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Ech hydrogenase (Ech) from the methanogenic archaeon Methano-
sarcina barkeri catalyzes the reversible reduction of ferredoxin by H2

and is a member of a distinct group of membrane-bound [NiFe]
hydrogenases with sequence similarity to energy-conserving
NADH:quinone oxidoreductase (complex I). To elucidate the physio-
logical role(s) of Ech a mutant lacking this enzyme was constructed.
The mutant was unable to grow on methanol�H2�CO2, H2�CO2, or
acetate as carbon and energy sources but showed wild-type growth
rates with methanol as sole substrate. Addition of pyruvate to the
growth medium restored growth on methanol�H2�CO2 but not on
H2�CO2 or acetate. Results obtained from growth experiments, cell
suspension experiments, and enzyme activity measurements in cell
extracts provide compelling evidence for essential functions of Ech
and a 2[4Fe-4S] ferredoxin in the metabolism of M. barkeri. The
following conclusions were made. (i) In acetoclastic methanogenesis,
Ech catalyzes H2 formation from reduced ferredoxin, generated by
the oxidation of the carbonyl group of acetate to CO2. (ii) Under
autotrophic growth conditions, the enzyme catalyzes the energeti-
cally unfavorable reduction of ferredoxin by H2, most probably driven
by reversed electron transport, and the reduced ferredoxin thus
generated functions as low potential electron donor for the synthesis
of pyruvate in an anabolic pathway. (iii) Reduced ferredoxin in
addition provides the reducing equivalents for the first step of
methanogenesis from H2�CO2, the reduction of CO2 to formylmeth-
anofuran. Thus, in vivo genetic analysis has led to the identification
of the electron donor of this key initial step of methanogenesis.

The coupling of thermodynamically unfavorable redox reactions
to the consumption of a membrane ion gradient, often referred

to as reverse electron transport, is poorly understood. This is
particularly so in strict anaerobes, such as the methanogenic
archaea, where it is thought to play a central role in metabolism.
However, as the name implies, reverse electron transport is, at least
in some cases, closely related to the well studied process of
energy-conserving electron transport. Recently, a novel family of
multisubunit membrane-bound [NiFe] hydrogenases, which are
closely related to proton-pumping NADH:quinone oxidoreducta-
ses (complex I in electron transport chain of mitochondria), has
been recognized (1, 2). This family includes hydrogenases 3 and 4
from Escherichia coli (3, 4), CO-induced hydrogenase from Rho-
dospirillum rubrum (5, 6), Eha and Ehb from Methanothermobacter
species (1), and Ech hydrogenase (Ech) from Methanosarcina
barkeri Fusaro (7). Various members of this family have been
proposed to function in energy-conserving electron transport,
reverse electron transport, or both.

From a biochemical perspective, the most thoroughly studied
member of the family is the recently identified Ech found in the
methanogenic archaeon M. barkeri (8). This enzyme catalyzes the
reversible reduction of ferredoxin by H2 and is the only family
member that has been purified to homogeneity. The enzyme is an
integral membrane complex, which, when purified, is composed of

four hydrophilic and two hydrophobic subunits, corresponding to
the products of the identified echABCDEF operon (7). Biochemical
studies indicate that a 2[4Fe-4S] ferredoxin is the physiological
substrate for Ech, but the physiological function of Ech has yet to
be established. RNA hybridization and immunoblotting experi-
ments indicate that the ech operon is expressed at similar levels
under all conditions examined, suggesting only that it is required
under many growth conditions (7, 8).

