ATPase was

inhibited by vanadate, a characteristic inhibitor of E1E2 ATPases. The enzyme activity was also inhibited by
diethylstilbestrol. However, it was insensitive to N,N'-dicyclohexylcarbodiimide, ouabain, and oligomycin. The
enzyme displayed a high preference for ATP as substrate, was dependent on Mg2+, and had a pH optimum of
approximately 7.5. The enzyme was completely solubilized with 2% Triton X-lOO. The enzyme was insensitive
to oxygen and was stabilized by ATP. There was no homology with the Escherichia coli FoF, ATPase at the level
of DNA and protein. The membrane-bound M. voltae ATPase showed properties similar to those of EIE2
ATPases.

Methanococcus voltae is a heterotrophic methanogen
which uses hydrogen and carbon dioxide or formate as an

energy source (37). Although many methanococci grow

autotrophically in mineral medium, M. voltae requires ace-

tate, leucine, and isoleucine for growth in mineral medium
(37). This organism also carries out energy-dependent up-

take of amino acids, and there is evidence that such trans-
port is mediated by a transmembrane sodium gradient (21).
Recently, the presence of an energy-dependent, carrier-
mediated uptake system for HS-coenzyme M and CH3-S-
coenzyme M has been suggested (32).
The mechanism of coupling between methane formation

and ATP synthesis in methanogens has been a topic of
controversy. The concomitant decrease in ATP formation
and membrane potential caused by the addition of
protonophores to Methanosarcina barkeri has led to the
conclusion that ATP synthesis is driven by a chemiosmotic
gradient of protons generated by the reactions of methano-
genesis (3). An earlier report that methanogenesis from H2
and CO2 as well as ATP synthesis can proceed in
Methanobacterium thermoautotrophicum in the absence of
a measurable membrane potential (33) has recently been
clarified in studies with protoplasts of this methanogen. It
has been shown that ATP synthesis, methanogenesis, and
the membrane potential decrease in parallel in protoplasts
treated with the protonophore 3,5-di-tert-butyl-4-hydroxy-
benzylidenemalononitrile (SF-6847) (27). The inability of the
ionophore to reach the internal membranes in whole cells
has been proposed to explain this difference in sensitivity.
On the basis of evidence that electron transfer-driven ATP
synthesis in Methanococcus voltae is not dependent on a

proton electrochemical gradient, a molecular scheme in
which ATP synthesis is coupled directly to electron transfer
has been proposed (10, 25). Furthermore, the M. voltae
ATPase is not considered to function physiologically as an

ATP synthase; rather, it is believed to be involved in
electrogenic sodium translocation (1, 8).
ATP-driven ion pumps fall into two classes (26). The FoF,

ATPases are structurally complex. They translocate protons
and are inhibited by N,N'-dicyclohexylcarbodiimide
(DCCD). They can carry out both ATP synthesis and ATP
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hydrolysis. The FoF1 ATPases characterized for bacteria,
mitochondria, and chloroplasts display similar structural
properties and a significant conservation of amino acid
sequence (11). The characterization of an ATPase as an E1E2
type depends on either of two criteria: (i) inhibition of
activity by vanadate or (ii) formation of an acylphosphate
intermediate during ATP hydrolysis, with the phosphate
binding to an aspartate residue (M. 0. Walderhaug, G.
Saccomani, T. H. Wilson, D. Briskin, R. T. Leonard, G.
Sachs, and R. L. Post, Fed. Proc. 42:1275, 1983). The E1E2
ATPases function physiologically in the direction of ATP
hydrolysis, vary with respect to cation specificity (depending
on the system), and usually have a simple structure, often
being composed of a single polypeptide chain.

In this paper we demonstrate the presence in M. voltae of
a vanadate-sensitive, DCCD-resistant, membrane-associa-
ted ATPase. This is the first report of an ATPase with these
properties in archaebacteria.

