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Abstract. Washed everted vesicles of the methanogenic 
bacterium strain G61 catalyzed an H2-dependent re- 
duction of the heterodisulfide of HS-CoM (2-mercapto- 
ethanesulfonate) and HS-HTP (7-mercaptoheptanoyl- 
threonine phosphate) (CoM-S-S-HTP). This process was 
independent ofcoenzyme F#2o and was coupled to proton 
translocation across the cytoplasmic membrane into the 
lumen of the everted vesicles. The maximal H +/CoM-S- 
S-HTP ratio was 2. The transmembrane electrochemical 
gradient thereby generated was shown to induce ATP 
synthesis from ADP + Pi, exhibiting a stoichiometry of 
1 ATP synthesized per 2 CoM-S-S-HTP reduced (H+/ 
A:TP = 4). ATP formation was inhibited by the uncoupler 
3,5-di- tert- butyl-4- hydro xy- benzylidene- malononitrile 
(SF 6847) and by the ATP synthase inhibitor N,N'- 
dicyclohexylcarbodiimide (DCCD). This energy-conserv- 
ing system showed a stringent coupling. The addition 
of HS-CoM and HS-HTP at I mM each decreased the 
heterodisulfide reductase activity to 50% of the control. 
Membranes from Methanolobus tindarius showed 
F42oHz-dependent but no Hz-dependent heterodisulfide 
oxidoreductase activity. Neither of these activities was 
detectable in membranes of Methanococcus thermolitho- 
trophicus. 
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anolobus; Mc., Methanococcus; MV, methylviologen; BV, benzyl- 
viologen; MTZ, metronidazole 

Methanogenic bacteria utilize a number of simple sub- 
strates (methanol, methylamines, acetate, formate and 
H2/C02) as carbon and energy source. The central inter- 
mediate in the methanogenic pathway is CH3-S-CoM [2- 
(methylthio)ethanesulfonate] which is reductively de- 
methylated by the methyl-CoM methylreductase system. 
Recently the structure of factor B (HS-HTP, 7-mer- 
captoheptanoylthreoninephosphate), an obligatory co- 
factor of the methylreductase, was unravelled, and the 
reduction of CH3-S-CoM could be formulated as the sum 
of two reactions: 

CH3-S-CoM + HTP-SH ~ CH4 + CoM-S-S-HTP (1) 

CoM-S-S-HTP + 2[HI ~ CoM-SH + HTP-SH (2) 

(Bobik et al. 1987; Ellermann et al. 1988; Hedderich and 
Thauer 1988). 

Recently it was shown that crude everted vesicle prep- 
arations of the methanogenic bacterium strain G61 
catalyze the Hz-dependent reduction of the heterodi- 
sulfide of HS-CoM (mercaptoethanesulfonate) and HS- 
HTP and that this reduction is coupled to ATP synthesis 
(Peinemann et al. 1990). In subsequent work with washed 
vesicle preparations a reduced F420: heterodisulfide 
oxidoreductase was discovered (Deppenmeier et al. 
1990a) which accomplishes proton translocation and 
ATP synthesis (Deppenmeier et al. 1990b). The question 
arose whether the heterodisulfide reduction with H 2 a s  

electron donor proceeds via coenzyme F420 or whether 
there are two independent redox systems present in the 
membrane, a coenzyme F420-dependent one and an H z- 
dependent one functioning in the absence of F41o. A 
soluble H2-dependent enzyme was discovered and 
characterized in Methanobacterium thermoautotrophicum 
(Hedderich and Thauer 1988). 

