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Summary 1

Summary

Methanogenesis from methanol and H, plus CO, is coupled to the generation of a
transmembrane ion gradient, which is the driving force for ATP formation from ADP plus
Pi.

In this work three proton-translocating enzyme systems from the methanogenic
archaeon Methanosarcina mazei GOl were analyzed: The FiyoH;:heterodisulfide
oxidoreductase, the H,:heterodisulfide oxidoreductase and a proton-translocating
pyrophosphatase.

It was shown, that the H,:heterodisulfide oxidoreductase from Methanosarcina
mazei GOl catalyzed a H, dependent reduction of 2-hydroxy phenazine and the dihydro-
2-OH phenazine dependent reduction of the heterodisulfide CoM-S-S-CoB. The electron
carrier is a water soluble analogon of the physiological -electron carrier,
methanophenazine. Washed inverted vesicles of this organism were able to couple each
partial reaction with the transfer of protons across the cytoplasmic membrane The
maximal H'/2e” was found to be 2.0 for each reaction.

The electrochemical proton gradient thereby generated was used for ATP
synthesis by an A- type ATP synthase. Using the protonophor SF 6847 and ATPase
inhibitor DCCD in the presence or absence of ADP, the energy conserving systems
showed a stringent coupling, which resembles the phenomenon of respiratory control.

It was found, that 2-OH phenazine-dependent reactions as catalyzed by the
H,:heterodisulfide oxidoreductase, and the FiyoH,:heterodisulfide oxidoreductase were
inhibited by diphenyliodoniumchloride (DPI) indicated by I1Csy values of 20 nmol DPI/mg
protein for the F4y0H:heterodisulfide oxidoreductase and 45 nmol/mg protein for the Hy-
dependent enzyme system. Further analysis revealed that DPI inhibited heterodisulfide-
dependent oxidation of reduced membrane bound cytochromes as well as H,-dependent
cytochrome reduction. Membrane bound and purified F40H, dehydrogenase was directly

inhibited by DPI: The K,, value for 2-OH phenazine increased from 35 pM to 100 UM in
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the presence of DPI leading to the hypothesis that DPI reacts as a competitive inhibitor
due to ist structural similarity to 2-OH phenazine.

The FaoHsz:heterodisulfide oxidoreductase was found to catalyze a FapoH>
dependent 2-OH phenazine reduction and a dihydro-2-OH phenazine dependent reduction
of the heterodisulfide similar to the H, dependent system. Both partial reactions
contribute to the generation of an electrochemical proton gradient with H'/2¢™ ratios of
2.0 each. These findings indicate that the Fiy0H, dehydrogenase functions as a novel
proton pump in methanogenic archaea.

Sequence data from the genome sequencing project of Ms. Mazei G61 revealed the
existence of a gene cluster comprising 12 genes which were referred to as fpo
(F420H,:phenazine oxidoreductase) A B C D HJ K L M N O. Each gene is preceeded by
at least one putative ribosome binding site and starting with codon ATG or GTG and
termiated by stop codons TAA or TGA. Upstream from fpo A an archaeal promoter
sequence was identified. Nothern blot analysis revealed an 11 kb signal, when RNA from
methanol grown cells was hybridized with a fpoH specific probe, which indicates that the
genes fpo A-O were organized in one operon.

The deduced primary sequences of the Ms. mazei FaoH, dehydrogenase subunits
were compared with those from other organisms. For eleven proteins encoded by fpo A to
N homologues exist in bacterial NDH-1 and the mitchondrial Complex I
(NADH:ubiquinone oxidoreductase). The current working model divides the bacterial
Complex I into three subcomplexes or modules: The NADH dehydrogenase input module
as a peripheral device for the oxidation of NADH, the membrane associated connecting
module which channels the electrons to the third, large membrane integral module which
is adapted to the reduction of the membrane integral electron acceptor, the quinone. The
membrane integral and associated part of the F4p0 H, dehydrogenase complex showed
high similarities to the corresponding module of the bacterial Complex I with the
exception that the gene product from fpoO has no similarity to Complex I-like enzymes
as well as to any known protein. A NADH dehydrogenase module does not exist in Ms.

mazei, GO1, instead a polypeptide with high homologies to F4,9 dependent hydrogenases
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was copurified with the F4p0H, dehydrogenase leading to the assumption that this protein
serves the dehydrogenase as an F4y0H, oxidizing input module. The corresponding gene to
this subunit, fpoF was not located in the operon, but on a different part of the
chromosome.

The structure and chemical synthesis of methanophenazine, the first phenazine
from archaea, was reported. Experiments on the function of the new cofactor in Ms. mazei
GO61 demonstrated that it is also the first phenazine whatsoever involved in the membrane
bound electron transport in biological systems. Experiments combining the chemically
synthesized cofactor with washed membranes of Methanosarcina mazei Go6l clearly
indicated that methanophenazine serves as an electron acceptor to both the membrane-
bound hydrogenase and the F40H, dehydrogenase if H, and F4y9 were added, respectively.
In addition, the heterodisulfide reductase uses the reduced form of methanophenazine as
an electron donor for the heterodisulfide reduction. Therefore, methanophenazine is able
to mediate the electron transport between the membrane-bound enzymes.

Further bioinformatical studies showed the existence of two open reading frames
in the Ms. mazei genome encoding proton translocating pyrophosphatases. The
corresponding polypeptides were referred to as Mvpl and Mvp2 each representing an
extremely hydrophobic membrane integral protein with 15 transmembrane segments.
Northern blot analysis using RNA from mid growth phase harvested methanol grown
cells revealed that only Mvp2 was produced under these conditions. Washed membranes
showed a specific pyrophosphatase activity of 0.34 U per mg membrane protein and
inverted vesicles were found to couple a translocation of one proton to the hydrolysis of
one molecule of pyrophosphate. These findings indicate that this type of enzyme might

contibute to the energy conservation processes in Ms. mazei GO1.
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Introduction

Biological methanogenesis has received much attention because it plays a major role in
the carbon cycle on Earth and represents the terminal step in the anaerobic breakdown of
organic matter in many anaerobic habitats. The methanogenic Archaea are able to
produce methane from H, + CO,, formate, methanol, methylamines or acetate. They
represent one of the most prominent group of archaea. Furthermore, it is to note that CHy

released to the atmosphere acts as an important greenhouse gas (Thauer, 1998).
The process of methanogenesis

Methanogenic Archaea are strictly anaerobic organisms that can be divided into two
major groups (Boone et al., 1993). The substrate spectrum of obligate hydrogenotrophic
organisms of the orders Methanobacteriales, Methanococcales and Methanomicrobiales
is restricted to Hy + CO5 and formate. A limited number of species is able to use
secondary alcohols as electron donors. Methylotrophic methanogens of the order
Methanosarcinales utilize simple Cj-components such as methanol and methylamines.

Some of them are also able to grow on Hy + CO» and on acetate.

The metabolic pathways leading to the formation of methane have been elucidated in
recent years (Thauer, 1998; Deppenmeier et al., 1999; Heddrich et al., 1999; Ferry, 1999).

Methanogenesis from Hy + CO; proceeds according to the following equation:
COy+4 Hy —® CHs +2 HyO (AGy'=-130 kJ/mol)  [eq. 1]

The pathway starts with the Hy- and MF-dependent reduction of CO» to formyl-MF. The
endergonic reaction is catalyzed by a formyl-MF dehydrogenase and is driven by an
electrochemical ion gradient (Kaesler und Schonheit, 1989, Winner und Gottschalk,
1989). The formyl group is then transferred to H4MPT and the resulting formyl-H4MPT
is stepwise reduced to methyl-H4MPT. The electrons are derived from reduced F4p¢
(F420H2) which is produced by the F4pp-reducing hydrogenase (Vaupel und Thauer,
1998). The methyl-group of methyl-H4MPT is then transferred to HS-CoM by the
methyl-H4MPT:HS-CoM methyltransferase. The exergonic reaction (AG?' = -29 kJ/mol)
is coupled to the formation of an electrochemical sodium ion gradient (Aun,+; Becher et
al., 1992; Weiss et al., 1994; Lienard et al., 1996; Sauer und Thauer, 1998). The final step
in methanogenesis is the reduction of CH3-S-CoM to CH4, which can be divided into two

partial reactions. First methyl-S-CoM is reductively cleaved by the methyl-S-CoM
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reductase using HS-CoB as reductant (Ermler et al., 1997). The reaction results in the
formation of methane and a heterodisulfide (CoM-S-S-CoB) from HS-CoM and HS-CoB.
In a second reaction CoM-S-S-CoB is reduced by the heterodisulfide reductase (Kiinkel et
al., 1997; Simianu et al., 1998). The reducing equivalents are derived from H; and
channeled to the heterodisulfide reductase by a membrane-bound electron transport

system (see below).

When cells grow on methanol, methylamines or methylthiols, the substrates undergo
disproportionation to CHg and CO; (Keltjens und Vogels, 1993), e.g. methanol is

converted according to the following equation:
4 CH3OH —® 3 CHy4+1CO;+2Hy0 (AGy' = -106 kJ/mol) [eq. 2]

In the oxidative branch of the pathway one out of four methyl groups is oxidized to CO»
by the reversed CO»-reduction route. The series of reactions starts with the formation of
CH3-S-CoM and methyl-group transfer to H4MPT as catalyzed by the methyl-
H4MPT:HS-CoM-methyltransferase. The endergonic reaction (AG®'= 29 kJ/mol) is driven
by an electrochemical sodium ion gradient (Miiller and Gottschalk, 1992; Miiller et al.,
1993). The formation of methyl-H4MPT is followed by the stepwise oxidation to formyl-
H4MPT. Reducing equivalents derived from these reactions are used for F4po-reduction.
After transfer of the formyl-group to MF the formyl-MF dehydrogenase catalyzes the
oxidation of CHO-MF to CO; and MF. In the reductive branch of the pathway three out
of four methyl groups are transferred to HS-CoM by methanol-specific
methyltransferases (Harms und Thauer, 1996). Again, the HS-CoB-dependent reduction
of methyl-S-CoM leads to the formation of CH4 and CoM-S-S-CoB.