Three possible functions have been proposed for Ech. First,
because the enzyme is an integral membrane protein related to
complex I, it has been suggested that Ech catalyzes an energy-
conserving reaction. The oxidation of the carbonyl group of acetyl-
CoA to CO2 and H2, a partial reaction in the production of methane
from acetate (the acetoclastic pathway), has been proposed as the
Ech-dependent coupling site (8). This reaction is coupled to the
generation of a proton motive force in M. barkeri (9). Moreover, in
vitro oxidation of CO to CO2 and H2 can be reconstituted by using
purified Ech, ferredoxin, and acetyl-CoA decarbonylase�
synthetase (ACDS) (8). A second possible role for Ech involves the
first step of methanogenesis from H2�CO2, the reduction of CO2 to
formyl-methanofuran (CHO-MFR). Because of the low midpoint
potential of the CO2 � methanofuran�CHO-methanofuran couple
(E0� � ��500 mV), this reaction becomes endergonic with H2 as
electron donor (E0� � �414 mV) (10). This reaction is even more
endergonic at the low hydrogen partial pressures prevailing in the
natural habitats of methanogens. In freshwater sediments, for
example, the H2 partial pressure is on the order of 5 Pa corre-
sponding to an E� for the 2H��H2 couple of �286 mV. Therefore,
this unfavorable reaction requires an additional input of energy to
proceed. Cell suspension experiments have provided evidence that
reduction of CO2 to CHO-MFR is driven by an electrochemical
proton or sodium ion gradient (11–13). Ech and the related
hydrogenases Eha and Ehb from Methanothermobacter species have
been proposed to function as ion pumps in this reaction providing
the low potential reducing equivalents necessary for the reduction
of CO2 to CHO-MFR (1, 8). A third possible function of Ech
involves the biosynthesis of acetate and pyruvate. In M. barkeri,
carbon is assimilated into cell mass via the stepwise synthesis of
acetyl-CoA and pyruvate, both of which are required for further
biosynthetic reactions (14). The synthesis of acetyl-CoA by the
ACDS complex and the reductive carboxylation of acetyl-CoA to
pyruvate by pyruvate:ferredoxin oxidoreductase are endergonic
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with hydrogen as electron donor. Reduced ferredoxin (E0� � �420
mV) was identified as the direct electron donor of these reduction
steps (15, 16). Because Ech in vitro catalyzes ferredoxin reduction
by H2 at high rates, it has been suggested that Ech provides the cell
with reduced ferredoxin in vivo (8).

In vivo testing of these putative functional roles for Ech has not
previously been possible because of a lack of methods for genetic
analysis of Methanosarcina species; however, recent advances in the
field now make such a study feasible (17–20). In this report, we
describe construction and characterization of an M. barkeri mutant
lacking Ech. These studies confirm each of the roles proposed
above and strongly support the functioning of Ech in both energy-
conserving electron transport and the coupling of thermodynam-
ically unfavorable reactions to reverse electron transport. The data
also indicate that ferredoxin is the long-sought in vivo electron
donor for the first step in methanogenesis from H2 and CO2 and
highlight the central role for Ech and ferredoxin in the metabolism
of this methanogenic archaeon.

Materials and Methods
Strains, Media, and Growth Conditions. M. barkeri Fusaro (DSM 804)
was grown in single cell morphology (21) at 35°C in high salt (HS)
broth medium (22). Growth of M. barkeri on agar-solidified media
was as described (19). Carbon and energy sources were added to HS
media as follows: methanol, 125 mM; sodium acetate, 80 mM;
H2�CO2, 80:20 mixture added to gas phase at 1–200 kPa over
ambient pressure. When required, sodium pyruvate was added at
100 mM from sterile, anaerobic stock solutions. Puromycin was
added to media at 2 �g�ml for selection of Methanosarcina strains
carrying the pac gene. To score for hpt mutations, 8-aza-2,6-
diaminopurine (8-ADP) was added to media at 20 �g�ml; Hpt�
strains are incapable of growth on media containing 8-ADP,
whereas Hpt� strains are able to grow.

DNA Methods and Plasmid Constructions. Standard methods were
used throughout for isolation and manipulation of plasmid DNA
(23). Genomic DNA isolation from M. barkeri and DNA hybrid-
izations were performed as described (18, 19, 22). All plasmid
constructions are described in the supporting information, which is
published on the PNAS web site, www.pnas.org. Complete DNA
sequences of all plasmids used in the study are available on request.

Construction and Complementation of M. barkeri Ech1. The M. barkeri
�ech1::pac-ori-aph mutant (hereafter designated Ech1) was con-
structed by transformation of M. barkeri Fusaro with NotI-cut
pCK22. Transformants were selected on HS agar with methanol,
acetate, and puromycin. M. barkeri Ech1 was complemented by
transformation with AscI-cut pJK78 with selection on HS-agar with
puromycin under H2�CO2 gas phase. Liposome-mediated trans-
formation of M. barkeri and homologous recombination-mediated
gene replacement experiments were as described (18, 19).

Cell Suspension Experiments. Cells were collected from late expo-
nential growth phase cultures (OD578 � 1) by centrifugation at
5,000 � g for 20 min, washed twice in either HS medium (no
substrate) or 50 mM Mops (pH 7.0), 2 mM DTT, 400 mM NaCl,
54 mM MgCl2, and then resuspended in the same buffer. Assays
were performed at 37°C in sealed 10-ml anaerobic vials with gas
phase pressure at 200 kPa. Assay mixtures were held on ice and
started by transfer to 37°C. Gas phase samples were withdrawn at
various time points and assayed for CH4, CO, CO2, or H2 by gas
chromatography. Total cell protein was determined by using the
method of Bradford (24) after an aliquot of the cells was lysed by
sonication.