Materials and methods 

Growth and harvest of cells 

Strain G61 (DSM 3647) was grown in 20-1 carboys on the medium 
described by Hippe et al. (1979), but additionally supplemented 



with 1 g/1 sodium acetate. For cultivation of Methanolobus tindarius 
(DSM 2278) in 2-1 bottles the medium described by K6nig and 
Stetter (1982) was used. Methanoeoccus thermolithotrophieus (DSM 
2095) was grown autotrophically in a medium described for growth 
of Methanococcus voltae (Balch et al. 1979) in 2-1 glass bottles filled 
with 500 ml medium with shaking at 37°C. 20-1 mass cultures of 
strain G61 were anaerobically harvested by continuous centrifuga- 
tion. Anaerobic harvest of Ml. tindarius and Me. thermolitho- 
trophieus was done in 400-ml air-tight centrifuge bottles at 24000 g. 

Preparation of membranes and washed vesicles 

Crude vesicles of strain G61 with 90% inside-out orientation (Mayer 
et al. 1987) were prepared as described previously (Deppenmeier et 
al. 1990b) with the exception that a 40 mM K-phosphate buffer, 
pH 7.2 was used containing 20 mM MgSO,~, 0.5 M sucrose, 1 mM 
dithiothreitol and 1 mg resazurin/1. Vesicles were concentrated by 
ultracentrifugation at 120000g for 1 h at 4°C. The sedimented 
material was diluted in 9 ml K-phosphate buffer and centrifuged at 
38 000 g for 30 min. After resuspending the sediment this centrifuga- 
tion step was repeated twice. The resulting pellet was suspended in 
the same buffer to a final protein concentration of 5 - 1 0  mg/ml. 
Membranes of Ml. tindarius and Me. thermolithotrophicus were 
prepared by freezing and thawing of cell suspensions in a 25 mM 
Na-PIPES-buffer, pH 6.8 reduced with 0.2 mM Ti(III)-citrate. A 
few crystals of DNase were added to the resulting crude extracts 
which were centrifuged under identical conditions as described for 
strain G61. Cytoplasmic fraction of strain G61 was prepared as 
described previously (Deppenmeier et al. 1989). 

Assay conditions 

The experiments were performed at room temperature under an 
atmosphere of hydrogen in 2.7-ml glass vials. 600 ~tl 40 mM K- 
phosphate-buffer, pH 7.2 gassed with O2-free N2 and containing 
20 mM MgSO4, 0.5 M sucrose and 1 mg resazurin/1 was reduced by 
stepwise addition of a few microliters Ti(III)-citrate until resazurin 
turned colourless. After addition of 10 - 20 gl washed vesicles (27 gg 
protein) the reaction was started with 0.6 mM CoM-S-S-HTP. To 
follow the reduction of CoM-S-S-HTP aliquots of 20 gl were with- 
drawn and analyzed for thiol groups with Ellman's reagent as de- 
scribed previously (Ellman 1958). The thiol content measured at 
zero time was subtracted. To determine the ATP concentration 2 -  
5 gl aliquots were withdrawn by syringe and analyzed using the 
luciferin/luciferase assay (Kimmich et al. 1975). Additions were 
made as indicated. N,N'-dicyclohexylcarbodiimide (DCCD) and 
3,5-di-tert-butyl-4-hydroxy-benzylidenemalononitrile (SF 6847) 
were added as ethanolic solutions. The controls received ethanol 
only. Proton translocation was followed as described by Deppen- 
meier et al. (1990b). 

F42o nonreactive- and F42o-dependent hydrogenases were as- 
sayed in 1.7-ml glass cuvettes gassed with H2 and filled with 1 ml 
anaerobic 100mM Tricine buffer, pHS.0 containing 5mM 
dithiothreitol, 3 mM cysteine and I mg resazurin/1. 20 gM F42o 
( e 4 2 0  = 4 0 m M - a x c m  -2) or 5mM methylviologen (e = 
13.9 raM-1 x cm-2) were added as electron acceptors. The benzyl- 
viologen-dependent heterodisulfide reductase was determined at 
room temperature in 1 ml 50 mM Tris/HC1 buffer, pH 7.5, pre- 
gassed with N 2. After addition of 1 I11 benzylviologen (1 M), 3 gl 
50 mM Na-dithionite and 1 - 5 gl of the membrane preparation, 
the reaction was started by addition of CoM-S-S-HTP to a final 
concentration of 90 gM and followed at 575 n m  @benzylvioIogen = 