The major part of methane production in nature originates from the decomposition of
acetate, which is carried out only by the genera Methanosarcina and Methanosaeta
(Ferry, 1997)

CH3-COO- + Ht —> CH4 + CO; (AGO'= -36 kJ/mol)

It is thought that in Methanosarcina strains acetate is activated by an acetate kinase and a
phosphotransacetylase, in contrast to Methanosaeta species where an acetate thiokinase
leads to the formation of acetyl-CoA. The C-C and C-S bonds of acetyl-CoA are cleaved
by a CO dehydrogenase/acetyl-CoA synthase complex. In the course of the reaction

enzyme-bound CO is oxidized to CO7 and the electrons are used for ferredoxin reduction.
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The methyl-moiety is transferred to H4MPT. The resulting methyl-H4MPT is converted
to methane by the catalytic activities of the sodium-translocating methyl-H4MPT:HS-
CoM methyltransferase and methyl-S-CoM reductase as described above (Ferry, 1999).

Energy metabolism:

The last reaction of all methanogenic pathways is the reduction of the heterodisulfide to
HS-CoM and HS-CoB catalyzed by the heterodisulfide reductase. It has been shown for
the methylotrophic methanogen Methanosarcina mazei G61 that reducing equivalents for
the reductive process are provided by membrane-bound electron transport systems using
Hy or F4p0H» as electron donors (Deppenmeier et al., 1999). Electron transfer is coupled
to proton translocation across the cytoplasmic membrane resulting in the formation of an
electrochemical proton gradient. These systems are referred to as Hj:heterodisulfide
oxidoreductase and F4,gH,:heterodisulfide oxidoreductase, respectively (Deppenmeier et
al., 1990 a/b; Deppenmeier et al., 1991). In the final step of the aceticlastic pathway again
the heterodisulfide reductase reduces CoM-S-S-CoB which derives electrons from
reduced ferredoxin by a third membrane-bound electron transport system (reduced

ferredoxin:heterodisulfide oxidoreductase; Hedderich et al., 1999).

All key enzymes of the electron transport chains have been isolated and characterized
(Deppenmeier et al., 1996). The oxidation of molecular hydrogen by the Fg4p¢-
nonreducing hydrogenase is the initial reaction of the Hy-dependent system. This enzyme
was isolated from Ms. barkeri (Kemner and Zeikus,1994) and Ms. mazei GOl
(Deppenmeier et al., 1992). The purified proteins consist of two different subunits with
molecular masses of approximately 60 and 40 kDa and contain a redox active Ni ion and
FeS clusters. Ms. mazei G61 contains two sets of genes (the vho and the vit operon)
which code for F4p¢-nonreducing hydrogenases (Deppenmeier et al., 1995). The
vhoGAC-encoded enzyme is believed to be part of the Hy:heterodisulfide oxidoreductase.
The deduced amino acid sequences revealed that the small (VhoG) and the large subunit
(VhoA) of the protein are homologous to corresponding polypeptides of membrane-
bound NiFe hydrogenases from several bacteria (Vignais and Toussaint, 1994). A third
gene (vhoC) belonging to the hydrogenase operon from strain G61 encodes a b-type
cytochrome (cyt by) which probably functions as primary electron acceptor of the core

enzyme consisting of VhoG and VhoA (Brodersen et al., 1999).

The F4p0H, dehydrogenase from Ms. mazei Go1 with a molecular mass of 115 kDa

contains iron-sulfur clusters and FAD (Abken and Deppenmeier, 1997). The enzyme is
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very similar to the corresponding protein from Methanolobus tindarius (Haase et al.,
1992) and is composed of five different subunits with molecular masses of 40, 37, 22, 20
and 17 kDa. A F4poH; dehydrogenase has also been isolated form the sulfate reducing
archaeon Archaeoglobus fulgidus (Kunow et al., 1994).

The heterodisulfide reductase from Methanosarcina species is composed of two subunits
(HdrDE) (Heiden et al., 1994). HdrE represents a membrane-integral b-type cytochrome
(cyt by) and contains two distinct heme-groups. HdrD is the catalytic subunit of the

heterodisulfide reductase and contains two Fe4S4 clusters (Simianu ef al., 1998).

The question rose which component mediates electron transport between the above-
mentioned enzymes. It is important to note that methanogenic Archaea do not contain
typical quinones such as ubiquinone or menaquinone. Instead, there is strong evidence
that methanophenazine fulfills this function. The hydrophobic, redox active component
with a molecular mass of 538 Da was isolated from membranes of Ms. mazei strain GO1.
After purification the chemical structure was analyzed by mass spectroscopy and NMR
studies. Methanophenazine represents a 2-hydroxyphenazine derivative, which is
connected via an ether bridge to a pentaisoprenoid side chain (Abken et al., 1998). Since
the cofactor is almost insoluble in aqueous buffers, the water-soluble analogon 2-
hydroxyphenazine was used for further experiments. It was shown that 2-
hydroxyphenazine could function as electron acceptor for both the F4o0H, dehydrogenase
and the membrane-bound hydrogenase in the presence of reduced F49 and H,
respectively. Furthermore, the membrane-bound heterodisulfide reductase was able to use
reduced 2-hydroxyphenazine as electron donor for the reduction of CoB-S-S-CoM
(Brodersen et al., 1999a, Biaumer et al. 1998). Thus, the electron transport processes can

be divided into two partial reactions:
H, + 2-OH-phenazine —>> dihydro-2-OH-phenazine

dihydro-2-OH-phenazine + CoM-S-S-CoB —> 2-OH-phenazine + HS-CoB +HS-CoM
F4p0H» + 2-OH-phenazine —>»  Fypot dihydro-2-OH-phenazine
dihydro-2-OH-phenazine + CoM-S-S-CoB —> 2-OH-phenazine + HS-CoB +HS-CoM
The goal of this thesis was to study the processes of proton translocation in
Methanosarcina mazei strain G61 in detail. In the course of the experiments a novel

membrane bound cofactor in methanogenic archaea was discovered, referred to as

methanophenazine. It was demonstrated that the cofactor functions as the central electron
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carrier between the membrane bound enzymes that are involved in the anaerobic
respiratory chain of Ms. mazei (Chapter 4). The composition of the Hs:heterodisulfide
oxidoreductase and the mechanism of energy conservation was investigated (Chapter 2).
A specific inhibitor of phenazine-mediated electron transport processes,
diphenyliodoniomchloride (DPI) was discovered and its effect on the energy transducing
enzymes was analyzed (Chapter 1). Furthermore, the composition of the FiyoH;
dehydrogenase was eludicated on the base of genetical and biochemical data and its
function as an important proton pump was demonstrated (Chapter 3). Finally a membrane
bound pyrophosphatase was discovered in Ms. mazei which coupled the hydrolysis of

anorganic pyrophosphate with the transfer of H' across the membrane. (Chapter 5).
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Chapter 1

Inhibition of membrane-bound electron transport of the methanogenic

archaeon Methanosarcina mazei Go1 by diphenyleneiodonium

Abstract:

The proton translocating electron transport systems (F49Hy:heterodisulfide
oxidoreductase and Hj:heterodisulfide oxidoreductase) of Methanosarcina mazei G61
were inhibited by diphenyleneiodonium chloride (DPI) indicated by ICs, values of 20
nmol DPI/mg protein and 45 nmol DPI/mg protein, respectively. These effects are due to

a complex interaction of DPI with key enzymes of the electron transport chains. It was

found that 2-hydroxyphenazine-dependent reactions as catalyzed by F4p-nonreducing
hydrogenase, FjyoH, dehydrogenase and heterodisulfide reductase were inhibited.
Interestingly, the Hy-dependent methylviologen reduction and the heterodisulfide
reduction by reduced methylviologen as catalyzed by the hydrogenase and the
heterodisulfide reductase present in washed membranes were unaffected by DPI,

respectively. Analysis of the redox behaviour of membrane-bound cytochromes indicated

that DPI inhibited CoB-S-S-CoM-dependent oxidation of reduced cytochromes and H,-
dependent cytochrome reduction. Membrane-bound and purified F4p0H, dehydrogenase
were inhibited by DPI irrespectively whether methylviologen + metronidazole or 2-
hydroxyphenazine were used as as electron acceptors. Detailed examination of 2-
hydroxy-phenazine-dependent F4y90H»-oxidation revealed that DPI is a competitive
inhibitor of the enzyme, indicated by the K, value for 2-hxydroxyphenazine which
increased from 35 uM to 100 uM in the presence of DPI. Since DPI and phenazines are
structurally similar with respect to their planar configuration we assume that the inhibitor
is able to bind to positions where interaction between phenazines and components of the

electron transport systems take place. Thus, electron transfer from reduced 2-
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hydroxyphenazine to cytochrome b, as part of the heterodisulfide reductase and from H
to cytochrome by as subunit of the membrane-bound hydrogenase is affected in the
presence of DPIL. In case of the F4o9H, dehydrogenase electron transport from FAD or

from FeS centers to 2-hydroxyphenazine is inhibited.

