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Energy coupling in methanogens 161

in view of the membrane permeability of acetate and COg, and of their
pnssible uncoupling effectsllrlz, we would at present view such schemes
with some scepticism, and move on to the autotrophic mode of growth, in
which genuine electron transport, coupled to ADP phosphorylation, does
undoubtedly take place. As equation (1) indicates, 4 pairs of electrons
are required to reduce 1 molecule of C02 to methane; the formal energ-
atics of the redox couples at each level of oxidation are very different,
with reduction to the level of HCHO by Hy~derived electrons being
unfavourable, whilst further reduction to the level of CH4 is very
favourable (Fig. 1), Thus a mechanism for the coupling of the primary
and terminal steps of COZ reduction is a thermodynamic necessity., Such

a coupling, in which the terminal reactions of methanogenesis promote

the primary ones, has been observed in vitro, and has been termed

“the RPG effect', after R.P. Gunsalus who discovered it5,13, The nature
of this coupling remains obscure, but one possibility, which we should

be inclined to favour, is that it is a proton motivated reversed electron
transfer of the type displayed by pyridine nucleotide transhydrogenase of
mitochondria and of E. colild, We discuss this point in some detail
later.

Iin Fig., 1 we have drawn up an energy-level diasgram of all known redox
couples that may be involved in the transfer of electrons to COy.
Eapecially for the formal l-carbon couples such a tabulation may be only
a gulde for, apart from methy1~S~COM5:G, the precise nature of the redox
couples participating in COZ reduction remains unknown, However, the
positions relative to Hy of the l-carbon couples are unlikely to be
inaccurate. It i1s particularly regretiable that, apart from hydrogenase,
no membranous redox carrier has unequivocally been identified, In
current studies of what is conceded to be a process of electron i{ransport
phosphorylation the present emphasis on soluble factors (see later) is
truly remarkable. However, we should like to stress that, as Rackerl®
has pointed out, the supernatant of even extracts centrifuged for 2 hours
at 105,000 x g contains topologically closed membranous material, The
gsignificance of this in energy coupling, particularly in view of the
chemiosmotic theory3,16, and of derivations thereof (e.g.17), will be
c¢laborated more explicitly hereafter. We now turn to a more detailed
discussion of the location and nature of the redox compounds presently
identified in methanogenic bascteria. Since Methanobacterium
thfarmoautotrophicuml8 is undoubtedly the best understood methanogen, we
ghall confine our attention almost exclusively to this organism, although
we realise that some generalisations may well be inapplicable to other
organisms, such as the nutritionally more versatile Methanosarcina
barkeri,

LOCATION AND NATURE OF ELECTRON CARRIERS IN METHANOGENIC BACTERIA

The first notable feature of methanogens is that they apparently
contain neither quinones nor cytochromes3, although spectroscopic
evidence for the presence of a b-type cytochrome in Methanosarcina
barkeri has recently been presentedlg. 0f the known electiron carriers

in methanogens, until recentlyzo enly the hydrogenase, factor Fapg and

coenzyme M derivatives had been reasonably well characterised. The
hydrogensse is undoubtedly membrane-bound in vivo, though much is
displaced during cell breakage: by using a stain for hydrogenasse and
ATPase, Doddema, 9}‘5321 were able to demonstrate that the aspparatus f{or
electron transport phosphorylation exists on an intracellular membrane
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system of M, thermoautolrophicum first described by Zeikus and Wolfe22
and also p;gsent in other methanogon54’23'24. Thus whilst most workers
who have studied hydrogenase-dependent reactions in these organisms have
used "soluble" systems, the ability to identify the location of hydrog-
enase in intact cells by cytochemical techniques has provided powerful
evidence that this enzyme is membrane-bound in vivo (and c,f. also29),

F .o~ was the first novel chromophoric compound isolated from
methanogens26 for which a structure has been definitely established27,28,
It is a deazaflavin and is apparently a 2-electron, l-proton carrier at
neutral pH29:30. This, and its polarity, would tend to exclude its
participation in the type of redox loop previously proposeds. It has a
mid~-point potential of -340mV (NHE) (Pol, A., unpublished), and can
catalyse the transfer of electrons from H, to NADP (oc.f., Fig., 1).
Although no other function for F450 has been demonstrated in methanogens
(and it is not exclusive to methanogens, being also found in Streptomyces
griseu531), the finding that it is soluble in the oxidised form yef bound
in the reduced form3,26,32, yould seem to exclude its involvement as a
direct electron carrying intermediate on the pathway of methanogenesis,
as well as lowering its effective in vivo Ep. Wa1sh30 has suggested that
it participates directly in hydride transfer to NADP32, Although F420
can participate in the generation of Hy from formate via a formate
hydrogen 1y35633'34, labblling experiments suggest that free formate is
neitger an intermediate in COZ reduction to biomass nor to CHy (sesa
e.g. 5), and thus the first step of CO, reduction to methane is not a
reversal of the formate hydrogen lyase reaction, as may occur, for
instance, in certain Clostridia36, 1t could well be that the role of
F490 is to reduce NADP for biosynthetic purposes., Our suggestion that
this redox carrier is not in fact directly involved in methanogenesis is
not inconsgigtent with the finding that the pathways for COZ reduction to
biomass and to CH, are probably different since they exhibit very
different isotope etfects37,