8.9 mM-  1 x cm 2) (Hedderich et al. 1989). The Fg2oH2 dehydro- 
genase and the FgaoHz:CoM-S-S-HTP oxidoreductase were fol- 
lowed in Nz-gassed 1 ml K-phosphate-buffer, pH 7.0 containing 
20 mM MgSO4, 0.5 M sucrose, 10 mM dithiothreitol and 1 mg 
resazurin/1. 20 gM F42oH2 was added as electron donor for both 
enzymes. Methylviotogen (MV) (0.3 mM)+  metronidazol (MTZ) 
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Fig. 1. Effect of oxidized F42o on Hz-dependent CoM-S-S-HTP 
reduction. Washed vesicles (80 gg protein) were incubated with 
10 nmol SF 6847/mg protein in 2.7-ml glass vials containing 0.6 ml 
K-phosphate buffer, pH 7.2 (described in Materials and methods) 
at 25°C under Hz. The reaction was started by addition of 360 nmol 
CoM-S-S-HTP. • F42o omitted; A + 3.2 gM F420; [] + 9.5 gM 
F42o; O + 32 gM F4zo; • no protein added 

(0.5 mM) and CoM-S-S-HTP (90 gM) were used as electron ac- 
ceptor for the F42oH2-dehydrogenase and the F42oHi:CoM-S-S- 
HTP-oxidoreductase, respectively. The production of F42o was fol- 
lowed at 420 nm (e = 40 mM-  2 x cm- *). Protein was quantified by 
the method of Bradford (I 976). 

Results 

1) Ha-dependent CoM-S-S-HTP reduction independent 
of coenzyme F4ao 

W a s h e d  ever ted  vesicles were tes ted for  thei r  ab i l i ty  to 
ca ta lyze  H 2 - d e p e n d e n t  C o M - S - S - H T P  reduc t ion  in the 
presence or  absence  o f  a d d e d  F42o. The  exper iments  were 
p e r f o r m e d  in the presence o f  the u n c o u p l e r  SF  6847 in 
o rde r  to c o m p a r e  m a x i m a l  e lec t ron  t r a n s p o r t  ra tes ;  SF  
6847 has  been  shown to s t imula te  the  he te rod isu l f ide  
r educ t ion  in this sys tem twofold .  As  is ev ident  f rom Fig.  1 
the r educ t ion  o f  C o M - S - S - H T P  as de t e rmine d  f rom thiol  
f o r m a t i o n  p roceeded  at  an ini t ia l  ra te  o f  240 nmol /  
min  • m g  prote in .  The  F42o con ten t  o f  washed  ever ted  
vesicles was 0.11 n m o l / m g  p ro t e in  c o r r e spond ing  to a 
F42o concen t r a t i on  o f  20 - -  30 n M  in the r eac t ion  mix ture  
af ter  a d d i t i o n  o f  washed  vesicles ( 0 . 1 7 -  0.26 m g  p ro te in /  
ml  assay).  The  Km values  o f  F42o-dependen t  enzymes  for  
F42o are  in the  o rde r  o f  1 0 - 2 0  g M  ( Y a m a z a k i  and  Tsa i  
1986; L iv ings ton  et al. 1987; M a  and  T h a u e r  1990). The  
H 2-de pe nde n t  C o M - S - S - H T P  reduc t ion  was no t  s t imu-  
la ted by  the a d d i t i o n  o f  coenzyme F42o at  concen t r a t ions  
o f  3.2 to 32 gM.  This  showed  tha t  the H 2-dependen t  
sys tem was i n d e p e n d e n t  o f c o e n z y m e  F420. The  r educ t ion  
o f  C o M - S - S - H T P  was n o t  obse rved  in the  cy top l a smic  
f rac t ion  or  when  washed  vesicles were omi t ted .  