MATERIALS AND METHODS

Bacterial strains and growth conditions. M. voltae PS
(DMS1537) was grown in a defined medium (37) supple-
mented with 0.05% yeast extract in a pressurized atmo-
sphere of H2-CO2 (80 and 20% [vol/vol], respectively) at
32°C in 1-liter Wheaton bottles (1) containing 200 ml of
growth medium. Escherichia coli W3110 was grown as

described by Vogel and Steinhart (36).
Preparation of membranes. M. voltae cells were grown to

late log phase (optical density at 660 nm, 0.6 to 0.8 with
approximately 0.15 mg of cell protein per ml) and harvested
aerobically by centrifugation at 4°C for 15 min at 5,000 x g.
The harvested cells were suspended aerobically in twice the
cell pellet volume of a mixture of 50 mM glycine-NaOH (pH
7.5)-S50 mM KCl-5 mM MgC12 (G buffer), 1 mM ATP, and

10% glycerol. DNase (10 .Lg/ml) was added, and the cell
suspension was passed through a French pressure cell at 110
MPa. The cell debris was removed by centrifugation at 4°C
for 10 min at 10,000 x g. The supernatant was centrifuged at

4°C for 2 h at 100,000 x g, and the resulting pellet was

washed once with and suspended in G buffer. The resulting
membrane-containing fraction (15 to 20 mg of protein per ml)
was loaded on a 30 to 60% (wt/wt in H20) sucrose gradient
and centrifuged at 20°C for 16 h at 55,000 x g in a Beckman
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SW28 rotor. For inhibitor studies, the membrane fractions
from the sucrose gradient were pooled and the sucrose was
removed by washing with G buffer. For some experiments,
membranes were prepared in an identical manner but with all
steps carried out under anaerobic conditions. E. coli mem-
branes were prepared as described by Vogel and Steinhart
(36).
Enzyme assays. ATPase activity was measured in G buffer

by the release of inorganic phosphate (9) or by the disap-
pearance of ATP by the luciferin-luciferase method (23) with
the Turner Designs model 20E Luminometer. A typical
reaction mixture had a volume of 0.5 ml and contained 0.1 to
0.3 mg of protein. The reaction was started by the addition of
5 mM ATP and followed for 20 min at 37°C. All determina-
tions were performed under protein-limiting conditions.

Protein determination. Protein was assayed by the
Bradford method (5) with bovine serum albumin as a stan-
dard. The amount of protein present in the fractions from the
sucrose gradients was estimated by absorbance at 280 nm.
Western blots. Sodium dodecyl sulfate-polyacrylamide gel

electrophoresis was done with the Laemmli (24) buffer
system. E. coli membranes were used as positive controls.
Membranes were treated with sodium dodecyl sulfate (final
concentration, 3.2%) and heated at 60°C for 30 min before
being applied to the gel. Western blots (immunoblots) were
performed as described elsewhere (6). After the proteins
were transferred, the nitrocellulose was washed at room
temperature as follows. The first wash was performed for 1.5
h in 10% fetal calf serum and phosphate-buffered saline
(PBS) containing 10 mM sodium phosphate with 0.15 M
sodium chloride. Next, immunoglobulin G (10 mg) raised
against F1 ATPase (provided by R. Simoni, Stanford Uni-
versity, Palo Alto, Calif.) was added to the 10% fetal calf
serum-PBS, and the mixture was incubated for 3 h. The
incubation was followed by two 20-min washes with PBS-
Triton X-100 (0.05%) and a 10-min wash with PBS alone.
The filter was then incubated for 20 min with 10% fetal calf
serum-PBS which contained 125I-protein A (5 ,ul contained 4
x 106 cpm). The filter was washed once again with PBS,
PBS-Triton X-100, and PBS, as described above. It was then
air dried and autoradiographed for 1 to 7 days at -70°C.

Southern blots. DNA from M. voltae and E. coli was
extracted as described by Saito and Miura (31) except that
lysozyme was not used and proteinase K was used instead of
pronase during the extraction of M. voltae DNA. pRPG54
(15), a plasmid which has the entire E. coli ATPase operon,
was labeled by nick translation with [ox-32P]dATP (29). M.
voltae DNA was digested to completion with restriction
enzyme HindlIl, ClaI, EcoRI, or PstI, electrophoresed on
1% agarose gels, and then transferred to nitrocellulose, as
described by Southern (34). The filter was first incubated in
6x SSC (lx SSC is 0.15 M NaCl plus 0.015 M sodium
citrate)-0.5% Denhardt solution-100 ,ug of salmon sperm
DNA per ml for 2 to 3 h at room temperature. The incubation
was followed by hybridization with denatured 32P-labeled
pRPG54 DNA in 6x SSC-0.01 M EDTA-5x Denhardt
solution-0.05% sodium dodecyl sulfate-100 ,ug of denatured
salmon sperm DNA per ml at room temperature for 14 h.
The stringencies of subsequent washes were varied by
changing the temperature and salt conditions. These were
carried out at 25, 37, and 50°C. The salt conditions used were
2x, lx, and 0.1x SSC.