Preparation of Cell Extracts and Membrane Fractions. Late exponen-
tial-phase cultures were harvested by centrifugation at 5,000 � g for
20 min and lysed by resuspension in 50 mM Mops, pH 7.0�2 mM
DTT, to which a few crystals of DNase I were added. Complete lysis

was ensured by sonication, using a Bandelin (Berlin) Sonopuls HD
200 sonifier at a power of 200 W for 7 � 5 min. Intact cells and
debris were removed by centrifugation at 10,000 � g for 30 min.
Membrane fractions were prepared by centrifugation of cell ex-
tracts at 150,000 � g for 2 h and resuspension of the membrane
pellets in 50 mM Mops, pH 7.0�2 mM DTT.

Formation of CO2 and H2 from CHO-MFR by Membrane Fractions.
Assays were conducted at 37°C in sealed, anaerobic vials containing
550 �g of membrane protein, 30 nmol of ferredoxin, and 400 nmol
of CHO-MFR in 1 ml of 50 mM Mops, pH 7.0�2 mM DTT under
a gas phase of 100% N2 at 200 kPa. H2, CO2, and CH4 were
measured by gas chromatography. M. barkeri ferredoxin was pre-
pared as described (8).

Determination of Enzyme Activities. All enzyme activities were
measured in anaerobic gas-tight cuvettes at 37°C. In hydrogenase
assays, the gas phase was 100% H2 at 130 kPa. All other assays were
performed under 100% N2 at 130 kPa. Ferredoxin-dependent
hydrogenase (Ech) was assayed as described (8). F420 reducing
hydrogenase (Frh) was assayed by following the reduction of F420
with H2 (25). CHO-MFR dehydrogenase (Fmd) was assayed by
following the reduction of benzyl viologen with CHO-MFR (26). In
the enzyme assays described below, tetrahydromethanopterin
(H4MPT) isolated from Methanothermobacter marburgensis and its
derivatives were used instead of the structurally similar compound
tetrahydrosarcinapterin (H4SPT) found in M. barkeri. The two
substrates are interchangeable in enzyme assays. Methylene-H4SPT
dehydrogenase (Mtd) was assayed by following the formation of
methenyl-H4MPT from methylene-H4MPT with F420 as electron
acceptor (27). Methenyl-H4SPT cyclohydrolase (Mch) was assayed
according to ref. 28 by following the conversion of methenyl-
H4MPT to formyl-H4MPT. CHO-methanofuran:H4SPT formyl-
transferase (Ftr) was assayed by following the formation of
formyl-H4MPT from H4MPT and CHO-MFR as described
(29). Additional details of enzyme assays are provided in the
supporting information.

Results
Construction and Verification of an M. barkeri �ech Mutant. An M.
barkeri mutant with a deletion of the echABCDEF operon, encod-
ing Ech, was constructed by homologous recombination-mediated
gene replacement as shown in Fig. 1A. To do this, the regions up-
and downstream of the ech operon (about 500 bp each) were cloned
into a plasmid flanking the pac-ori-aph cassette, which encodes
resistance to puromycin in M. barkeri (18). The plasmid was then
linearized and used to transform M. barkeri with selection for
puromycin resistance. Several transformants were obtained and
screened by DNA hybridization for ones that carried the
�ech1::pac-ori-aph mutation (Fig. 1B). Finally, Western blotting
was used to show that the EchE subunit of the hydrogenase was
undetectable in cell extracts (Fig. 1C). One mutant, designated M.
barkeri Ech1, met these criteria and was used for all subsequent
experiments.

Phenotypic Characterization of M. barkeri Ech1. M. barkeri is capable
of growth on a variety of substrates including methanol, acetate, and
H2�CO2. It also grows on a combination of methanol and H2�CO2
via a pathway that is distinct from the use of either substrate alone.
We examined the capacity of M. barkeri Ech1 to use each of these
growth substrates (Table 1). Although the mutant was isolated on
media containing both methanol and acetate, it is capable of growth
on methanol alone. As predicted, the mutant is unable to grow on
either acetate or H2�CO2. Surprisingly, it also fails to grow on
methanol�H2�CO2. We considered two possibilities for these phe-
notypes. First, that the �ech1 mutation blocks methanogenesis and
second, that it blocks a required biosynthetic pathway.