2) Proton translocation 

W a s h e d  ever ted  vesicles o f  the m e t h a n o g e n i c  b a c t e r i u m  
s t ra in  G61 t ransfe r  p r o t o n s  across  the  cy top l a smic  mem-  
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Fig. 2 a - d .  Proton uptake coupled to H2-dependent reduction of 
CoM-S-S-HTP as catalyzed by washed vesicles of strain G61. Pro- 
ton translocation was followed at room temperature in a glass vessel 
(11 ml) filled with 2.6 ml 40 mM KSCN, 0.5 M sucrose, 1 mg/1 
resazurin and 10 mM dithiothreitol. A pH electrode (model 8•03 
Ross, Orion research, Kfisnacht, Switzerland), connected with a pH 
meter and a chart recorder, was inserted into the vessel from the top 
through a rubber stopper. After gassing with H2 (in b with N2 
instead of H2) the medium was reduced with 1 lal Ti(III)-citrate 
(100 raM) followed by the addition of washed vesicles (0.67 mg 
protein). The pH was adjusted to 6.8 -6.9. The reaction was started 
by pulses of CoM-S-S-HTP. Where indicated the following agents 
were added: DCCD (150 nmol/mg protein); SF 6847 (2.4 nmol/mg 
protein). The amount of H + translocated was calculated from the 
difference between the maximum of alkalinization and the final 
baseline after reacidification. The pH changes were calibrated with 
standard solutions of HC1 or KOH 

brane in response to the F420H2-dependent CoM-S-S- 
H T P  reduction (Deppenmeier et al. 1990 b). The question 
arose whether such a pro ton  translocation could also be 
observed with the substrate combination H2 Jr CoM-S- 
S-HTP. Washed everted vesicles incubated under H2 were 
pulsed with CoM-S-S-HTP and the resulting medium pH 
was monitored (Fig. 2). Each pulse was accompanied by 
a short period of  alkalinization followed by a longer 
period of  reacidification until a stable baseline was 

reached. These effects were due to proton uptake by the 
everted vesicles and a subsequent decay of  the generated 
A/tH + after consumption of  the CoM-S-S-HTP. It is 
apparent from Fig. 2 a that the extent of  alkalinization 
was dependent on the amount  of  CoM-S-S-HTP added. 
A maximal H +/CoM-S-S-HTP ratio of  2 was determined. 
If  H2 was replaced by N2 only the first CoM-S-S-HTP 
pulse led to a maximal alkalinization; proton translo- 
cation decreased largely after repeated addition of  CoM- 
S-S-HTP (Fig. 2b). This was probably due to a consump- 
tion of  reducing equivalents derived from traces of  
Ti(III)-citrate in the reaction mixture or from low poten- 
tial electrons stored in membrane components. After gas- 
sing with Hz the addition of  CoM-S-S-HTP led to a 
reproducible maximal alkalinization. Proton translo- 
cation was completely inhibited by the addition of  the 
pro tonophor  SF 6847 (4.8 nmol/mg protein; Fig. 2c). 
Since the ATP synthase inhibitor DCCD had only a slight 
effect on H + uptake by everted vesicles (Fig. 2d), this 
enzyme could not be responsible for H + translocation 
via ATP hydrolysis. The absence of  ATP or ADP in the 
reaction mixture also argues against H + translocation 
induced by ATP hydrolysis via an ATPase. 