Staining for enzyme activity. ATPase activity was located
on nondenaturing 10% polyacrylamide gels (28). The gel was
incubated with 50 mM glycine-NaOH buffer (pH 7.5) con-
taining 5 mM ATP, 5 mM MgCl2, and 0.05% lead acetate
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FIG. 1. Sucrose gradient centrifugation profile of the washed
100,000 x g membrane pellet.

for 40 min. It was subsequently developed in 0.1% sodium
sulfide.

Materials. Sodium orthovanadate, oligomycin, ouabain,
diethylstilbestrol, and DCCD were purchased from Sigma
Chemical Co. The luciferin-luciferase enzyme system was
purchased from Turner Designs.

RESULTS

Characterization of ATPase activity. When M. voltae cells
were broken in a French press and then subjected to
centrifugation at 100,000 x g, 95% of the ATPase activity
originally present in the crude cell extract was recovered in
the pellet fraction. Sucrose gradient analysis of this pellet
fraction yielded a major fraction of 280-nm-absorbing mate-
rial whose density ranged from 1.16 to 1.20 g/cm3 (Fig. 1).
Since the profile of incorporated mevalonic acid, a marker
for membrane lipid (35), coincides with this material, it was
apparent that the material represented membranes (N.
Santoro and J. Konisky, unpublished experiments). As can
be seen in Fig. 1, ATPase activity was localized to this
fraction, which indicated that it was a membrane-associated
enzyme.
The addition of 2% Triton X-100 to the membrane fraction

resulted in complete solubilization of the ATPase (Fig. 2)
and in an increase in the specific activity of the enzyme from
14.3 to 21.1 ,umol/min per mg of protein. In the absence of
detergent, G buffer containing 500 mM KCI solubilized 45%
of the enzyme activity. The significance of this result has not
been investigated further.

It was possible to specifically stain for ATPase activity on
nondenaturing polyacrylamide gels. In such an analysis (data
not shown), a single band of activity was observed, although
we did on occasion observe additional weaker bands. The
weaker bands may have represented enzymatically active
degradation products of the native enzyme, or perhaps
minor ATPase species. When assayed by staining on
nondenatured polyacrylamide gels, both the cell extract and
the 100,000 x g pellet fraction contained ATPase, while the
100,000 x g supernatant did not. In contrast, the pellet
fraction obtained after treatment of the membrane with 2%
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FIG. 2. Solubilization of M. voltae ATPase by Triton X-100. The
100,000 x g membrane pellet (protein concentration, 5 mg/ml) was

treated with suspension buffer containing various amounts of Triton
X-100 at 4°C for 30 min and centrifuged at 4°C for 2 h at 100,000 x
g to obtain the soluble and membrane fraction.

Triton X-100 contained no assayable activity, while this
procedure led to the solubilization of 100% of the ATPase
activity. Furthermore, the washed membranes from fraction
8 of the sucrose gradient (Fig. 1) also contained ATPase.
These results were consistent with the results of the sucrose

gradient analysis and provided further evidence for the
membrane association of this ATPase.