To assess the role of Ech in methanogenesis we quantified the
amount of methane made from various substrates by dense sus-
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pensions (about 109�ml) of methanol-grown cells incubated over-
night in the presence of pseudomonic acid [to prevent growth and
protein synthesis (19)]. More dilute suspensions were used to
measure the rates and stoichiometry of product formation (Table
2). The rate of methanogenesis from methanol was essentially
identical for wild-type and Ech1 cell suspensions. Both strains
completely converted methanol to methane and CO2 in the ex-
pected 3 (�0.3) to 1 stoichiometry. Wild-type cell suspensions
converted about 80% of H2�CO2 to methane; however, Ech1
produced no methane, indicating that Ech is required for produc-
tion of methane from H2�CO2. Interestingly, both wild-type and
Ech1 cells rapidly produced methane from the combination of
methanol�H2�CO2. Assuming that no CO2 was reduced to methane
by Ech1 (as suggested by the inability of the mutant to make
methane from H2�CO2), 99% of the input methanol was converted
to methane, which agrees with the expected stoichiometry for this
substrate combination. These data show that the inability of Ech1
to grow on methanol�H2�CO2 is not the result of a loss of
methanogenesis. We also measured reduction of formaldehyde to
methane by using H2, which occurred at identical rates in both
wild-type and Ech1 cells. Formaldehyde enters the CO2 reduction
pathway at the level of methylene-H4SPT (30). Therefore, the block
in CO2 reduction lies between CO2 and methylene-H4SPT. Finally,
acetate was not converted to CH4 and CO2 at detectable levels by
cell suspensions of either wild-type or Ech1 grown on methanol.
Thus, we measured the oxidation of CO to CO2 and H2, which
represents the oxidative half of acetoclastic methanogenesis. The
CO oxidation rate was 9-fold lower in Ech1 than in the wild type,
suggesting that the inability to grow on acetate is caused by a defect
in the oxidative segment of the acetoclastic pathway.

The production of methane from methanol�H2�CO2 by Ech1
demands an explanation, such as a block in a required biosynthetic
pathway, for its lack of growth on this substrate combination. Thus,

we attempted to grow the mutant on methanol�H2�CO2 media
supplemented with various compounds that might bypass the
supposed biosynthetic block. Initially, we showed that growth of the
mutant was restored by a combination of casamino acids (0.1%),
yeast extract (0.1%), acetate (10 mM), and pyruvate (10 mM), but,
after many trials, we found that high concentrations of pyruvate
(100 mM) alone were able to restore growth (Table 1). No
combination of supplements lacking pyruvate restored growth on
methanol�H2�CO2; however, the observation that additional com-
pounds reduced the level of pyruvate needed indicates that they
partially fulfill the biosynthetic requirement, probably by supplying
compounds that are derived from pyruvate. Pyruvate did not
restore growth on any other substrate, indicating that a defect in
biosynthesis was not solely responsible for lack of growth on these
compounds (Table 1). These data clearly show that, in addition to
its role in methanogenesis, Ech has a required role in the biosyn-
thesis of pyruvate.

Complementation of �ech1 Mutation. To verify that the observed
phenotypes were caused by deletion of the ech operon we attempted
to complement the mutation by insertion of the echABCDEF genes
into a second site in the Ech1 chromosome. We previously showed
that the hpt locus, encoding hypoxanthine-phosphoribosyl trans-
ferase, is a permissive site for insertion of extraneous DNA in the
close relative Methanosarcina acetivorans (M. Pritchett and
W.W.M., unpublished data). We constructed a plasmid in which the
ech operon was inserted into the M. barkeri hpt locus and then
recombined this hpt::echABCDEF allele into the Ech1 chromo-
some. DNA hybridization confirmed that the resulting transfor-
mants carried both the �ech1::pac-ori-aph and hpt::echABCDEF
alleles (data not shown). The strains were resistant to 8-aza-2,6-
diaminopurine, as expected for hpt mutants, and able to grow on all
substrates used by the wild type (Table 1), indicating that the Ech1
growth phenotypes are solely the result of the �ech1 mutation.