3) Coupling of heterodisulfide reduction 
and ATP synthesis 

It is evident from Fig. 3 that the H2-dependent reduction 
of  CoM-S-S-HTP induced ATP synthesis. The initial rate 
of  ATP synthesis was 105 nmol/min •mg protein while 
the initial rate of  CoM-S-S-HTP reduction was 198 nmol/ 
min .  mg protein corresponding to a ATP/2e-  ratio of  
0.5 (determined within the first 4 rain). Absolutely no 
ATP was formed when ADP was omitted. Furthermore,  
in the absence of  ADP the CoM-S-S-HTP reductase ac- 
tivity decreased to 60% of  the control (ADP added). 
Preincubation with the uncoupler SF 6847 enhanced this 
activity to 360 nmol/min •mg protein. Addition of SF 
6847 to vesicles preincubated with ADP or 
ADP + DCCD similarly stimulated the heterodisulfide 
reduction i .75-fold and 2.9-fold, respectively, in compari- 
son to the controls without the uncoupler. This effect 
resembles the phenomenon of  respiratory control ob- 
served in mitochondria. Control  experiments under Nz 
revealed a largely decreased rate of CoM-S-S-HTP re- 
duction (8.3 nmol/min •mg protein), the electrons being 
probably derived from reducing agents in the reaction 
mixture. The rate of  ATP synthesis decreased to 1.4 nmol/ 
rain.  mg protein under Nz or when the uncoupler SF 
6847 or the ATP synthase inhibitor DCCD was present. 
This low rate of ADP phosphorylat ion is due to an 
adenylate kinase activity found in washed vesicles of  
strain G61 (Deppenmeier et al. 1990b). The activity ex- 
plains the relatively high ATP level at zero time in all 
assays which had been preincubated with ADP 15 rain 
prior to zero time (e. g. Fig. 3 a). 

4) Feed back inhibition 

It is apparent from Figs. 1 and 3 that the activity of  the 
H2-dependent heterodisulfide reductase slowed down in 
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Fig. 3a, b. ATP synthesis and CoM-S-S-HTP 
reduction as catalyzed by washed vesicles. In 
parallel experiments washed vesicles (50 lag 
protein/assay) were preincubated for 15 min 
under H2 in a final volume of 0.6 ml K-phos- 
phate buffer, pH 7.2 at 25°C. The reaction was 
started by addition of 360 nmol CoM-S-S-HTP. 
The formation of ATP or thiol groups was deter- 
mined as described under Materials and 
methods: a ATP synthesis, b CoM-S-S-HTP 
reduction. The following additions were made: 
• ADP;  A ADP + DCCD;  • ADP omitted; 
• SF 6847 + ADP;  [] SF 6847, ADP omitted; 
© DCCD + SF 6847 + ADP;  • ADP under 
N2. The concentrations of ADP, DCCD and SF 
6847 were 50 laM, 160 nmol/mg protein and 
10 nmol/mg protein, respectively 
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Fig. 4. Product inhibition of the benzylviologen-dependent 
heterodisulfide reductase. Washed vesicles of strain G61 (15 gg pro- 
tein) were preincubated for 10 rain with HS-CoM and HS-HTP at 
the indicated concentrations in a 1.7-ml glass cuvette containing 
1 ml 50 mM Tris/HC1 pH 7.5, 1 mM benzylviologen and 0.15 mM 
Na dithionite under N2 at room temperature. After addition of 
180 nmol CoM-S-S-HTP the oxidation of reduced benzylviologen 
was followed at 575 nm. In control experiments the solution of HS- 
CoM and HS-HTP was replaced by the same volume of water. 
100% activity corresponded to 1.45 gmol CoM-S-S-HTP reduced/ 
rain • mg protein 

the course of the reaction. Using reduced benzylviologen 
instead of H2 as electron donor the heterodisulfide re- 
ductase activity was determined in the presence of the 
reaction products HS-CoM and HS-HTP. Increasing 
concentrations of the end products lowered the rate of 
CoM-S-S-HTP reduction (Fig. 4). Fifty percent inhi- 
bition was observed if both, HS-CoM and HS-HTP were 
present at 1 mM. 