Cosnzyme M, 2-mercaptoethane sulphonate, a coenzyme apparently unique
to methanogenng, is thought to be involved in the terminal reaction of
methanogenesiser. The Ep,7 of the HSCoM/(8-CoM) o couple is =193 my
(vs NHE)39. However, it is the methylated form of the coenzyme which is
reduced by H2~derived electrons to form methane (see e.g.40), according
to equation (3):

CHyq - 8 = CoM + Hy > CHq + HS - CoM .....(3)

This reaction requires a hydrogenase, another protein called "C" and a
heat-stable, dialysable cofactor of unknown structure, this ensemble
being known as the methyl-CoM reductase complex40. In addition, Mg-ATP
is required, appzrently in catalytic amounts, a point discussed in more
detail in a later section., Blaylock and Stadtman4l, 42 suggested that
vitamin Bpg might be a methyl carrvier, atl least in Ms. barkeri, and
Wolfe® has mentioned a low molecular weipght factor, the CDR factor,
which is required for CO, reduction, Reports exist on chromophoric
factors F34243, F43043"4g and YFC46, and Balch and Wolfe47 mentioned
AC-1 and AC-II, probably CoM derivatives (G.fQG), all of which may be
electron carriers. It has also been suggested that a succinate/Tumarate
cycle may he operative in methanogens, although it would appear that
fumarate plays an assimilatory role in M., thermoautotrophicum49, very
recently, LancasterB84 has reported on several very interestiing membrane-
bound and soluble epr-detectable centres in M. bryantii. Finally,
Keltjens and Vogelszo have reviewed their studies of a number of chromo~
phoric factors, all of which are apparently involved in methanogenesis,
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and of which at least one, factor B has been shown to be electroactive
(rFig. 1). We now turn to a consideration of how electron transport may
pbe coupled to ATP synthesis in methanogens.

PROTONMOTIVATED ATP SYNTHESIS IN METHANOGENIC BACTERIA

In view of the predominance of the chemiosmotic view of energy
transduction in bacterial bioenergetics, it seemed logical to assume
that a protonmotivated type of ATP synthesis might be occurring in
methanogens, particularly since it was known that protonophorus
uncouplers decreased the ATP pool in M. bryantii (MoH)50, and in
Methanobacterium strain AZ51 conoomltantly inhibiting methanogenesis.
However, more recent experiments undertaken to test this hypothesis
yielded the surprising resultd? that ATP synthesis in intact cells of
M. thermoautotrophicum elicited by an artificially-imposed pH gradient
was insensitive to uncouplers. (Similar experiments in Ms. barkeri53,
in which the external pH was lowered to 2.5, gave uncoupﬁgrwsensitive
ATP synthesis). It was therefore suggested that the ATP synthesizing
apparatus might be located in the internal membrane system in vivo, and,
as noted above, staining procedures confirmed this piedlctlonZI It
should be stressed that centrifugation for 100,000 x g for 1 hour gave
a rather low ATPase activity in the pellet, and 3 hours centrifugation
at 140,000 x g was necessary to obtain good ATPase (ATP hydrolase)
activity in the pellet fraction®2, Therefore, to those who believe
that methanogenic enzymes, by virtue of their association with electron
transport carriers linked to ATP synthesis, must be mambrane-associated
enzymes, these observations are perfectly consistent with the report of
Gunsalus and WolfeS4 that the terminal enzymes of methanogenesis are in
the 100,000 % g supernatant of cell extracts of M. thermautotrophicum
prepared in a similar way to those of Doddema et a121 52, However,
Sauer24 et al showed that the methane-synthesising apparatus of M.
ruminantlum was to be found in the pellet of a cell-free extract
subjected to 100,000 x g for 30 minutes, In addition, they found that
with this preparation methanogenesis from COZ was independent of the
presence of ATP, although an energised state of the membrane was
required, in that methanogenesis was inhibited by protonophorous
uncouplers, membrane~permeable phosphonium salts, and lytic concentra-
tions of deoxycholate, and was stimulated by dicyclohexylcarbodiimide,
which is believed?6 to block HE conducting pores in the Fy part of Ht
ATPases. TFinally, methanogenesis from CHS-—B12 is catalysed by the
membrane fraction of M. kuzneceoviidd