Introduction

The process of methanogenesis as performed by methanogenic archaea is coupled to
energy conservation by electron transport phosphorylation (Deppenmeier et al., 1996). In
Methanosarcina mazei G61 two membrane-bound electron transport systems have been
discovered. The F4yoHy:heterodisulfide oxidoreductase is involved in methanol
degradation and consists of F40H, dehydrogenase (Haase et al., 1992; Abken and
Deppenmeier, 1997) and heterodisulfide reductase (Kiinkel et al., 1997). Electron transfer
between the enzymes is probably mediated by methanophenazine, a membrane integral
electron carrier which was recently isolated from Ms. mazei G61 (Abken et al., 1998).
The F4p0H; dehydrogenase catalyzes the oxidation of FgyoH, which is formed during
oxidation of one out of four methanol molecules. The remaining methyl-moities are
transferred to 2-mercaptoethanesulfonate (CoM-SH). In the final step of methanogenesis
the methyl-S-CoM reductase catalyzes the reduction of methyl-S-CoM using 7-
mercaptoheptanoylthreonine phosphate (CoB-SH) as electron donor thereby producing
methane and a heterodisulfide (CoB-S-S-CoM) of CoB-SH and CoM-SH (Ermler et al.,
1997). CoB-S-S-CoM serves as electron acceptor of the above mentioned energy

conserving systems and is reduced by the heterodisulfide reductase (Heiden et al., 1994).

The second electron transport system is referred to as Hy:heterodsulfide oxidoreductase
and is involved in methanogenesis from H; + CO; (Deppenmeier et al., 1991). It is
known that a F4p-nonreducing hydrogenase (Deppenmeier et al., 1992; Kemner and
Zeikus, 1994), the heterodisulfide reductase (Heiden et al., 1994) and probably

methanophenazine (Abken et al., 1998) are involved in electron transfer from H, to the

heterodisulfide. Both electron transport systems are coupled to the generation of an
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electrochemical proton gradient which is used for ATP synthesis from ADP + P; by an

A1Ap-type ATP synthase (Deppenmeier et al., 1996; Ruppert et al., 1998).

Several inhibitors of mitochondrial and eubacterial electron transport systems were tested
for their effect on the energy conserving oxidoreductases of methanogens (Kamlage and
Blaut, 1992). Only those inhibitors that interact with iron-sulfur proteins were effective
indicating that the mode of inhibition was unspecific. Here we present evidence that
diphenyleneiodonium chloride (DPI; Fig. 1) specifically inhibits components of the

Hj:heterodisulfide-oxidoreductase and of the F4y0H,:heterodisulfide-oxidoreductase from

the archaeon Ms. mazei GO1.

Materials and Methods

Strains and growth of organisms
Ms. mazei GOl (DSM 3647) was obtained from the Deutsche Sammlung von
Mikroorganismen (Braunschweig, Germany) and grown in a 100-1 fermenter as described

(Abken and Deppenmeier, 1997).

Preparation of washed membranes and purification of proteins

Washed membranes and F4p0H, dehydrogenase from Ms. mazei were purified according

to Abken and Deppenmeier (1997). The F4y-nonreducing hydrogenase from Ms. mazei

was purified under aerobic conditions. Washed membranes were solubilized by the
addition of 1.5 mg Chaps/mg membrane protein. After stirring for 15 min the solubilized
membranes were centrifuged at 120 000 x g for 30 min. The supernatant was loaded onto
a DEAE-Sephacel column (5 cm x 7 cm, flow rate 3 ml/min) equilibrated with 25 mM
Mops buffer, pH 7.0 containing 0.5 mM Chaps (buffer A). The column was washed with
100 ml of the above buffer followed by a linear gradient of 0 to 1 M NaCl in buffer A (2
x 300 ml). Active fractions were applied to a hydroxyl apatite column preequilibrated

with 25 mM Mops buffer, pH 7.0 containing 5 mM Chaps buffer. The tightly bound
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hydrogenase was eluted with 60 mM K-phosphate in the same buffer. Hydrogenase-
containing fractions were pooled and concentrated by ultrafiltration (YM 30 filter,
Amicon, Witten, FRG). Finally purification was done by gel filtration (Superdex 200 HR,
1.6 x 60 cm, flow rate 1 ml/min). The hydrogenase fractions were concentrated (YM 30
filter, Amicon, Witten, FRG) and stored at -70 °C. The procedure was also performed
under anaerobic conditions. In this case all buffers were gassed with nitrogen and 4 mM

dithioerythritol was added. All purification steps were done in an anaerobic chamber (95

% N»y/ 5%H»). F4p0-nonreactive hydrogenase was assayed in 1.5-ml glass cuvettes gassed
with Hy and filled with 0.5 ml anaerobic 25 mM Mops buffer, pH 7.0, containing 4 mM
dithioerythritol and 1 mg resazurin/l. After addition of 0.2 ul Ti (II)-citrate (0.2 mM

stock solution) the assay mixture was incubated for 1 min to reactivate the hydrogenases.

The reaction was started by addition of 4 mM methylviologen (€504= 13.9 cm~! x mM-1).

Purification and synthesis of cofactors

F470 was isolated from Ms. barkeri or Ms. mazei and reduced to F4p0H, with NaBHy as
described (Deppenmeier et al., 1990). CoB-S-S-CoM was synthesized by the method of
Noll et al. (1986) and Kamlage and Blaut (1992). 2-hydroxy-phenazine was prepared
according to Abken et al. (1998) and was reduced as described by Biaumer et. al. (1998).

Methylviologen was reduced by titration with Na-dithionite (50 mM stock solution in
H50).

Assay conditions
Enzymatic activities of washed membranes (20 pg protein) or purified proteins (0.25 ug
protein) were measured in anaerobic cuvettes containing 1 ml 25 mM Mops, pH 7, 4 mM

dithioerithritol, 1 mg/l resazurine (buffer A). The assays were performed under an

atmosphere of hydrogen when the activity of the Hy:heterodisulfide oxidoreductase was
determined. The cuvettes were also gassed with H, when the reduction of
methylviologen or 2-hydroxyphenazine as catalyzed by washed membranes or by the
purified hydrogenase was followed. All other assays were done under an atmosphere of

molecular nitrogen. The final concentrations of the electron acceptors and donors in the
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assays were: FgqooHy, 20 pM; CoB-S-S-CoM, 180 puM; methylviologen, 1 mM; 2-
hydroxyphenazine, 40 uM; methylviologen + metronidazole, 150 puM and 250 pM,

-1 -1
respectively. The oxidation of FgrgH,owas followed at 420 nm (€ =40 mM xcm ).

Redox reactions with methylviologen and 2-hydroxyphenazine were measured at 604 nm
(e =139 mM_1 X cm _1) and 425 nm (¢ = 4.5 mM_1 X cm _1), respectively. The Hj-
dependent reduction of CoB-S-S-CoM was quantified as described by Hedderich et al.
(1988). In these experiments 25 mM Mops-buffer, pH 7 was reduced by Ti-citrate
titration until the red colour of the redox-indicator resazurine had disappeared.
Dithioerythritol was omitted. DPI was solved in dimethylsulfoxide and added as

indicated in Fig. 2 and 3.

Redox difference spectroscopy

Washed membranes were prepared under anaerobic conditions as described by Abken et
al. (1998) except that 25 mM Mops buffer, pH 7 was reduced with Ti-citrate (20 uM final
concentration). Dithioerythritol and resazurine were omitted. The kinetics of redox
reactions of cytochromes present in washed membranes were followed by redox
difference spectra and were recorded at room temperature with a Kontron

spectrophotometer (model Uvicon 810) in the double beam mode. When the H,-

dependent reduction of cytochromes was measured, washed membranes were titrated
with aerobic HyO until 95 % of the total heme groups of were in the oxidized state. The
reaction was started by flushing the sample cuvettes with molecular hydrogen and was
followed by repeated wavelength scans (600-400 nm; 20 nm/cm; 500 nm/min) against an
H,0O,-oxidized reference cuvette. For the analysis of the CoM-S-S-CoB dependent
cytochrome oxidation 95% of the heme groups in the sample cuvette were reduced with
Na-dithionite and the reaction was monitored as described above after addition of 180

uM heterodisulfide under an atmosphere of molecular nitrogen.
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Results

In order to elucidate the energy- conserving systems of Ms. mazei G061 in more detail we
tested diphenyleneiodonium chloride (DPI) for its effect on membrane-bound electron
transport. DPI is a potential inhibitor of flavoproteins and low potential cytochromes

(Ragan 1976; Majander et al., 1994).

DPI

N R
=
N

Methanophenazine

FIG. 1. Comparison of the chemical structures of diphenyleniodenioum chloride and

phenazine derivatives.

Methanogenesis from methanol plus Hy, methanol or acetate as catalyzed by resting cell
suspensions of Ms. mazei G61 was almost completely abolished by DPI when the

inhibitor was added to a final concentration of 50 nmol/mg protein (not shown).

Experiments with washed membranes revealed that both the F4oH,:heterodisulfide
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oxidoreductase and the Hj:heterodisulfide oxidoreductase were inhibited by DPI

indicated by ICsy values of 20 nmol DPI/mg protein and 45 nmol DPI/mg protein,

respectively (Table 1).