5) Comparison of membrane-bound enzymes 
involved in electron transport 

Two energy conserving system - 1. the H2"CoM-S-S- 
HTP oxidoreductase and 2. the F42oH2:CoM-S-S-HTP 

Table 1. Comparison of membrane-bound enzymes involved in elec- 
tron transport  

Enzyme Washed Washed 
[U/mg protein] vesicles membranes 

strain G61 
Ml. Mc. thermo- 
tindarius lithotrophicus 

F4zo-dependent 
hydrogenase 0.03 < 0.01 

F4zo-nonreactive 
hydrogenase 11.6 0.02 

Benzylviologen- 
dependent hetero- 
disulfide reductase 1.40 2.53 

H2 : heterodisulfide 
oxidoreductase 0.49" < 0.01 

F42oH2 dehydrogenase 0.52 0.38 
F4zoH2 : heterodisulfide 

oxidoreductase 0.19" 0.21 < 

0.77 

37.8 c 

0.05 

0.01 
0.238 

0.01 

" Uncoupled by SF 6847 
b May be catalyzed by F~2o-dependent hydrogenase 
c Represents the sum of the F42o-dependent and 
nonreactive hydrogenases 

the F42o- 

oxidoreductase - have been detected in washed vesicles 
of strain G61. In order to analyze the distribution of the 
two systems in other methanogenic bacteria the mem- 
branes from two additional methanogenic species were 
tested for the presence of activities related to these sys- 
tems. It is evident from Table i that the membrane-bound 
F420 dependent hydrogenase activity in strain G61 was 
25-fold lower than in the hydrogenotrophic Meth- 
anococcus (Mc.) thermolithotrophicus. It was not detect- 
able at all in washed membranes of the obligate meth- 
ylotrophic organism Methanolobus (M1.) tindarius. High 
hydrogenase activities were found in both, washed ves- 
icles of strain G61 and membranes of Mc. thermolitho- 
trophicus (in the former organism due to the F42o- 
nonreactive enzyme, in the latter organism probably due 
to the F¢2o-dependent enzyme), whereas the activity of 
F42o-nonreactive hydrogenase in membranes of Ml. 
tindarius was only 0.02 U/mg. Accordingly, there was no 
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H2:CoM-S-S-HTP oxidoreductase detectable in mem- 
branes of Ml. tindarius. But the activities of the benzyl- 
viologen-dependent heterodisulfide reductase (2.53 U/ 
mg) and of the F4zoH2 dehydrogenase (0.38 U/mg) corre- 
sponded well with the F420H2:CoM-S-S-HTP oxido- 
reduetase activity (0.21 U/mg protein). These values are 
in accordance with activities found in washed vesicles of 
strain G61 (Table 1). 

In Mc. thermolithotrophicus, the benzylviologen-de- 
pendent heterodisulfide reductase was almost completely 
recovered from the cytoplasmic fraction after ultracen- 
trifugation (about 90%). Therefore, the membrane- 
bound specific activity of this enzyme was very low 
(0.05 U/rag) compared to membranes from the 
methylotrophic methanogens. A similar situation is also 
encountered in Mb. thermoautotrophicum (Hedderich and 
Thauer 1988). The low membrane-bound heterodisulfide 
reductase activity in Me. thermolithotrophicus explains 
the lack of a membrane-bound electron transfer system 
in this organism (Ha : CoM-S-S-HTP oxidoreductase and 
F42oH2:CoM-S-S-HTP oxidoreductase < 0.01 U/rag). 