Thus we may conclude that there is no evidence so far reported which
is inconsistent with the idea that electron transport-linked ATP synthe-
sis, in which electron transfer is ultimately to CO,, is a classical
membrane~associated process, and thal methanogenesis from CO, is also
mainly membrane-associated in vivo.

PROTONMOTIVATED ATP SYNTHESIS IN M. thermoautotrophicum

Membrane vesicles prepared by osmotic lysis are well known to be the
mosil tightly coupled in bacterial electron transport phosphorylation50.
Thus Doddema et glzi screened a variety of hydrolytic enzymes in an
attempt to prepare protoplasts from this organism, sadly without succ-
ess; however, preparation of cell-free extracts by French pressure cell
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treatment was found to produce a membranous system competent in uncoup-
ler— and ionophore-sensitive ATP synth951521. In this work no terminpl
electron acceptor was added, and hydrogen-dependent ATP synthesis
declined as ATP hydrolysis overwhelmed it in 1-2 minutes®? However,
phenazine cétho:;;ulpha_tcw‘38 or factor BOQO could be added as terminal
electron acceptor with concomitant stimulation of ATP synthesi857. One
remarkable feature of ATP synthesis in this system was that i1 was
sensitive to appropriate concentrations of 3 different inhibitors of the
mitochondrial adenine nucleotide translocase enzym621 (raview59), Supg-
esting that such a carrier mightl be present in these membranes. More
recent work60 has confirmed this suggestion beyond reasonable doubt,
since atractylate-sensitive ADP uptake, ATP gsynthesis and ATP hydrolysis
could all be demonstrated. Further, a single polypeptide could be
observed to bind radiocactive atractyloside during polyacrylamide gel
electraphoresis in the presence of triton X-100. Finally, measurement
by a flow dialysis technique similar to that described previously®0 of
the orientation of the protonmotive force in this system using the
membrane=-permeable ion distribution me thod 61 suggested that predomin-
antly 'right-side-out' vesicles, in which the direction of electron-
transport-driven HT translocation was outwards, contributed to the
energised state in this system, (Fig., 2) and that thus ATP synthesis
necessitated the participation of an adenine nucleotide translocase
enzyme,. No (g 30mV) protomnmotivated pH gradient could be detected®?,
It would seem that the key role played by an adenine nucleotide trans-
locase and by the internalised membrane system in M. thermoautotrophicum
which necessitates its action, should be taken into account in any
appraisal of the phylogeny of mwthanogens62”66.

IFlow dinalysis was performed as described [GO] in a medium containing
0.12M sodium bicine pH 7.4, 1OmM phenazine ethosulphate and 5 mg
vesicle protein f21]. The reaction was started by adding 0.4 pCi of
[14C]~dibenzyldimethylammonium bromide (4 - 4) (plus 5 pM sodium tetra=
phenyl borate) or KST4oN (p - p) each to a final concentration of 7 M.
At the arrow, FOCP was added to & final concentration of 10 pM., T = B
60°C, The flow buffer contained 0.0001% w/v resazurin plus 0,01% w/v
cystein hydrochloride - itris pH 7.
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Fig. 2. Orientation of the membrane potential generated as a result of Ho
oxidation by membrane vesicles of M. thermoautotrophicum,
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COUPLING OF ELECTRON TRANSPORT, C02 REDUCTION AND ATP SYNTHESIS

we have alluded earlier to the tendency of workers in the field of
methanogen biochemistry to concentrate upon the "soluble'" fraction of
coll extracts, We have also suggested that it might be particularly
rewarding to reappraise available evidence as supporting the concept
that methanogenesis from COZ is actually a membrane-associated proceas
in vivo, as is electiron transport phosphorylation in other anaeroblcally~-
Tespiring organisms3’1b. Certainly under autotrophic growth conditions
cell growth is entirely dependent upon eleciron transfer between Hy and
cO. and its coupled ATP synthesis, In other words the same electron
transfer reactions which are coupled to ATP synthesis are those which
are involved in methanogenesis, Further, as would be expected by
analogy with other microbial systemsle, such ATP synthesis driven by Hg
oxidation is catalysed by the membrane fraction of cell-free extracts,
at least in M, thermoautotrophicum21 upon which we shall concentrate our
analysis.,

As mentioned in the introduction, the terminal resctions of electron
transfer during methanogenesis must in some way be coupled to the
primary endergonic steps of COg reduction. Such a coupling may in
principle be either via a 'high-energy' cofactor (such as ATP) or via an
energised membrane statel®, ye shall review evidence consistent with the
view that the latter theory is correct.