The question arose which components of the electron transport chain interacted with DPI.
Therefore, the activities of the key enzymes of electron transfer were checked in the
absence and presence of DPI. As is evident from Table 1 the membrane-bound F4y0H;-
dehydrogenase was inhibited by DPI when methylviologen + metronidazole or 2-
hydroxyphenazine were used as electron acceptors. In contrast, the membrane-bound
heterodisulfide reductase was only affected by DPI when reduced 2-hydroxyphenazine
(ICs0 = 125 nmol DPI/mg protein) served as electron donor for heterodisulfide reduction.
Interestingly, the enzyme remained active when reduced methylviologen was used for
CoB-S-S-CoM reduction. A similar situation was found when the F4p¢-nonreducing
hydrogenase as present in washed membranes was analyzed. Inhibition of the enzyme
was only observed when 2-hydroxyphenazine served as electron acceptor (ICso = 60
nmol DPI/mg protein). DPI did not influence H,-dependent methylviologen-reduction.

To elucidate the mechanism of inhibition, the F459-nonreducing hydrogenase was isolated
from washed membranes of Ms. mazei G61 (Deppenmeier et al., 1992). The purified
enzyme (Deppenmeier et al., 1995) consisting of the two subunits VhoG and VhoA
(referred to as core enzyme; see Fig. 5) was able to catalyze Hj-dependent
methylviologen reduction but was unable to reduce 2-hydroxyphenazine (Table 2) in
contrast to the membrane-bound form which used both electron acceptors. Like the
membrane-bound hydrogenase the methylviologen reducing activity of the purified
enzyme was not inhibited by DPI (Table 1 and Table 2). A reasonable explanation for
these findings is that the core enzyme transfers electrons from Hj via iron-sulfur clusters
to methylviologen. This reaction is obviously not effected by DPI. Besides the genes
coding for VhoG and VhoA the hydrogenase operon contains a third open reading frame
which codes for a b-type cytochrome (cyt by; see Fig. 5). It is most likely that this subunit
of the membrane-bound hydrogenase is responsible for electron transfer to 2-

hydroxyphenazine. To find evidence
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for the assumption that DPI inhibits electron transfer from the core enzyme to
cytochrome b; the H,-dependent reduction of heme groups in the membrane was
followed in the presence and absence of DPI. For this purpose washed membranes were
titrated with aerobic H,O until 95 % of the total content of heme groups were oxidized.
When the preparation was gassed with molecular hydrogen 90 % of the membrane-bound
cytochromes converted from the oxidized to reduced state within 3 minutes (Fig. 2) and
the reaction was complete after 7 min. It is also evident from Fig. 2 that increasing

amounts of DPI led to a decrease in the rate of cytochrome reduction. From the slope of

the curves a 1Csg value of 42 nmol DPI/mg protein was calculated (Fig. 2, inset). These
results clearly indicate that electron transfer from the core enzyme to cytochrome b; was

affected by the inhibitor.

100 30
1 [
90 E 251\ m
220
80 7 -
=
1 215
Q 4 >
s 70 | Z 10
2 &
< 607 5
)
7 .
g 50 7 ? 20 40 60 80 100
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=
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20 25 30

Time (min)
FIG. 2: Inhibition by DPI of H,-dependent cytochrome reduction in washed
membranes of Ms. mazei Gol. Anaerobic membranes (285 ug protein) were diluted in 0.5 ml 50

mM Tris/HCl, pH 7, which was reduced as described in Materials and Methods under an atmosphere of

molecular nitrogen. Aerobic HyO was added until 95 % of the total heme groups were in the oxidized state.

The membranes were incubated for 2 min in the presence of the following DPI concentrations: DPI omitted
(&5—2A); 10 pM (I, 20 (G—0 ); 40 uM(@—®); 80 uM (O—0). The reaction was started by

flushing the reaction cuvette with molecular hydrogen. A redox difference spectrum (600-400 nm) was
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taken at each time point. The proportion of cytochrome reduction was calculated from the height of the y-
Peak relative to the fully reduced sample and plotted as a function of time. Inset: Determination of the ICs,

value

In addition, the effect of DPI on the kinetics of the oxidation of reduced cytochromes by
CoB-S-S-CoM was analyzed. (Fig. 3). Membranes from Ms. mazei were titrated with
NaS,04 until 95 % of the heme groups were reduced. The addition of the heterodisulfide
to washed anaerobic membranes resulted in the decrease of reduced cytochromes from
100 % to 20 %. The kinetics of the cytochrome oxidation was too rapid to be resolved
with the method employed. This CoB-S-S-CoM-dependent oxidation of reduced
cytochromes was also inhibited by DPI. In the presence of 80 uM of the inhibitor only 20

% of the total heme groups were oxidized within a time-period of 2 min.

100
90
80
70
60

50

Reduction-state (%)

40

30 1

20 1

10 1

0 T T T T T T T T
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0

Time (min)
FIG. 3: Kinetics of the oxidation of reduced cytochromes by heterodisulfide and the
effect of DPI. Anacrobic membranes (200 pg protein) were diluted in 0.5 ml 50 mMTris/HCI, pH 7,

which was reduced as described in Materials and Methods under an atmosphere of molecular nitrogen. The

assay mixture was titrated with NayS,O4 (50 mM stock solution) until 95 % of the total heme groups were
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reduced. The reaction mixture was incubated for 2 min with DPI as indicated. The reaction was started by
the addition of 180 nmol CoB-S-S-CoM. DPI omitted (&——A); 10 uM DPI (I8 ); 20 uM DPI
(O—0); 40 uM DPI(@—®); 80 uM DPI (O—0). At each time point the redox state of the

cytochromes was estimated from the y—Peak as described in Fig. 2.
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FIG. 4. Competitive inhibition of the purified F4y¢0H, dehydrogenase by DPI. The

activity of the purified enzyme (0.13 pg protein) was measured in anaerobic cuvettes which contained 1 ml

25 mM Mops, pH 7, 4 mM dithioerythritol and 1 mg/l resazurine under an atmosphere of molecular
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nitrogen. The reaction was started by the addition of 2-hydroxyphenazine and the oxidation of F45oH> (30

uM final concentration) was followed at 420 nm.

A) Double-reciprocal plot of the 2-hydroxyphenazine-dependent F4oHo oxidation: (G—) plus DPI (1

uM final concentration); (lF—) DPI omitted.

B) Dixon plot of the 2-hydroxyphenazine-dependent F4pgHp oxidation: (G—1) 30 pM 2-

hydroxyphenazine; () 60 uM 2-hydroxyphenazine.

The inhibitory effect of DPI on the F40H; dehydrogenase purified from Ms. mazei G61
was analyzed in more detail. Recently, it was shown that F4y0Hj-oxidation followed
simple Michaelis-Menten kinetics with an apparent Km value of 35 uM with respect to 2-
hydroxyphenazine (Abken et al. 1998).

The double-reciprocal plot for the 2-hydroxy-phenazine-dependent F40H>-oxidation
revealed that DPI is a competitive inhibitor of the enzyme, indicated by an increased K,

value of 100 uM for 2-hydroxyphenazine in the presence of DPI (Fig. 4a). A K; value of

0.45 uM was determined from the Lineweaver-Burk plot. The same value was obtained
when the DPI concentration in the reaction assay was varied and the data were plotted
according to Dixon (1964; Fig. 4b). Also the F4poHp-dependent reduction of
methylviologen + metronidazol as catalyzed by the purified enzyme and the membrane-
bound enzyme was inhibited by DPI. However, a 10-fold higher amount of the inhibitor
was necessary to observe this effect (Table 1 and Table 2) indicating that there are two

DPI sensitive components in the F4poH, dehydrogenase which differ by their sensitivity

to the inhibitor.
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Discussion

The F4p0Hj:heterodisulfide oxidoreductase and the Hj:heterodisulfide oxidoreductase

from Ms. mazei GO1 represent typical energy-conserving electron transport chains.
However, the components are unusual with respect to their composition and chemical
structure (Thauer et al., 1993; Deppenmeier et al., 1996; Thauer, 1997). The F4p0H,
dehydrogenase has been purified from Archaeoglobus fulgidus (Kunow et al., 1994,
Methanolobus tindarius  (Haase et al., 1992) and Ms. mazei GOl (Abken and
Deppenmeier, 1997). It was shown that the protein from the latter organisms consists of
five non-identical subunits and contains FeS cluster and FAD (Fig. 5). In vitro the
enzyme catalyzes the transfer of electron from F4o0H, to 2-hydroxyphenazine. The
physiological electron acceptor is probably methanophenazine which is a
dibenzopyrazine derivative connected to a pentaisoprenoide side chain via an ether bridge
at the C2 atom of the ring structure Go1 (Abken et al., 1998). Furthermore, it was shown
that reduced 2-hydroxyphenazine acts as electron donor for the heterodisulfide reductase
(Bdumer et al., 1998). This enzyme has beeen purifed from the methylotrophic
methanogens Ms. barkeri (Kiinkel et al., 1997 ) and Ms. thermophila (Simianu et al.,
1998) and consists of two subunits (HdrD, HdrE; Fig. 5). HdrD contains FeS clusters and
harbours the active site for disulfide reduction. HdrE represents a b-type cytochrome

(Cytby; Fig. 5).