Properties of the membrane-associated enzyme. Washed
membranes obtained from the sucrose gradients were used
in these studies. ATP hydrolysis activity was optimum at pH
7.5 (Fig. 3) and required the presence of Mg2+. Its absence
from the assay mixture resulted in only 5% of the activity
observed when 5 mM MgCI2 was present. HSO3-, HCO3f,
or s042- (25 mM) had no effect on ATPase activity. This
finding was in contrast to results with Methanosarcina
barkeri ATPase, which is stimulated by HSO3- (20).
The enzyme displayed a substrate preference for ATP

(Table 1). Over the concentration range examined (2 to 10
mM), 5 mM ATP was optimal. When GTP and ITP were
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FIG. 3. Effect of pH on membrane-bound M. voltae ATPase
activity. All buffers (0.1 M acetate [0], Tris [A], and glycine-NaOH
[O]) contained 1 mM ATP, 5 mM MgCl2, and 50 mM KCl.
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FIG. 4. Effect of sodium orthovanadate on ATPase activity. For
E. coli ATPase (LI), 100% activity represents 38 ,.mol of Pi/min per
mg of protein. For M. voltae ATPase (0), 100% activity represents
16.5 p.mol of Pi/min per mg of protein.

used as substrates, the enzyme activity was only 45 and
32%, respectively, as compared with that of ATP. UTP
(15%) and TTP (7%) were poor substrates, and PP, was not
hydrolyzed, which ruled out the presence of a phosphatase
activity. The ATPase activity was the same whether it was
measured by Pi release or by decrease in ATP level.
We found that the inclusion of 1 mM ATP in buffer

solutions greatly stabilized the ATPase. The membrane-
bound enzyme was stable at 4°C in G buffer containing 1 mM
ATP for at least 2 weeks. ATPase activity was not sensitive
to the presence of oxygen, and we observed no difference in
either enzyme level or inhibitor specificity in enzyme prep-
arations made aerobically or anaerobically. Incubation of the
membrane-bound enzyme for 10 min with trypsin (150
,ug/ml) at 37°C resulted in complete loss of activity.

Sensitivity to vanadate and diethylstilbestrol. Several inhib-
itors of eubacterial and eucaryotic ATPases were tested for
their effects on membrane-bound M. voltae ATPase. There
was an 86% inhibition of M. voltae ATPase activity with 50
~iM vanadate, an inhibitor of EjE2-type ATPases (Fig. 4). In
contrast, 50 FtM vanadate had no effect on the E. coli
ATPase activity. Diethylstilbestrol, an inhibitor of vanadate-
sensitive membrane ATPases of plants (2) and fungi (4),
caused 92% inhibition of M. voltae ATPase activity at 150
,uM (Fig. 5), while no effect was observed on E. coli ATPase
activity. In contrast, DCCD, an inhibitor of FoF1 ATPases
(13), had no effect on M. voltae ATPase activity up to a
concentration of 100 ,uM (data not shown), but it completely
abolished E. coli ATPase activity. Similarly, oligomycin

TABLE 1. Substrate specificity of M. voltae ATPase

Substrate Sp act (,umol of Relative
(5 m)Pi/min per mg activity(%(5mM) of protein)

ATP 16.0 100
GTP 7.17 45
ITP 5.15 32
UTP 2.34 15
TTP 1.17 7
CTP 0.93 6
Sodium PP1 ND ND

aND, Not detected.
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FIG. 5. Effect of diethylstilbestrol on ATPase activity. For E.
coli ATPase (O), 100% activity represents 34 ,mol of Pi/min per mg
of protein. For M. voltae ATPase (0), 100% activity represents 18
,umol of Pi/min per mg of protein.

(10 ,ug/mg of protein), an inhibitor of the Fo part of FoF,
ATPases of mitochondria and chloroplasts (13), had no effect
on M. voltae and E. coli enzyme activity. The ATPase
activities were also insensitive to the presence of ouabain
(200 ,uM), an inhibitor of Na+,K+-ATPase (7). In all cases,
identical results were obtained with the solubilized enzyme.
Lack of homology with E. coli or Neurospora ATPase.

Homology between the FoF1 eubacterial and eucaryotic
ATPases has been observed at the level ofDNA and protein
primary structure (11, 14). To investigate the homology at
the level of DNA, 32P-labeled plasmid pRPG54, which con-
tains the entire E. coli ATPase operon, was used to probe
total M. voltae DNA. The homology at the protein level was
tested by probing M. voltae membrane proteins with immu-
noglobulin G raised against E. coli F1 ATPase with 1251_
protein A. No cross-reaction was observed in either case.
Furthermore, the addition of the E. coli antibody to reaction
assay mixtures did not inhibit M. voltae ATPase activity.
These experiments ruled out the possibility that the M.
voltae ATPase shared significant homology with the E. coli
FoF1 ATPase.