Fig. 1. Construction and verification of an M. barkeri �echABCDEF mutant. (A) Ech1 was constructed by transformation of M. barkeri to PurR with linearized plasmid
carrying the �ech1::pac-ori-aph mutation. Recombination (dotted lines) between homologous sequences on the plasmid and chromosome resulted in replacement of
the ech operon with the mutation. A small fragment of echF remains in the mutant. (B) Mutant (Ech1) and wild-type (WT) chromosome structure was verified by DNA
hybridization as described. The predicted sizes of hybridizing bands (base pairs) are shown in parentheses: lanes 1 and 8, DNA markers; lane 2, Ech1-HindIII (1938, 2018);
lane 3, WT-HindIII (2011, 4540); lane 4, Ech1-EcoRV (3076, 3984); lane 5, WT- EcoRV (2132, 3551); lane 6, Ech1-EcoRI (3912, 	4000); lane 7, WT-EcoRI (2283, 	6526). (C)
EchE and HdrD were detected by Western blot as described (8). Lane 1, 5 �g of Ech1 cell extract; lane 2, 5 �g of Ech1 membrane protein; lane 3, 0.1 �g of purified Hdr
(control); lane 4, 0.1 �g of purified Ech (control); lane 5, 5 �g of WT cell extract; lane 6, 5 �g of WT membrane protein. The molecular mass of subunit EchE is about
39 kDa, the molecular mass of HdrD is 43 kDa. The migration of molecular mass standards is shown on the left.

Table 1. Growth of M. barkeri strains in various media

Me H2�CO2 Me�H2�CO2 Ac

�pyr �pyr �pyr �pyr �pyr �pyr �pyr �pyr

Wild type � � � � � � � �

�ech1�pac-ori-aph � � � � � � � �

�ech1�pac-ori-aph
hpt�echABCDEF

� ND � ND � ND � ND

Growth was scored in HS broth with the indicated substrates; Me, methanol; Ac, acetate; pyr, sodium pyruvate.
Positive cultures (�), except acetate, typically grew within 2 days; Ac cultures grew within 4 weeks. ND, not done.

5634 � www.pnas.org�cgi�doi�10.1073�pnas.072615499 Meuer et al.



Biochemical Analysis of Methanogenesis from H2�CO2. To define
more precisely the blocked step in the reduction of CO2 to methane,
we assayed each of the known enzymatic steps between CO2 and
methylene-H4SPT in extracts of mutant and wild-type cells (Table
3). As expected, ferredoxin-dependent hydrogenase activity was
completely undetectable in cell extracts of Ech1, indicating that no
other enzymes with this activity are present in M. barkeri. However,
all other enzyme activities were present at similar levels in both
Ech1 and wild-type cell extracts, leaving open the question of why
Ech1 is incapable of CO2 reduction. With a single exception, each
enzyme was assayed by using the natural substrate and electron-
carrying cofactor. The exception is CHO-methanofuran dehydro-
genase (Fmd), for which the in vivo electron donor�acceptor has
never been established. Typically, as in Table 3, the enzyme is
assayed by using viologen dyes as artificial electron carriers. We
considered the possibility that ferredoxin was the in vivo electron
carrier for Fmd and that Ech mediates the transfer of electrons
between H2 and CHO-methanofuran. Both Fmd and Ech are
present in the membrane fraction, therefore we assayed the oxi-
dation of CHO-methanofuran to H2 and CO2 in membrane prep-
arations. As shown in Fig. 2, fresh membrane preparations of
wild-type cells were able to oxidize CHO-methanofuran to H2 and
CO2, but only in the presence of ferredoxin. This activity is
extremely labile and was not observed in preparations more than a
few hours old, but was clearly reproducible in nine different

measurements using three independent membrane preparations
(specific activity 210 � 60 nmol min�1 mg�1). Ech1 membranes
never showed this activity despite using very fresh preparations at
high protein concentrations. Because the system is so labile, this
negative result must be interpreted with caution. Nevertheless, the
data strongly support the conclusion that ferredoxin is the in vivo
electron carrier for Fmd and suggest that the lack of growth by Ech1
on H2�CO2 is the result of an inability to produce the reduced
ferredoxin needed for the Fmd-catalyzed reduction of CO2.

Discussion
The data presented here indicate that Ech plays multiple roles in the
metabolism of M. barkeri through its ability to catalyze the revers-
ible reduction of ferredoxin by H2. These include central, but
distinct, roles in methanogenesis from acetate and from H2�CO2,
as well as a separate role in the biosynthesis of pyruvate (and
probably acetate). Importantly, Ech is believed to couple ferredox-
in-dependent hydrogenase activity to translocation of protons (or
sodium ions) across the cell membrane, suggesting that Ech acts as
a site of energy conservation under certain growth conditions and
couples energetically unfavorable reactions to reverse electron
transport under others. A model depicting the proposed roles of
Ech under various growth conditions is shown in Fig. 3.