Various inhibitors of the NADH dehydrogenase (complex I) and quinone:cyt c

oxidoreductase (complex III) such as antimycin, myxothiazol, HQNQ and rotenone were

tested for their ability to inhibit the F4o0H;:heterodisulfide oxidoreductase (Kamlage and
Blaut, 1992). It was found that these compounds did not affect the F40H>-dependent
CoB-S-S-CoM reduction at all. lodonium compounds inhibit the activity of a variety of
flavoproteins such as eubacterial and mitochondrial NADH dehydrogenases (Ragan and
Bloxham, 1977; Majander et al., 1994) as well as NADPH oxidases (Doussiére and
Vignais, 1992; Deme et al., 1994), NO synthase (Stuehr et al., 1991), NADPH-

cytochrome P450 reductase and xanthine oxidase (Doussiére and Vignais, 1992). For the
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NADPH oxidase complex of bovine neutrophils it was shown that there are two reaction

sites of DPI
DPI DPI
| methyl-
| viologen 2 H H2
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!
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FIG. 5. Tentative model of the membrane-bound electron transport chains from Ms.

mazei G61 and inhibition by DPI.

(Doussiére and Vignais, 1992). At high concentrations (100 nmol/mg membrane protein)
the inhibitor interacts with the NADPH dehydrogenase component of the oxidase
complex probably by binding to the flavine (O’'Donnell et al., 1993). At low
concentrations (< 10 nmol/ mg protein) DPI inhibits the low-potential cytochrome bssg .
All the above mentioned enzymes contain either flavines or b-type cytochromes with low
mid-point potentials. Since both membrane-bound electron transport systems of Ms.

mazei GO1 also contain such components, the reason of inhibition by DPI is obvious.

From the results presented in this publication several sites of interaction of DPI with

components of the FgooH,:heterodisulfide oxidoreductase are possible (Fig. 5). The
F470H, dehydrogenase is competitively inhibited by DPI, indicating that the inhibitor and

2-hydroxy- phenazine compete at the site of phenazine reduction (K; = 0.45 uM). This
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observation is comparable to the inhibition of NADH oxidation in mitochondria of rats

by DPI (apparent K; = 4 uM), which is overcome by catalytic amounts of menadione

(Holland et al. 1972, Gatley and Sherratt, 1976). At higher DPI concentrations
methylviologen-dependent F4p0H, oxidation as catalyzed by the purified Fyq0H»
dehydrogenase from Ms. mazei G61 is also inhibited. From the above-mentioned effects
of DPI on flavoproteins (O Donnell et al., 1993) it is possible that the inhibitor interacts
with FAD as one of the prosthetic groups of the F4yp9H, dehydrogenase when added in
high concentrations. In this case electron transport to FAD or to FeS clusters would be
abolished and reduction of methylviologen is no more possible. The reduction of CoB-S-
S-CoM as catalyzed by the heterodisulfide reductase is inhibited by DPI when reduced 2-
hydroxyphenazine is added. The inhibitor does not interfere with reduced methylviologen
as electron donor. Since the oxidation of reduced cytochromes in washed membranes in
the presence of CoB-S-S-CoM is inhibited by DPI, electron transport from reduced
phenazine to cytochrome b, as part of the heterodisulfide reductase is probably blocked
(Fig. 5). This polypeptide contains a low potential b-type heme-group (-180 mV; Simianu

et al., 1998). Therefore, inhibition by DPI is reasonable.

Washed membranes are able to reduce 2-hydroxyphenazine in the presence of molecular
hydrogen. The reaction is catalyzed by a membrane-bound F4,¢H,-nonreducing
hydrogenase. From sequencing data it is known that the protein is composed of three
subunits (VhoGAC). The core enzyme consisting of the subunits VhoGA contains several
FeS centers and the Ni-Fe center (Deppenmeier et al., 1995; Deppenmeier, 1996) which
is thought to be responsible for Hy-oxidation (Albracht, 1994; Sorgenfrei et al., 1997).
The heme-b containing subunit VhoC (cyt by) is lost in the course of the purification
procedure (Deppenmeier et al., 1992). The purified enzyme (VhoGA) is able to reduce
methylviologen but it does not interact with 2-hydroxyphenazine. Taking together these

results we conclude that the F4p0-nonreducing hydrogenase catalyzes the oxidation of

molecular hydrogen in washed membranes of Ms. mazei G61 and channels the electrons

to the tightly linked cytochrome b; (Fig. 5). In a following redox reaction

methanophenazine is reduced and transfers electrons to cytochrome by, which acts as
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electron donor for heterodisulfide reductase. As already mentioned H,-dependent 2-

hydroxyphenazine reduction as catalyzed by washed membranes is inhibited by DPI in
contrast to the reduction of methylviologen. Therefore, we assume that DPI acts as an
inhibitor of electron transport from cytochrome b; to 2-hydroxyphenazine (Fig. 5). This
is also indicated by the fact that DPI inhibits cytochrome reduction when membranes are
incubated in the presence of molecular hydrogen. The structural similarity between DPI
and phenazines with respect to their planar configuration (Fig. 1) makes the possibility
attractive that the inhibitor is able to bind to positions where interactions between 2-

hydroxyphenazines and compounds of the electron transport systems take place. We

assume that in vivo these interactions are between methanophenazine and F4p0H»
dehydrogenase and between cytochrome b; and hydrogenase, respectively, as well as

between cytochrome b, of the heterodisulfide reductase and reduced methanophenazine

(see Fig. 5).
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Chapter 2

Energy conservation by the H,:heterodisulfide oxidoreductase from
Methanosarcina mazei Go61: identification of two proton-translocating

segments
Abstract

The membrane-bound Hj:heterodisulfide oxidoreductase system of the methanogenic
archacon Methanosarcina mazei GOl catalyzed the Hj-dependent reduction of 2-
hydroxyphenazine and the dihydro-2-hydroxyphenazine-dependent reduction of the
heterodisulfide of HS-CoM and HS-CoB (CoM-S-S-CoB). Washed inverted vesicles of this
organism were found to couple both processes with the transfer of protons across the
cytoplasmic membrane. The maximal H+/2e- ratio was 0.9 for each reaction. The
electrochemical proton gradient (Auy ") thereby generated was shown to drive ATP synthesis
from ADP + Pj, exhibiting stoichiometries of 0.25 ATP synthesized per two electrons
transported for both partial reactions. ATP synthesis and the generation of Apg™ were
abolished by the uncoupler 3,5-di-tert-butyl-4-hydroxy-benzylidene-malononitrile (SF 6847).
The ATP synthase inhibitor N,N’-dicyclohexylcarbodiimide did not affect H+-translocati0n,
but led to an almost complete inhibition of ATP synthesis and decreased the electron
transport rates. The latter effect was relieved by the addition of SF 6847. Thus, the energy
conserving systems showed a stringent coupling which resembles the phenomenon of
respiratory control. The results indicate that two different proton-translocating segments are
present in the Hj:heterodisulfide oxidoreductase system. The first one involves the 2-

hydroxy-phenazine-dependent hydrogenase and the second one the heterodisulfide reductase.
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Introduction

Methanosarcina (Ms.) mazei GO1 belongs to the methylotrophic methanogens of the order
Methanosarcinales and can grow on Hy + CO;, methanol, methylamines and acetate. The
pathways of methanogenesis from these substrates have been analyzed in detail in recent
years (8, 11, 29). All substrates are converted to methyl-S-CoM (2-
methylthioethanesulfonate), either by reduction of CO, or by demethylation of methanol and
acetate, respectively. Methane is formed from methyl-S-CoM by the catalytic activity of the
methyl-S-CoM reductase which uses HS-CoB (7-mercaptoheptanoylthreonine phosphate) as
electron donor. The reaction leads to the production of a heterodisulfide (CoM-S-S-CoB)
from HS-CoM and HS-CoB which is the terminal electron acceptor of the membrane-bound
electron transport systems of Ms. mazei Go1. The source of reducing equivalents necessary
for the reduction of CoM-S-S-CoB depends on the growth substrate. If molecular hydrogen is
present, a membrane-bound F4y¢p-nonreducing hydrogenase channels electrons via b-type
cytochromes to the heterodisulfide reductase which reduces the terminal electron donor (6,
13). This electron transport system was referred to as Hy:heterodisulfide oxidoreductase and
is coupled to proton-translocation across the cytoplasmic membrane (8). When cells are
grown on methanol part of the methyl groups are oxidized to CO, and reducing equivalents
are transferred to coenzyme F4(. In Methanosarcina-strains FqooH» is reoxidized by the
membrane-bound Fgo0H, dehydrogenase which is part of the F4p0H>:heterodisulfide
oxidoreductase (7). Parallel to the Hp-dependent system electrons are channeled to the
heterodisulfide reductase resulting in the reduction of CoM-S-S-CoB and in the formation of
an electrochemical proton gradient. It was shown that the resulting Apuy™ is the driving force
for ATP synthesis from ADP + P; as catalyzed by an AjAq-type ATP synthase (25). Since
other components of the systems were unknown at that time only the overall electron
transport reaction could be analyzed. Very recently, a new redox-active component was

isolated from the cytoplasmic membran of strain G6l and was referred to as
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methanophenazine (1). Furthermore, it was shown that key enzymes of the membrane-bound
electron transfer systems were able to interact with 2-hydroxyphenazine (2-OH-phenazine)
which is a water-soluble analogue of methanophenazine (2). Using 2-OH-phenazine the
process of electron transfer from molecular hydrogen to the heterodisulfide can be divided

into two partial reactions (6):

1. H, + 2-OH-phenazine — dihydro-2-OH-phenazine (AG"'= - 31.8 kJ/mol) [eq. 1]
2. dihydro-2-OH-phenazine + CoM-S-S-CoB — 2-OH-phenazine + HS-CoM + HS-CoB
(AG"'=-10.6 kJ/mol) [eq. 2]

In this publication it is shown that both reactions are coupled to proton-translocation and that

the resulting electrochemical proton gradient is used for ATP synthesis.