Since the M. voltae ATPase displayed a pattern of inhibi-
tion similar to that observed with the Neurospora crassa

plasma membrane ATPase (4), we examined the possibility
that the two enzymes shared sufficient structural homology
to be detectable by Western blot analysis, with the antibody
raised against the fungal enzyme as the probe. No cross-
reactivity was observed (R. M. Dharmavaram and K. Allen,
unpublished observation).

DISCUSSION

On the basis of the sensitivity of M. voltae to dieth-
ylstilbestrol and vanadate and its resistance to DCCD, we
suggest that the M. voltae ATPase is not of the FoF, type and
may be more closely related to E1E2 ATPases. In contrast,
the ATPase of Methanosarcina barkeri is sensitive to DCCD
and has other features which suggest that it is related to FoF,
proton-translocating ATPases (20). Membrane-associated,
DCCD-sensitive ATPase activity has been reported in the
thermophilic Methanobacterium thermoautotrophicum (12).
This enzyme, which is insensitive to vanadate (30), is likely
of the FoF1 type. These results raise the possibility that the

mechanism of ATP formation in M. voltae may differ signif-
icantly from that utilized by these other methanogens.
There is evidence that the physiological function of the M.

voltae ATPase is Na+ translocation (8). This would provide
a mechanism for the direct coupling of ATP hydrolysis to the
generation of the sodium motive force which supports active
transport of several amino acids in this organism (21).
Several E1E2 ATPases have been shown to mediate ATP-
dependent translocation of cations other than protons (26).

Since ATP synthesis in M. voltae is not diminished under
conditions in which the transmembrane electrical potential is
collapsed by the addition of the protononophore SF6847,
substrate-level phosphorylation has been proposed as the
physiological mechanism of ATP synthesis (10, 25). Such a
mechanism would obviate the need for a reversible proton-
translocating ATPase in this organism. The 80 to 90%
inhibition of the M. voltae ATPase by vanadate or
diethylstilbestrol and the total resistance of the enzyme to
DCCD which we observed are consistent with the absence of
an FoF, ATPase in this methanogen. Nevertheless, we
cannot at this time completely exclude the possibility that
this methanogen contains minor levels of an ATPase of this
type.
The most thoroughly studied E1E2 ATPases have been

those of the plasma membranes of fungal, plant, and animal
cells. Although reports of E1E2 ATPases in procaryotes have
been limited to Streptococcus faecalis (17, 19), E. coli (18),
and Acholeplasma laidlawii (22), it is likely that their distri-
bution is more widespread. The presence of an E1E2 ATPase
in M. voltae extends its distribution to the third biological
kingdom (38). Comparison of the amino acid sequence of the
E. coli K+-ATPase with that of the Ca2+-ATPase of the
sarcoplasmic reticulum indicates significant sequence ho-
mology (18). The K+-ATPase of E. coli displays a smaller,
though still significant, degree of homology to the plasma
membrane E1E2 ATPase of N. crassa, which itself manifests
significant homology with Na+-, K+-, and Ca2+-transporting
ATPases of animal cells (16). Whether such homology re-
flects convergent or divergent evolution is impossible to
assess.

Future characterization of the M. voltae enzyme and its
structural gene will provide a third perspective on the utility
of these enzymes and may lead to insights into the evolution
of mechanisms of ion translocation across membranes.

ACKNOWLEDGMENTS

This study was supported by grant N0014-86-K-0224 from the
Office of Naval Research.
We thank J. Hoger for both advice and the materials used to carry

out the Western hybridization experiments. We thank K. Allen and
C. Slayman of Yale University for examining the possible homology
of the M. voltae and N. crassa enzymes.

LITERATURE CITED
1. Al-Mahrouq, H. A., S. W. Carper, and J. R. Lancaster, Jr. 1986.

Discrimination between transmembrane ion gradient-driven and
electron transfer-driven ATP synthesis in the methanogenic
bacteria. FEBS Lett. 207:262-265.