The classical method for testing the involvement of a protonmotivated
energised membrane state in any biological process is to see whether
that process is sensilive to protonophorous uncouplers of electron
transport phosphorylation., It was established for intact cells of
M., bryantii (MOH)60 and strain AZ51 that protonophorous unceouplers do
indeed inhibit methanogenesis though, as the former workers pointed out,
2, 4-dinitrophenol is reduced by methanogens, and thus may not be acting
as a pure uncoupler. Sauer et 3124 have also shown that methanogenesis
from COy by membrane vesicles of M. ruminsntium is sensitive to uncoup-
lers; this is indeed to be expected for the thermodynamic reasons out-
lined earlier, However, it is not known whether the terminal reaction
of methanogenesis, the reduction of methyl-S5-CoM by Hgy to CHy and HS-CoM,
is sensitive to appropriate concentrations of a good uncoupler, although
Gunsalus and Wolie54 showed that it was inhibited by 2,4=dinitrophenol,
Since both the HS“CDM(S“CDM)Z and CHBOH/CH4 couples lie on the oxidising
side of Hp, one can say with certainty that reaction (3) is exergonic,
although the exact thermodynamics cannot be calculsted from available
information. Thus, an experimental determination of the equilibrium
constant for the reaction of equation (3) will be sagerly awaited, It
should by mentioned that reaction (4):

+ (SwCoM)z e (4)

CH3~S~COM + HS-CoM - CH4
followed by (S—CoM)2 reduction does not yet appear to have been excluded
as an intermediary pathway in reaction systems designed to assay the
reaction of equation (3), 1t is thus remarksble that the exergonic
reaction (3) has, in the hands of most workers, an absolute requirement
for ATP, although this role is "ecatalytlic", 1 molecule of ATP being
required per fifteen®d ov fiveb7 CHy molecules formed, ADP (which may
form ATP via the adenylate kinase reaction in this organism) sustained
50% of the rate achieved with ATP, but non-hydrolysable analogues of ATP
were ineffeclivedd at promoting the reaction., Recently, Shapiro and
wo1fe%8 also found u "catalytic" requirement for ATP in the methylation
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of CoM by methanol in extracts of M. barkeri, 85 methyl groups being

transferred per molecule consumed, Barlier, in an extraci of M. bryantii

(MoH), Roberton and Wolfe®® had shown that resynthesis of ATP during

me thanogenesis from COp, wslthough taking place, was not abhle to account
for the puzzling lack of stoichlometry, and also that, once ATP had
reacted, its presence was unnecessary for ongoing methanogenesis. There
are a number of possible explanations for the role of ATP in this react-
ion which suggest themselves to the biocenerpeticist: (i) it may act to
block a proton leak, as found for ATP in chloroplasts?O and for GTP in
brown fat mitcohondria71, (ii) it may act to create an energised membrane
state by being hydrolysed but subsequently and slowly resynthesised; such
an energised state might be only a kinetic and not a thermodynamic
requirement, (1ii) it may act to adenylate or phosphorylate an enzyme or
cofactor, Attempts by Gunsalus and Wolfed54 to isolate such a covalently-
modified form of the enzyme complex, were unsuccessful., In view of the
fact that the ATP requirement disappears once ATP has remcted69, we are
inclined presently to favour this lasi{ possibility,

INHIBITORS OF METHANE GENERATION AND HiATPaae

It would be useful to have at our disposal a family ol electron
transport and ATPase inhibitors, with which to dissect out the various
components in the train of events which comprise the bioenergetfic
pathway in methanogens., Regrettably, those currently available are few
in number, and (in the case of possible electron transport inhibitors)
their mode or site of action is unknown., On a molar basis, amongst the
most potent inhibitors of electron transport are the viologen dyes72,
with EO' values as shown in Fig, 1. They may certainly be preferent-
ially reduced by the hydrogenase in cell-free extracts40, Nitrous oxide
blocks methanogenesis from C0273 but not from CHg-5-CoM, Nitrite and
1,10~0o-phenanthroline are capable of inhibiting the reduction of
CHy=~8-~CoM, Bromoethane suphonate is a potent inhibitor of methano-
genesis from CHz-S-CoM74; whether it inhibits earlier stages of COg
reduction, or methanogenesis from methanol in M. barkeri68 ig apparently
unknown, Halagenated methane analogues are also potent inhibitors of
methanogenesis 5, although the inhibition by long~chain fatty acids79
may be ascribed to an uncoupling action,