Materials and Methods

Growth of cells and preparation of washed vesicles. Ms. mazei G61 (DSM 3647) was
grown in 1-1 glass bottles or, for mass culturing, in 20-1 carboys on 150 mM methanol in a
medium described previously (7). Washed vesicles of strain G61 (21) were prepared
according to Deppenmeier et al. (7) with the exception that the final protein concentration

was 10-15 mg/ml.

Assay conditions. Proton translocation was monitored by a pH electrode (model 8103 Ross,
Orion research, Kiisnacht, Switzerland) which was inserted into a glass vessel (11 ml) from
the top through a rubber stopper. The electrode was connected with a Orion model EA 920
pH meter and a chart recorder. After gassing with Hy or Np, the vessel was filled with 3 ml
40 mM KSCN solution containing 0.5 M sucrose, 1 mg/ml resazurine and 10 mM

dithioerythritol, followed by the addition of 50-80 pl washed vesicles (1 - 1.4 mg
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protein/assay). The medium was continuously stirred and the pH was adjusted to 6.8-6.9.
Additions were made with a microliter syringe from the side arm. Proton uptake coupled to
reaction 1 was followed by the addition of 4.5 - 20 nmol 2-OH-phenazine (4.5 mM or 20 mM
stock solution in ethanol) under an atmosphere of molecular hydrogen. To determine the H -
transfer in the course of reaction 2 the vessel was gassed with Ny and 240 nmol CoM-S-S-
CoB were added. The reaction was started by the addition of 4.5 - 20 nmol dihydro-2-OH-
phenazine. After finishing the experiments the pH changes were calibrated with standard
solutions of HCI or NaOH. CoB-S-S-CoM was synthesized by the method of Noll et al. (23)
and Kamlage and Blaut (15). 2-OH -phenazine was prepared according to Abken et al. (1)

and was reduced as described by Bidumer et. al. (2).

Electron transfer reactions and ATP synthesis were investigated in 1.5 ml glass cuvettes
filled with 0.6 ml 40 mM potassium phosphate, pH 7, containing 20 mM MgSQOy4, 0.5 M
sucrose, 10 mM dithioerythritol and 1 mg/ml resazurin (buffer A) under anaerobic
conditions. Furthermore, 10 ul ADP (10 mM stock solution) and 10 ul AMP (100 mM stock
solution) were added. AMP inhibits the membrane-bound adenylate kinase of Ms. mazei Go1
(8). This enzyme activity leads to an ADP-disproportionation which would otherwise
interfere with the electron transfer-driven ATP-synthesis. Additions were made as indicated.
2-OH-phenazine, dihydro-2-OH-phenazine, N,N’-dicyclohexylcarbodiimide (DCCD) and
3,5-di-fert-butyl-4-hydroxy-benzylidenemalononitrile (SF 6847) were added as ethanolic
solutions. The controls received ethanol only. To determine the ATP concentration 1-2 ul
aliquots were withdrawn with a syringe and analyzed using the luciferin/luciferase assay (16)
in combination with a biocounter M1500 (Lumac, Landgraaf, Netherlands). Redox reactions
with 2-OH-phenazine and dihydro-2-OH-phenazine were followed photometrically at 475

-1 -1 .
nm (€=2.5mM xcm ), under an atmosphere of Hy and N», respectively.
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RESULTS

Proton translocation due to Hj-dependent heterodisulfide reduction. Washed inverted
vesicles from Ms. mazei G61 were tested for their ability to couple electron transfer with the

translocation of protons across the cytoplasmic membrane.

20 nmol
A) 2-OH-phenazine

20 nmol
2-OH-phenazine

* 20 nmol
Y ol
5 min + T
SF6847
20 nmol
B) dihydro-2-OH-
phenazine 20 nmol
dihydro-2-OH-
start phenazine
* * 20 nmol
OH"

i.“_‘__

] }

S min
SF6847

FIG. 1. Proton uptake by washed inverted vesicles from Ms. mazei Gol. The experiments
were performed as described in materials and methods. The amount of translocated protons was calculated from
the difference between maximal alkalinization and the final baseline after reacidification. The reaction was
started by pulses of 2-OH-phenazine or dihydro-2-OH-phenazine as indicated. SF 6847 was added as an

ethanolic solution to a final concentration of 15 nmol/ mg protein. A) H,-dependent reduction of 2-OH-
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phenazine under an atmosphere of molecular hydrogen. B) dihydro-2-OH-phenazine-dependent reduction of

CoM-S-S-CoB under an atmosphere of molecular nitrogen.

Therefore, concentrated vesicles were diluted with a sucrose/thiocyanide solution under an
atmosphere of molecular hydrogen and were pulsed with 2-OH-phenazine as shown in Fig.
la. When the electron acceptor was added, a short period of alkalinization of the medium
was monitored which is due to a rapid proton movement into the lumen of the inverted
vesicles. In the second phase a reacidification was observed until a stable pH-value was

reached again.

TABLE 1. Proton translocation by washed inverted vesicles of Methanosarcina mazei

Gol

Substrates Additions H+/Ze_—rati0
H, + CoB-S-S-CoM None 2.0
Hj + 2-OH-phenazine None 0.9
H> + 2-OH-phenazine DCCD 0.9
H», Ethanol <0.1
Dihydro-2-OH-phenazine + None 0.9
CoM-S-S-CoB
Dihydro-2-OH-phenazine + DCCD 0.9
CoM-S-S-CoB
CoM-S-S-CoB 2-OH-phenazine <0.1
CoM-S-S-CoB Ethanol <0.1

Each value exhibits an average of at least 10 determinations
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It is thought that the consumption of 2-OH-phenazine is responsible for this effect. The
energy conserving electron transport comes to an end leading to a decay of the generated
Apg" by passive diffusion of protons from the lumen of the inverted vesicles to the medium.
After calibration of the system the extent of reversible alkalinization was calculated resulting
in an average ratio of 0.9 protons translocated per 2-OH-phenazine reduced (Tab. 1). No
alkalinization was observed when 2-OH-phenazine was replaced by ethanol (Tab. 1) or when
the reaction was performed under an atmosphere of molecular nitrogen (not shown)
indicating that proton transfer was specifically coupled to the Hy-dependent 2-OH-phenazine
reduction.  The  addition of the  protonophore  3,5-di-tert-butyl-4-hydroxy-
benzylidenemalononitrile (SF 6847) led to a complete inhibition of measurable proton
movement (Fig. 1a). In the presence of this proton conducting agent the membrane becomes
specifically permeable to protons and can no longer sustain a proton potential. H'-
translocation was not affected by N,N’-dicyclocarbodiimide (DCCD) up to a concentration of
250 nmol/mg protein (Tab. 1) which was sufficient to inhibit ATP synthesis (see Fig. 2).
Since DCCD inhibits the catalytic activity of the AjAg-Type ATP synthase of Ms. mazei
G061 (3), this enzyme was not responsible for proton translocation via ATP hydrolysis.

Interestingly, the second reaction of the Hj:heterodisulfide oxidoreductase system (eq. 2)
was also able to generate a proton gradient. As evident from Fig. 1b the addition of dihydro-
2-OH-phenazine resulted in the transfer of protons into the lumen of the inverted vesicles
when incubated in the presence of CoM-S-S-CoB under an atmosphere of nitrogen. A
maximal stoichiometry of 0.9 H'/2e” was determined (Tab. 1). The addition of oxidized 2-
OH-phenazine or ethanol instead of dihydro-2-OH-phenazine prevented proton translocation
(Tab. 1) indicating that the latter process is strictly coupled with the electron transport from
reduced phenazine to CoM-S-S-CoB in washed inverted vesicles of Ms. mazei G61. Again,
the electron transfer-dependent formation of a proton gradient was abolished when the

+ -
uncoupler SF 6847 was present in the reaction mixture (Fig. 1b). As evident the H /2e
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stoichiometries of the partial reactions added up to 1.8 which is in the same range as the

coupling efficiency of the electron transport from Hy to heterodisulfide (Tab. 1; (8)).

4.0 2.0

1.5

1.0

ATP (umol/mg protein)
ATP (umol/mg protein)

0.5

0_0!/.‘ . . h—0t e top—non——acn |

0.0 1.0 2.0 3.0 4.0 5.0 0.0 1.0 2.0 3.0 4.0 5.0

Time (min) Time (min)

FIG. 2. Redox-driven ATP synthesis as catalyzed by washed inverted vesicles from Ms.
mazei Go1. The experiments were performed as described in materials and methods. The concentrations of
ADP, SF 6847 and DCCD were 0.16 mM, 25 uM and 250 nmol/mg protein, respectively. A) ATP synthesis in
the course of H,-dependent-2-OH-phenazine reduction. The glass cuvette was gassed with H, and contained
600 ul buffer A, 1.6 mM AMP and 125 uM 2-OH-phenazine. The reaction was started by the addition of
washed vesicles (14 pg protein). The following additions were made: (H) + ADP, (A )+ ADP + SF 6847, (A
) + ADP + DCCD, (@) + ADP + SF + DCCD, (O) ADP omitted, (O ) + ADP under N,. B) ATP synthesis
coupled to dihydro-2-OH-phenazine dependent heterodisulfide reduction. The experiment was performed as
described under A) with the exception that the reaction mixture contained dihydro-2-OH-phenazine (instead of

2-OH-phenazine) and 240 nmol CoM-S-S-CoB. The atmosphere was N,. The following additions were made:
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(M) + ADP, (A ) + ADP + SF 6847, (A) + ADP + DCCD, (@ ) + ADP + SF + DCCD, (O ) ADP omited,

(O )+ ADP, CoM-S-S-CoB omitted.