2. Balke, N. E., and T. K. Hodges. 1977. Inhibition of ion absorp-
tion by diethylstilbestrol. Plant Physiol. 59:15.

3. Blaut, M., and G. Gottschalk. 1984. Proton motive force-driven
synthesis of ATP during methane formation from molecular
hydrogen and formaldehyde or carbon dioxide in Meth-
anosarcina barkeri. FEMS Microbiol. Lett. 24:103-107.

4. Bowman, B. J., S. E. Manzer, K. E. Allen, and C. W. Slayman.
1978. Effects of inhibitors on the plasma membrane and mito-
chondrial adenosine triphosphatases of Neurospora crassa.

J. BACTERIOL.



M. VOLTAE ATPase 3925

Biochem. Biophys. Acta 512:13-28.
5. Bradford, M. M. 1976. A rapid and sensitive method for the

quantitation of microgram quantities of protein utilizing the
principle of protein-dye binding. Anal. Biochem. 72:248-254.

6. Burnette, W. N. 1981. "Western blotting": electrophoretic
transfer of protein from sodium dodecyl sulfate-polyacrylamide
gels to unmodified nitrocellulose and radiographic detection
with antibody and radioiodinated protein A. Anal. Biochem.
112:195-205.

7. Cantely, L., C. T. Carilli, R. A. Farley, and D. A. Perlman. 1982.
Location of binding sites on the (Na,K)-ATPase for fluorescein-
5'-isothiocyanate and ouabain. Ann. N.Y. Acad. Sci. 402:289-
291.

8. Carper, S. W., and J. R. Lancaster, Jr. 1986. An electrogenic
sodium-translocating ATPase in Methanococcus voltae. FEBS
Lett. 200:177-180.

9. Chen, P. S., Jr., T. Y. Toribara, and H. Warner. 1956.
Microdetermination of phosphorus. Anal. Chem. 28:1756-1758.

10. Crider, B. P., S. W. Carper, and J. Lancaster, Jr. 1985. Electron
transfer-driven ATP synthesis in Methanococcus voltae is not
dependent on a proton electrochemical gradient. Proc. Natl.
Acad. Sci. USA 82:6793-6796.

11. Dayhoff, M. O., and R. M. Schwartz. 1981. Evidence on the
origin of eukaryotic mitochondria from protein and nucleic acid
sequences. Ann. N.Y. Acad. Sci. 361:92-103.

12. Doddema, H. J., T. J. Hutten, C. van der Drift, and G. D.
Vogels. 1978. ATP hydrolysis and synthesis by membrane-
bound ATP synthetase complex of Methanobacterium
thermoautotrophicum. J. Bacteriol. 136:19-23.

13. Edwards, S. W., and D. Lloyd. 1977. Mitochondrial adenosine
triphosphatase of the fission yeast, Schizosaccharomyces
pombae 972h. Biochem. J. 162:39-46.

14. Futai, M., and H. Kanazawa. 1983. Structure and function of
proton-translocating adenosine triphosphatase (FoF,): biochem-
ical and molecular biological approaches. Microbiol. Rev.
47:285-312.

15. Gunsalus, R. P., W. S. A. Brusilow, and R. D. Simoni. 1982.
Gene order and gene-polypeptide relationships of the proton-
translocating ATPase(unc) operon of Escherichia coli. Proc.
Natl. Acad. Sci. USA 79:320-324.

16. Hager, K. M., S. M. Mandala, J. W. Davenport, D. W. Speicher,
E. J. Benz, Jr., and C. W. Slayman. 1986. Amino acid sequence
of the plasma membrane ATPase Neurospora crassa: deduction
from genomic and cDNA sequences. Proc. Natl. Acad. Sci.
USA 83:7693-7697.

17. Heefner, D. L., and H. M. Harold. 1982. ATP-driven sodium
pump in Streptococcus faecalis. Proc. Natl. Acad. Sci. USA
79:2798-2802.

18. Hesse, J. E., L. Wieczorek, K. Altendorf, A. S. Reicin, E. Dorus,
and W. Epstein. 1984. Sequence homology between two mem-
brane transport ATPases, the Kdp-ATPase of Escherichia coli
and the Ca2+-ATPase of sarcoplasmic reticulum. Proc. NatI.
Acad. Sci. USA 81:4746-4750.