During growth of M. barkeri on methanol�H2�CO2, Ech probably
plays a strictly biosynthetic role. Methanogenesis using these sub-
strates involves an initial transfer of the methyl group from meth-
anol to coenzyme M (CoM-SH, mercaptoethanesulfonic acid),
followed by reduction to methane with coenzyme B (CoB-SH,
7-mercaptoheptonylthreonine phosphate) as the electron donor
(31). The products of these reactions are methane and the hetero-
disulfide of CoM-SH and CoB-SH (CoM-S-S-CoB). Energy is
conserved as a transmembrane ion gradient in the subsequent
electron transport chain leading from H2 to CoM-S-S-CoB, which
also regenerates the reduced CoM-SH and CoB-SH needed for
subsequent cycles. As shown in Fig. 3A, there is no role for Ech in
this methanogenic pathway, consistent with the observation that
cell suspensions of Ech1 produce methane from methanol�H2�
CO2. However, Ech1 will not grow on methanol�H2�CO2 unless
supplemented with pyruvate, suggesting that Ech is involved in
pyruvate biosynthesis. As described above, M. barkeri assimilates
carbon via the stepwise, ferredoxin-dependent synthesis of acetyl-
CoA and pyruvate catalyzed by ACDS and pyruvate:ferredoxin
oxidoreductase (POR). The inability of Ech1 to synthesize pyruvate
during growth on methanol�H2�CO2 strongly suggests that Ech is
responsible for producing the reduced ferredoxin used by ACDS
and POR. The lack of an acetate requirement under these condi-
tions is probably a result of the reversibility of POR (16). Thus,

Table 2. Reactions catalyzed by cell suspensions of
M. barkeri strains

Reaction
M. barkeri

(nmol min�1 mg�1)
M. barkeri Ech1

(nmol min�1 mg�1)

4 CH3OH3 3 CH4 � CO2 �

2 H2O*
174 (�23) 176 (�15)

CH3OH � H23 CH4 � H2O† 440 (�125) 520 (�160)
CH2O � 2 H23 CH4 � H2O‡ 97 (�29) 113 (�57)
CO2 � 4 H23 CH4 � 2 H2O§ 78 (�9) 

1
CO � H2O3 CO2 � H2

¶ 26 (�7) 3 (�1)

*Assays contained 125 mM methanol and cell suspensions at protein concen-
trations of 5–20 mg�ml. CH4 production was assayed.

†The gas phase was 100% H2. Assays contained 125 mM methanol and cell
suspensions at protein concentrations of 5–20 mg�ml. CH4 production was
assayed.

‡The gas phase was 100% H2. Assays contained 5 mM formaldehyde and sus-
pendedcellsataproteinconcentrationof6mg�ml.CH4 productionwasassayed.

§The gas phase was 80% H2�20% CO2. The assays contained cell suspensions at a
protein concentration of 13 mg�ml. CH4 production was assayed.

¶To prevent methanogenesis, cultures were incubated with 20 mM bromoeth-
anesulfonic acid (BES) for 1 h before harvesting. Cell suspensions also contained
20 mM BES. The gas phase was 10% CO�90% N2. The assays contained cell
suspensions at protein concentrations of 5–10 mg�ml. Consumption of CO and
production H2 and CH4 was assayed.

Table 3. Reactions catalyzed by cell extracts

Reaction
M. barkeri

(nmol min�1 mg�1)
M. barkeri Ech1

(nmol min�1 mg�1)

Ferredoxin-dependent
hydrogenase

130 (�10) 

1

CHO-MFR dehydrogenase 1350 (�50) 1700 (�100)
CHO-methanofuran:H4SPT

formyltransferase
6300 (�880) 5780 (�960)

Methenyl-H4SPT
cyclohydrolase

1350 (�210) 1200 (�100)

Methylene-H4SPT
dehydrogenase

3800 (�540) 3100 (�170)

F420-reducing hydrogenase 3700 (�260) 4600 (�330)

Reactions were assayed as described in Materials and Methods. Details are
provided in the supporting information.

Fig. 2. Ferredoxin-dependent formation of H2 and CO2 from CHO-MFR. Freshly
prepared membrane fractions of methanol-grown M. barkeri were assayed for
H2 and CO2 production as described. Ferredoxin was added at the time point
indicated. The rate of H2 and CO2 formation was 200 nmol min�1 (mg membrane
protein)�1.
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pyruvate can also serve as a source of acetyl-CoA. Importantly, the
synthesis of both acetyl-CoA and pyruvate is endergonic at the H2
partial pressures found in natural habitats (1–10 Pa). The possibility
that Ech couples reverse electron transport to the reduction of
ferredoxin with H2 provides an attractive explanation for synthesis
of these compounds under energetically unfavorable conditions.