These results indicate that strain G61 possesses two different proton-translocating segments

in the Hy:heterodisulfide oxidoreductase system.

Coupling of electron transport and ATP-synthesis. It was shown that the H,-dependent
heterodisulfide reduction was coupled to ATP synthesis (8). The question arose whether ATP
formation could also be observed in the course of the phenazine-dependent reactions both of
which were coupled to the generation of an electrochemical proton gradient (Fig. 1). Under
an atmosphere of molecular hydrogen washed vesicles catalyzed the 2-OH-phenazine

. . o . -1 . -
reduction with an initial rate of 6.0 umol x min =~ x mg protein : (Tab. 2).

Table 2: Effects of ADP, DCCD and SF6847 on electron transport rates

Addition(s) Electron transfer (umol min ~' mg protein ') from:

H >to 2 — OH phenazine Dihydro — 2-OH- phenazine to

CoM-S-S-CoB
ADP 6.0 24
None 3.0 1.2
SF 5.8 2.8
SF + ADP 6.1 2.9
DCCD + ADP 4.8 1.1
DCCD + SF + ADP 5.7 2.7

After 1 min, the rate slowly decreased due to the depletion of 2-OH-phenazine. The reaction

was coupled to the phosphorylation of ADP as indicated by a rapid increase of the ATP
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concentration upon start of the reaction (Fig. 2a). The estimated value for the first minute
was 1.5 pmol ATP x min™' x mg protein™ resulting in a ratio of 0.25 mol ATP formed per
mol OH-phenazine reduced. In the presence of the ATP synthase inhibitor DCCD the
phosphorylation of ADP was strongly inhibited (Fig. 2a) and 2-OH-phenazine reduction
slowed down to 4.8 U/mg protein (Tab. 2). The latter effect was also observed when ADP
was omitted. Addition of the uncoupler SF 6847 to Hj-metabolizing vesicles led to an
increase of the phenazine reduction rate either in the presence of DCCD or in the absence of
ADP up to 95 % and 97 % of the control assay (Tab. 1), respectively. Furthermore, SF 6847
abolished ATP synthesis (Fig. 2a) due to the decay of Auy*. Absolutely no ATP was formed
when ADP was omitted (Fig. 2a) indicating that the latter nucleotide was not present in
washed inverted vesicles.

When the electron transfer from dihydro-2-OH-phenazine to CoM-S-S-CoB was analyzed
the initial kinetics of ADP phosphorylation was 0.6 umol x min_1 X mg protein_1 (Fig. 2b)
while the initial rate of substrate conversion was 2.4 pmol x min”" x mg protein-1 (Tab. 2)
indicating a ATP/2e stoichiometry of 0.25 within the first minute of the reaction. ATP
synthesis was abolished when either the uncoupler SF 6847 was added or when one of the
substrates (dihydro-2-OH-phenazine or CoM-S-S-CoB) was omitted. In parallel to the Hp-
dependent 2-OH-phenazine reduction the addition of DCCD led to a decrease of electron
transport from dihydro-2-OH-phenazine to CoM-S-S-CoB (Tab. 2) and to inhibition of ATP
synthesis (Fig. 2b). Furthermore, in the absence of ADP the heterodisulfide reductase activity
decreased to 50% compared to the control rate (ADP added; Tab. 2) and ATP synthesis was
abolished (Fig. 2b). Inhibition of electron transfer under these conditions was relieved by the
addition of SF 6847, indicated by the stimulation of electron transport activities 2.4-fold
(addition of DCCD; Tab. 2) and 2.3-fold (ADP omitted; Tab. 2) in comparison to the assays
not incubated with the uncoupler. Thus, the effect of SF 6847 and DCCD on both partial
electron transport reactions resemble the phenomenon of respiratory control observed in

mitochondria.
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DISCUSSION
Several membrane-bound proteins and enzyme systems from Methanosarcina strains have
been identified to be involved in the generation of transmembrane electrochemical ion

gradients.

in cytoplasmic

membrane ‘ out
F a0 VhoGA Hy
nonreducing FeS/Ni<—ze-
hydrogenase |
2H"
VhoC
(Cytbl))h/emeb
HT — — %
Mphen
CoB-S-S-CoM
+
+ HdrD
2H ] R
2e 2e
~4— FeS *—
CoM-SH
+
CoB-SH Heterodisulfide
reductase

FIG. 3. Tentative scheme of membrane-bound electron transfer coupled to proton
translocation in Methanosarcina mazei GoO61. Mphen, methanophenazine; MphenH,,
dihydromethanophenazine; VhoG, 40 kDa subunit of the F4,p-nonreducing hydrogenase; VhoA, 60 kDa subunit
of the Fyy-nonreducing hydrogenase; VhoC, cytochrome b; encoded by the third gene (vioC) of the
hydrogenase operon; HdrDE subunits of the heterodisulfide reductase; FeS, iron-sulfur clusters; Ni, nickel-iron-

center of the Fyyp-nonreducing hydrogenase.
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The H;:heterodisulfide oxidoreductase, the F4yoH,:heterodisulfide oxidoreductase and the
CO:heterodisulfide oxidoreductase generate a proton motive force by redox-potential driven
H'-translocation (24, 8). In contrast, the methyl-H;MPT:HS-CoM methyltransferase (20) and
probably the formyl-MF dehydrogenase (14) are reversible sodium ion pumps. It is
remarkable that protons as well as sodium ions are employed by Ms. mazei G61 as coupling

ions in energy conservation.

In this publication we focus on the catalytic activity of the Hy:heterodisulfide oxidoreductase
system which is composed of a membrane-bound, F4yp-nonreducing hydrogenase and the
heterodisulfide reductase (29). Until recently the detailed analysis of the system was hindered
by the fact that no information about the nature of electron carriers mediating electron
transfer between the enzymes were available. With the identification of methanophenazine
and the elucidation of the reactivity of its water-soluble analogue 2-OH-phenazine the overall
mechanism of electron transfer became evident (Fig. 3). It was found that the F4y(-
nonreducing hydrogenase (VhoGA) catalyzes the oxidation of molecular hydrogen and
transfers electrons via a b-type cytochrome (VhoC) to 2-OH-phenazine (eq. 1). The resulting
dihydro-2-OH-phenazine is oxidized by the heterodisulfide reductase and the electrons are
transferred to CoM-S-S-CoB (eq. 2; (6)). Here it is shown that both partial reactions of the
Hj:heterodisulfide oxidoreductase are coupled to proton-translocation exhibiting
stoichiometries of 0.9 H+/2e-. Thus, the ratios added up to 1.8 H+/2e- which corresponds to
the efficiency of the overall electron transport from Hy to CoM-S-S-CoB. Keeping in mind
that about 50 % of the membrane structures present in the vesicle preparations catalyzed
electron transport but were unable to establish a proton gradient (8), the H+/2e--values of the
partial reactions and of the overall reaction increase to 1.8 and 3.6, respectively.
Accordingly, the sum of the ATP/2e ratios of both reactions would rise from 0.5 to about
1.0. In agreement with this hypothesis is the fact that 3-4 H ' /2¢ were transferred by whole

cell preparations of Ms. barkeri when methane formation from methanol + Hy was analyzed
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(5). Under standard conditions the sum of the changes of free energy associated with reaction
1 and 2 is about -40 kJ/mol, which is sufficient to drive the phosphorylation of 1 mol ATP
(AG"'= +31.8 kJ/mol (28)). However, under the conditions of the cell the AG value is
probably more negative. It is to note that the methyl-CoM reductase, which is present in
abundance in the cell, catalyzes the irreversible formation of the heterodisulfide from methyl-
CoM and HS-CoB (AG"’= -45 kJ/mol). Therefore, it is likely that the intercellular ratio of
[CoM-S-S-CoB]/[HS-CoM] [HS-CoB] is very high. As a consequence the span of available
free energy would be greater than calculated from standard conditions, indicating that the
energy-conserving reduction of CoM-S-S-CoB is ,,pushed“ by the preceding methane-

forming reaction (29).

A tentative scheme of the mechanism of proton translocation is shown in Fig. 3, which is
based on the structure and location of the key enzymes of the system. The operon encoding
the F4pp-nonreducing hydrogenase from Ms. mazei GOl contains three genes (8). The
deduced amino acid sequences revealed that the small (VhoG) and the large subunit (VhoA)
of the protein are homologous to the corresponding polypeptides of membrane-bound NiFe
hydrogenases from several bacteria (9, 18, 22). The organisms contain a b-type cytochrome
which is connected to the core enzyme. In Ms. mazei this function is fulfilled by VhoC
(cytochrome bl) which is encoded by the third gene of the hydrogenase operon. Electron
microscopic immunogold labeling experiments revealed that at least part of the large subunit
of the enzyme from Ralstonia eutropha is exposed towards the periplasm (10). Therefore, it
is most possible that the active center of the enzyme is located at the periplasmic face of the
membrane. During Hj-oxidation by R. eutropha, a electrochemical proton gradient is
generated by linking movement of electrons from the periplasmic side of the cytoplasmic
side of the membrane with the release of protons in the periplasm and uptake of protons from
the cytoplasm in the course of ubiquinone reduction (4, 17). The same mechanism was

suggested for Ap generation by fumarate respiration with Hy in Wolinella succinogenes (12).
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Since the membrane-bound hydrogenases from R. eutropha and W. succinogenes are
homologous to the corresponding enzyme from Ms. mazei GOl the same kind of energy
conservation might be involved in the latter organism. The oxidation of molecular hydrogen
at the periplasmic site of the cytoplasmic membrane of strain G61 would lead to the
production of two skalar protons. The electrons derived from the reaction are transferred to
cytochrome bl, which would accept two protons from the cytoplasm for the reduction of
methanophenazine (Fig. 3).