ADP + I~ n i l  + ATP 

Fig. 5. Scheme of electron transfer coupled to proton translocation 
and ATP synthesis in washed vesicles of the methanogenic strain 
G61 

Discussion 

The reduction of the heterodisulfide of HS-HTP and HS- 
CoM (CoM-S-S-HTP) which is the product of the actual 
methyl-CoM reductase was considered to be associated 
with energy conservation in methanogenic bacteria 
(Ellermann et al. 1988). First evidence for this assumption 
came from experiments with crude vesicle preparations 
of strain G61 (Peinemann et al. 1990). Here we report on 
an Hz-dependent reduction of CoM-S-S-HTP catalyzed 
by washed everted vesicles of this organism. This reaction 
was coupled with a proton transfer across the cytoplasmic 
membrane exhibiting a H+/e--ratio of 1. The A/~H + 
thereby generated served to drive ATP synthesis. This is 
evident from the inhibition of ATP formation by the 
protonophor SF 6847 and the ATP synthase inhibitor 
DCCD. The coupling between CoM-S-S-HTP reduction 
and ATP synthesis was stringent as revealed by the follow- 
ing results: 

1) Addition of SF 6847 stimulated the reduction of 
CoM-S-S-HTP by H2 and reversed the DCCD-induced 
inhibition of this reaction. 
2) ADP stimulated the reductive cleavage of CoM-S-S- 
HTP. 
3) 1 mol ATP was synthesized per 2 mol CoM-S-S-HTP 
reduced. From the data given a H ÷/ATP ratio of 4.0 was 
calculated. 

Similar results were obtained with F42oH2 as electron 
donor (Deppenmeier et al. 1990 b). In this case the H +/ 
e-  ratio was 0.95 and the H+/ATP ratio was 4.6. The 
phenomenon of respiratory control was observed in both 
systems. 

A tentative scheme of electron transfer involved in 
energy conservation in the methanogenic strain G61 is 
given in Fig. 5. Two membrane-bound enzymes - a 
F4eo-nonreactive hydrogenase and a F~2oH2 dehydro- 
genase channel reducing equivalents from H2 and 

F420H2, respectively, via unknown carriers to the 
heterodisulfide reductase. This process is accompanied 
by proton uptake into the everted vesicles. 

The question may be asked why strain G61 contains 
two proton-translocating systems with the heterodi- 
sulfide as the terminal electron acceptor. It can be specu- 
lated that methanogenic bacteria growing at the expense 
of CO2 reduction rely on the H2-dependent system, 
whereas those growing on methanol or on methylamines 
take advantage of the F42oHz-coupled system. In the 
latter case FgzoH 2 is generated by methyl group oxidation 
and provided for the terminal reduction step. Accord- 
ingly a FgzoH2:heterodisulfide oxidoreductase is found 
in Ml. tindarius which does not utilize H2 and contains 
only low hydrogenase activities. Strain G61 is meth- 
ylotrophic but also able to grow with H 2 q - C O  2 and, 
therefore, contains the two systems. The same can be 
expected for Ms. barkeri. There exists an interesting 
analogy: Those methanogens able to oxidize methyl 
groups contain cytochromes (Ktihn et al. 1983; Jussofie 
and Gottschalk 1986) and it can be speculated that these 
electron carriers are involved in the F42oHz:heterodi- 
sulfide oxidoreductase. Chemolithotrophic methanogens 
such as Me. thermolithotrophicus do not contain cyto- 
chromes and may just be able to operate an H2 : heterodi- 
sulfide oxidoreductase. Unfortunately, there is no exper- 
imental evidence for a membrane-bound nature of this 
system in chemolithotrophic methanogens, neither in Mb. 
thermoautotrophicum (Hedderich and Thauer 1988; 
Hedderich et al. 1990) nor in Me. thermolithotrophicus 
(this study). The distribution of hydrogenase is also in- 
teresting in this context. Two types, a F420-reactive and 
a F420-nonreactive one, have been detected in many 
methanogenic bacteria. On the basis of the above dis- 
cussion, the latter may be involved in energy conservation 
and the former in the provision of F420H2 for the initial 
CO2 reduction steps. The different function of F42oH2 is 
then apparent: in chemolithotrophic methanogens it is 
generated from H2 for CO2 reduction to the level of 



methy l -CoM,  in methy lo t roph ic  me thanogens  it is gener- 
ated by methyl  g roup  oxida t ion  to serve as electron dono r  
in energy conservat ion.  
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