In the acetoclastic pathway (32, 33), acetate is converted to
acetyl-CoA and subsequently split into CH3-H4SPT and enzyme-
bound CO by means of the ACDS enzyme. Enzyme-bound CO is
oxidized to CO2 via ACDS with concomitant production of reduced
ferredoxin, whereas CH3-H4SPT is sequentially reduced to meth-
ane with the production of CoM-S-S-CoB (Fig. 3B). CoM-S-S-CoB
is reduced to free CoM-SH and CoB-SH as the terminal step in an
energy-conserving electron transport chain. As suggested (8), the
electrons from reduced ferredoxin may flow through H2 via the
action of Ech, then through methanophenazine via the Vho�Vht
hydrogenases, and finally to CoM-S-S-CoB via heterodisulfide
reductase (34). The explanation that Ech1 fails to grow on acetate
solely because of a biosynthetic defect is unlikely because we were
unable to restore growth by pyruvate supplementation. Therefore,
Ech probably plays a direct role in methanogenesis from acetate.
Consistent with this idea, cell suspensions of Ech1 catalyzed the
oxidative half of the acetoclastic pathway (conversion of CO to CO2
and H2) at a significantly lower rate than the wild type. Importantly,
the conversion of CO to CO2 and H2 catalyzed jointly by ACDS and
Ech is predicted to be a site of energy conservation in acetoclastic
methanogensis. This reaction has been shown to be coupled to the
generation of a proton-motive force (9) and is consistent with the
putative ion-translocating activity of Ech.

Ech probably plays both biosynthetic and methanogenic roles
during growth on H2�CO2 (Fig. 3C). The conversion of CO2 to
methane involves, besides group transfer reactions, four H2-
dependent reduction steps: the initial reduction of CO2 to CHO-
MFR catalyzed by Fmd, the reduction of methenyl- to methylene-

H4SPT (methylene-H4SPT dehydrogenase, Mtd), the reduction of
methylene- to methyl-H4SPT (methylene-H4SPT reductase, Mer),
and finally the reduction of methyl-CoM to methane (methyl-CoM
reductase, Mcr) (35). As in the pathways described above, the latter
reaction is not a direct reduction of methyl-CoM via H2, but rather
involves an energy-conserving electron transport chain ending with
the reduction of CoM-S-S-CoB. The cell suspension experiments
clearly indicate that Ech is required for reduction of CO2 to
methane with H2, specifically at a step between CO2 and methylene-
H4SPT. However, each of the enzymes involved in these steps was
present at wild-type levels in Ech1, leading us to believe that Ech
was responsible for supplying electrons to Fmd for the reduction of
CO2 to CHO-MFR. Although Fmd has been the subject of study
for nearly 20 years, the in vivo electron donor�acceptor has never
been rigorously established (for discussion see refs. 31 and 35). The
reaction is highly endergonic in the reductive direction and cannot
be measured in vitro, although the reverse reaction is easily mea-
sured by using artificial electron acceptors. CO2 reduction is
thought to proceed in at least two steps: (i) the reduction of an
electron carrier by H2 and (ii) the subsequent reduction of CO2 to
CHO-MFR with the reduced electron carrier. The hydrogenase
that provides the reducing equivalents in the first step has not
previously been identified; however, it has been suggested that a
reduced ferredoxin is the electron donor for the second step (31).
Our data show that ferredoxin is indeed capable of serving as the
electron acceptor for oxidation of CHO-methanofuran to CO2 and
H2, and that Ech is required for this reaction when ferredoxin is
limiting (Fig. 2). These data imply that the reverse reaction, i.e., the
endergonic reduction of CO2 to CHO-MFR, also uses ferredoxin
as the electron carrier, and that Ech is responsible for production
of reduced ferredoxin. The putative ability of Ech to couple
consumption of an ion gradient to ferredoxin reduction would allow
this thermodynamically unfavorable reaction to proceed. Although
growth on H2�CO2 was not restored by addition of pyruvate, it

Fig. 3. Proposed functional roles for Ech and ferredoxin during growth of M. barkeri on various substrates. Models for growth on methanol plus H2�CO2 (A), acetate
(B), H2�CO2 (C), and methanol (D) are shown. The methanogenic pathway is shown in blue, the energy-conserving electron transport chain in red, and biosynthetic
pathway in purple. The steps catalyzed by Ech and ferredoxin-dependent enzymes are labeled in green. See text for detailed discussion.
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seems likely that Ech is also required for biosynthesis during growth
on these substrates, because H2 is the only available reductant for
biosynthesis of pyruvate and acetate under this growth condition.
Thus, the biosynthetic situation is analogous to growth on metha-
nol�H2�CO2.