19. Hugentobler, G., I. Heid, and M. Solioz. 1983. Purification of a
putative K+-ATPase from Streptococcus faecalis. J. Biol.
Chem. 258:7611-7617.

20. Inatomi, K.-I. 1986. Characterization and purification of the
membrane-bound ATPase of the archaebacterium Methano-
sarcina barkeri. J. Bacteriol. 167:837-841.

21. Jarrell, K. F., and G. D. Sprott. 1985. Importance of sodium to

the bioenergetic properties of Methanococcus voltae. Can. J.
Microbiol. 31:851-855.

22. Jinks, D. C., J. R. Silvius, and R. N. McElhaney. 1978. Physio-
logical role and membrane lipid modulation of the membrane-
bound (Mg2+ ,Na+)-adenosine triphosphatase activity in Achole-
plasma laidawii. J. Bacteriol. 136:1027-1036.

23. Kimmich, G.A., J. Randles, and J. S. Brand. 1978. Assay of
picomole amounts of ATP, ADP, and AMP using the luciferase
enzyme system. Anal. Biochem. 69:187-206.

24. Laemmli, U. K. 1970. Cleavage of structural proteins during the
assembly of the head of bacteriophage T4. Nature (London)
227:680-685.

25. Lancaster, J. R., Jr. 1986. A unified scheme for carbon and
electron flow coupled to ATP synthesis by substrate-level
phosphorylation in the methanogenic bacteria. FEBS Lett.
199:12-18.

26. Maloney, P. C., and T. H. Wilson. 1985. The evolution of ion
pumps. BioScience 35:43-48.

27. Mounfort, D. O., E. Morschel, D. B. Beimborn, and P.
Schonheit. 1986. Methanogenesis and ATP synthesis in a
protoplast system of Methanobacterium thermoautotrophicum.
J. Bacteriol. 168:892-900.

28. Owen, P., and M. R. Salton. 1975. Antigenic and enzymatic
architecture of Micrococcus lysodeicticus membranes estab-
lished by cross immunoelectrophoresis. Proc. Natl. Acad. Sci.
USA 72:3711-3715.

29. Rigby, P. W. J., M. Dreckmann, C. Rhodes, and P. Berg. 1977.
Labeling dexoribonucleic acid to high specific activity in vitro
by nick translation with DNA polymerase I. J. Mol. Biol.
113:237-251.

30. Roth, R., R. Duft, A. Binder, and R. Bachofen. 1986. Isolation
and characterization of a soluble ATPase from Methanobac-
terium thermoautotrophicum. Syst. Appl. Microbiol. 7:346-348.

31. Saito, H., and K.-H. Miura. 1963. Preparation of transforming
deoxyribonucleic acid by phenol treatment. Biochim. Biophys.
Acta 72:619-629.

32. Santoro, N., and J. Konisky. 1987. Characterization of bromo-
ethanesulfonate-resistant mutants of Methanococcus voltae:
evidence of a coenzyme M transport system. J. Bacteriol.
169:660-665.

33. Schonheit, P., and D. B. Beimborn. 1985. ATP synthesis in
Methanobacterium thermoautotrophicum coupled to CH4 for-
mation from H2 and CO2 in the apparent absence of an electro-
chemical proton potential across the cytoplasmic membrane.
Eur. J. Biochem. 148:545-550.

34. Southern, E. M. 1975. Detection of specific sequences among
DNA fragments separated by gel electrophoresis. J. Mol. Biol.
98:503-517.

35. Sprott, G. D., K. M. Shaw, and K. F. Jarrell. 1983. Isolation and
chemical composition of the cytoplasmic membrane of the
archaebacterium Methanospirillum hungatei. J. Biol. Chem.
258:4026-4031.

36. Vogel, G., and R. Steinhart. 1976. ATPases of Escherichia coli:
purification, dissociation, and reconstitution of the active com-
plex from the isolated subunits. Biochemistry 15:208-216.

37. Whitman, W. B., E. Ankwanda, and R. S. Wolfe. 1982. Nutrition
and carbon metabolism of Methanococcus voltae. J. Bacteriol.
149:852-863.

38. Woese, C. R., L. J. Magrum, and G. E. Fox. 1978. Archaebac-
teria. J. Mol. Evol. 11:245-252.

VOL. 169, 1987