Of known ATPase inhibitors’6 efrapeptin and dicyclohexyl carbodiimide
(DCCD) are active against the membrane~bound ATPase of M, thermoauto-
trophicum but oligomycin, Dio-9, venturicidin and tributyltin are not27,
Note that assays of the effectiveness of polypeptide antibiotics at 65°C
should be performed with caution. Since extracts of M. thermoautotroph-
icum usually contain a significant adenylaste kinase activity, it is

useful to note that diadenosine pentaphosphate (ApSA)77 is a potent
inhibitor of this reaction in this organism®7 (R,K, Thauver, pers. comm, ).

Other energy-linked resctions of methanogens

Essentially nothing is known of putatively protonmotivated solute
uptake in methanogens, although staining procedures in M. thermoauto-
iﬁgghicum show some ATPase activity in the cytoplasmic membrane2l,
However, Balch and Wolfed7 did demonstrate an energy-dependent uptake of
CoM and methyl CoM in M., ruminantium, Apart from the work on sdenine
nucleotide translocase®0 no studies have yet appeared of other active

transport systems in methanogens,
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Growth yields and the P/2ew ratio in methanogens

Thauer et gla suggested from a consideration of the poor growth
yields then found, and from the thermodynamics of autotrophic growth78
that methanogens should have a P/Ze” pratio of 1, We are inclined to
think this suggestion a little premature for s number of reasons:

(i) recent thinking79-8l suggests that there is no need for P/2e~ ratios
to have integral values, (ii) increases in growth yield have been ach~
ioeved through improvements in the growth medium, particularly the
addition of nicke144-82  (4ji) the subtlety of the coupling between the
various electron transfer reactions of methanogenesis, and our ignorance
of the actual carriers involved, indicates that one should not truly
speak of a single P/2e” ratio being displayed by these organisms, We
may also note that the efficiency of growth is a function of Hy and COyp
concentrationl2, Thus as yet no approach to the estimation of the P/2e~
ratio seems compelling. In this regard it is regrettable that no attem=—
pts to measure the - HY/2e” ratio using an Hy-pulse method have yet been
described, although, since the presence of carbonic anhydrase is
requiredrfor this ussuygS, 002 cannot be used as a terminal electron

acceptor'ﬂ .
SUMMARY AND PHROSPECT

The renaissance of interest in the methanogenit¢ bacteria which
followed improvements in the techniques for growing these strict
anaerobes was fostered by a more widespread realisation of their impor=
tance in systems for energy transduction using renewable resources. It
is somewhat paradoxical therefore that so little is still known of the
bicenergetics of these organismsg themselves. It seems too early to
speculate about energy-linked resctions in methanol- or acetate~ grown
cells, but from presently available data the following concept emerges
to describe energy coupling in autotrophically-grown cells,

The reduction step from the formate to formaldehyde levels of
reduction is thermodynamically unfavourable, and requires an input of
energy, which is supplied by an energised membrane state, The necessary
reversed electron transfer makes the reduction of COy to CHy uncoupler-
sensitive, In this respect it is important to realize that all soluble
systems so far described contsin membrane vesicles, Further reduction of
the C, unit from the level of formaldehyde to that of methyl-S=CoM
follows a presently unknown pathway. The final reduction step from the
methyl-5-CoM level to CHy requires catalytic amounts of ATP, probably to
adenylate or phosphorylate one of the components of the methylreductase
complex. Uncoupler sensitivity at this stage seems unlikely in vivo.
One may speculate that, at least in M. thermoautotrophicum, 065 reduction
to CHy takes place within a specialised 'methanochondrion” organelle,

Purification and reconstitution of the enzymes and soluble cofactors
involved in methanogenesis will obviously be needed to study further the
electron transfer pathways of methanogens, and identification of the
undoubtedly numerous membrane=bound electron carriers may be anticipated
together with study of their redox potentials and cellular location, The
sensitivity of methanogenesis to ionophores and phospholipases remains,
importantly, to be established. The isolation of sphaeroplasts of meth-
anogenic bacteria would prove most useful for furthering our understand-
ing of energy coupling in these unique and existing bacteria,
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