Last among the growth substrates, an explanation is required for
the dispensability of Ech during growth on methanol (Fig. 3D). In
the methylotrophic pathway, methanol is oxidized to CO2 essen-
tially by running the H2�CO2 pathway in reverse. The reducing
equivalents thus generated are used for reducing three additional
molecules to CH4 via the same steps used in the methanol�H2�CO2
pathway, except that the energy-conserving electron transport
chain ending with reduction of CoM-S-S-CoB begins with reduced
coenzyme F420 derived from the oxidation of methyl-H4SPT and
methylene-H4SPT (31). Additional reducing equivalents in the
form of reduced ferredoxin are also produced by Fmd in this
pathway. Note that the Fmd reaction is exergonic in the oxidative
direction and, therefore, does not require reverse electron trans-
port. Thus, there is no Ech requirement for the Fmd reaction in the
oxidative direction. Moreover, the reduced ferredoxin produced by
Fmd should be more than sufficient to supply the requirement for
biosynthesis of acetyl-CoA and pyruvate, and, thus, there is no
biosynthetic requirement for Ech during growth on methanol.

Two additional conclusions can be drawn from the dispensability
of Ech for growth on methanol. First, the finding that Ech is
required for biosynthesis during growth on methanol�H2�CO2, but
not during growth on methanol alone, suggests that the oxidative
branch of the methylotrophic pathway is strictly repressed in the
presence of hydrogen, thus precluding the use of the Fmd reaction
for provision of reduced ferredoxin. This conclusion is consistent
with previous data showing that many of the enzymes in the
oxidative branch of the methylotrophic pathway are down-
regulated by addition of hydrogen (36). Second, during growth on
methanol there must be an additional ferredoxin oxidoreductase to
replace Ech. Our results indicate that reduced ferredoxin generated
in the oxidation of CHO-MFR is oxidized by Ech to form H2, which
is then used for the reduction of CoM-S-S-CoB via the Vho�Vht
hydrogenases. Because ferredoxin-dependent hydrogenase activity
is undetectable in the mutant, methanogenesis and growth should
cease once the ferredoxin pool is reduced. This growth cessation is
not observed. Hence, oxidation of the ferredoxin in the mutant has
to be carried out by an alternative reaction that does not produce
H2 as intermediate. It seems possible that ACDS and POR could
fulfill this role producing acetate and pyruvate as byproducts of
growth. However, because the growth yield of mutant and wild type
are similar (data not shown), we do not believe that one-third of the

reducing equivalents are channeled into acetate or pyruvate syn-
thesis. Further, because suspensions of wild-type and mutant cells
catalyzed the conversion of methanol to CO2 and CH4 with the
expected stoichiometry, it is likely that all of the reducing equiva-
lents generated in the oxidative branch are channeled into the
heterodisulfide reductase reaction. The nature of this putative link
in electron transport between ferredoxin and CoM-S-S-CoB re-
mains unclear at this time.

The reported results have general implications for the metabo-
lism of methanogens. Hydrogenases related to Ech are encoded by
the genomes of methanogens belonging to different phylogenetic
groups. Examples are the two membrane-bound [NiFe] hydroge-
nases Eha and Ehb, found in the obligate hydrogenotrophs Meth-
anothermobacter thermoauotrophicus and M. marburgensis (1).
These enzymes have been proposed to catalyze the H2-dependent
reduction of a low potential electron carrier in a reaction driven by
reverse electron transport. This electron carrier is assumed to
donate electrons to Fmd in the methanogenic pathway and to
ACDS and POR in anabolic reactions. A similar set of membrane-
bound hydrogenases is also encoded by the genome of Methano-
coccus jannaschii (1, 37).

Finally, the results presented here highlight the utility of Meth-
anosarcina species for genetic analysis of methanogenesis. Most
methanogens have only a single methanogenic pathway, which is
believed to be essential for viability because all known methanogens
are obligate methanogens. This belief is supported by the inability
to construct mutants lacking a key hydrogenase in the hydro-
genotrophic methanogen Methanococcus voltae (38). In contrast,
Methanosarcina species are metabolically diverse, being able to use
a number of substrates for methanogenesis via four distinct metha-
nogenic pathways (see above). Thus, it should be possible to
genetically block methanogenesis via one (or two) pathway(s) while
leaving the mutant capable of growth via the remaining pathway(s).
Our finding that ech mutants are viable on some, but not other,
substrates validates this hypothesis. Further, by using a combined
approach that includes in vivo genetics, a long-standing question of
methanogenesis has been solved. Perhaps even more important, the
insights gained regarding the physiology of M. barkeri go well
beyond methanogenesis, suggesting that future genetic studies in
Methanosarcina species will be extremely fruitful.
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