The mechanism of energy conservation in the course of partial reaction 2 might also be based
on scalar proton transfer. The purified heterodisulfide reductase from Methanosarcina
species which catalyzes the dihydro-2-OH-phenazine dependent CoM-S-S-CoB reduction, is
composed of two subunits (19, 26). HdrD harbours the active center and contains two FeqSy
clusters which are involved in the reaction mechanism (26). The subunit is predicted to be
membrane-associated since transmembrane-spanning helices are absent (27). HdrE is a b-
type cytochrome and contains two distinct heme-groups. Hydropathy plots revealed that the
protein possesses five transmembrane-spanning helices (19). Redox-driven H+-translocation
was detected using washed vesicles from strain G61. However, the purified heterodisulfide
reductase also catalyzed the reduction of CoM-S-S-CoB with dihydro-2-OH-phenazine as
electron donor with high rates indicating that the enzyme is directly involved in proton
translocation. A tentative mechanism of this process is shown in Fig. 3. We assume that in
vivo electrons from dihydromethanophenazine are transferred to the heme group of HdrE and
scalar protons are released at the outer phase of the cytoplasmic membrane. In a second step
the electrons are channeled to FeS-clusters of HdrD and in the reactive center CoM-S-S-CoB
is reduced to HS-CoM and HS-CoB. We propose that protons necessary for this reaction are
derived from the cytoplasm and are transferred to the active site by a proton-conducting
channel built around a selected number of polar amino acid side-chains as well as bound

water molecules.
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Chapter 3

The F420H2 Dehydrogenase from Methanosarcina mazei is a Redox-driven

Proton Pump Closely Related to NADH Dehydrogenases

Abstract

The F4p0H, dehydrogenase is part of the energy conserving electron transport system of the
methanogenic archaeon Methanosarcina mazei Go1. Here it is shown that cofactor F40H»
dependent reduction of 2-hydroxyphenazine as catalyzed by the membrane-bound enzyme is
coupled to proton translocation across the cytoplasmic membrane exhibiting a stoichiometry
of 0.9 H' translocated per two electrons transferred. The electrochemical proton gradient
thereby generated was shown to drive ATP synthesis from ADP + Pi. The gene cluster
encoding the F4p0H» dehydrogenase of Ms. mazei GOl comprises 12 genes which are
referred to as fpo A BC D HIJ K L M N O. Analysis of the deduced amino acid sequences
revealed that the enzyme is closely related to proton translocating NADH dehydrogenases of
respiratory chains from bacteria (NDH-1) and eukarya (complex I). Like the NADH-
dependent enzymes the F4o0H, dehydrogenase is composed of three subcomplexes. The gene
products FpoAHJKLMN are highly hydrophobic and are homologous to subunits that form
the membrane integral module of NDH-1. Fpo BCDI have their counterparts in the
amphipatic membrane-associated module of NDH-1. Homologues to the hydrophilic
NADH-oxidizing input module are not present in Ms. mazei GOl. Instead, the gene product
FpoF may be responsible for F4p90H» oxidation and may function as the electron input part.
Thus, the F420H» dehydrogenase from Methanosarcina mazei Go1 resembles eukaryotic and

bacterial proton translocating NADH dehydrogenases in many ways. The enzyme from the
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methanogenic archaeon functions as a NDH-1/complex I homologue and is equipped with an
alternative electron input unit for the oxidation of reduced cofactor F4p¢ and a modified

output module adopted to the reduction of methanophenazine.

Introduction

Ms. mazei' strain G61 is a strictly anaerobic methanogenic archacon which converts a limited
number of simple substrates (H, + CO,, methanol, methylamines, acetate) to methane.
Methyl-S-CoM is the central intermediate in all methanogenic pathways and is reductively
demethylated to methane catalyzed by the methyl-S-CoM reductase. The two electrons
required for the reduction are derived from HS-CoB resulting in the formation of a
heterodisulfide (CoB-S-S-CoM) of HS-CoM and HS-CoB (1). An energy-conserving step in
the metabolism of methanogens is the reduction of CoB-S-S-CoM with either molecular
hydrogen or reduced coenzyme F45(. In recent years, the membrane-bound electron transfer
of Ms. mazei GO1 has been analyzed in detail, resulting in the discovery of two proton
translocating  systems referred to as Hj:heterodisulfide oxidoreductase and

F4p0H:heterodisulfide oxidoreductase, respectively (2).

During growth on methylated substrates, part of the methyl groups of the substrates is
oxidized to CO,, and reducing equivalents are transferred to F4p¢. The reduced cofactor
(F420H>) is reoxidized by the above-mentioned membrane-bound electron transport system
consisting of an F4p0H» dehydrogenase and a heterodisulfide reductase. The transfer of
electrons between the enzymes is most likely mediated by methanophenazine, a hydrophobic
cofactor which has been isolated from the cytoplasmic membrane of Ms. mazei G61. The
overall process has been shown to be competent in driving proton translocation across the
cytoplasmic membrane (3). The resulting electrochemical proton gradient is the driving force

for ATP synthesis from ADP + P; catalyzed by an AjAy-type ATP synthase (2, 4).
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The F4p9H> dehydrogenase with a molecular mass of 115 kDa has been purified from Ms.
mazei GOl and contains iron-sulfur clusters and FAD (5). The isolated enzyme is very
similar to the corresponding protein from Methanolobus tindarius (6) and is composed of
five different subunits with molecular masses of 40, 37, 22, 20 and 17 kDa. A F4oH»
dehydrogenase has also been purified form the sulfate-reducing archacon Archaeoglobus

Sfulgidus (7).

In this report the gene locus encoding the F40H» dehydrogenase on the Ms. mazei genome is
described. Furthermore, it is shown that the corresponding enzyme is a novel proton pump
contributing to the generation of the electrochemical proton gradient in the methanogenic

organism.

Materials and Methods

Assay conditions -Washed inverted vesicles of Ms. mazei G61 (DSM 3647) were prepared
according to Ide et al. (8). Proton translocation, electron transport and ATP synthesis was
monitored as described previously (8). The isolation and reduction of F4y( as well as the

synthesis of 2-OH-phenazine was performed according to Abken et al. (9).

Determination of N -terminal amino acid sequences - The Fj4ygH, dehydrogenase was
purified as described previously (5). The subunits were separated on SDS/PAGE and
electroblotted onto polyvinylidene difluoride membranes (Pall GmbH, Dreieich, Germany).
N-terminal sequences were determined by Dr. B. Schmidt (Zentrum Biochemie, University

of Gottingen) on an Applied Biosystems Procise Sequencer.
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Cloning and sequencing of the fpo gene cluster* - The complete genomic sequence of Ms.
mazei GO1 1s determined by a whole-genome-shotgun approach. More than 18.000 clones
carrying inserts of approximately 2.5 kb length, from small insert libraries representative of
the whole genome, were sequenced from both ends usind LICOR IL 4200 and ABI PRISM
377 DNA sequencers. The generated sequence readings were assembled into contigs with the

Prap software implemented in the STADEN software package.

Computer analysis - Protein sequence analysis was performed with the following internet
servers: 1. PredictProtein server 2. SignalP V1.1 World Wide Web Prediction Server, Center

for Biological Sequence Analysis. 3. PSORT Prediction server.

Results

Proton translocation activity of the F40H) dehydrogenase - It was shown that electron
transport from F40H2 to CoM-S-CoB as catalyzed by washed inverted vesicles from Ms.
mazei GO1 is coupled to proton translocation across the cytoplasmic membrane (3). With the
identification of methanophenazine as an electron carrier in the membrane the redox-driven
proton translocation could be analyzed in more detail. It became evident that the key
enzymes of the membrane-bound electron transfer systems were able to interact with 2-OH-
phenazine which is a water-soluble homologue of methanophenazine (9). Reducing
equivalents from F4p0H, were transferred to 2-OH-phenazine by the membrane-bound
F470H» dehydrogenase. Furthermore, the heterodisulfide reductase present in the cytoplasmic
membrane was able to use reduced 2-OH-phenazine as electron donor for the reduction of

CoB-S-S-CoM (10).



CHAPTER 3 52

Taking advantage of 2-OH-phenazine as electron acceptor, it became evident that the F4o0H»
dehydrogenase is directly involved in the generation of an electrochemical proton gradient

(Fig. 1). Concentrated vesicles were diluted with a sucrose/thiocyanate solution containing

200 nmol F4ooH»>
14
2-OH-phenazine 7
10 4
20 nmol g N
‘ 2-OH-phenazine £ ] b
20 nmol 20 nmol T 4
OH" + 2
05 T T T T
0 5 10 15 20 25
2-OH-phenazine (nmol)
l o
| 5min | SF6847

Fig. 1: Redox-driven proton uptake by washed inverted vesicles from Ms. mazei Go1.
Proton translocation was monitored in a glass vessel connected to a sensitve pH electrode as described
previously (8). After gassing with N2, the vessel was filled with 3 ml 40 mM KSCN solution containing 0.5 M
sucrose, 1 mg/ml resazurine, 10 mM dithioerythritol and 200 nmol F420H2, followed by the addition of 50-80
pl washed vesicles (1 - 1.4 mg protein/assay). The assay was continuously stirred and the pH was adjusted to
6.8-6.9. The reaction was started by the addition of 20 nmol 2-OH-phenazine (20 mM stock solution in ethanol)
After finishing the experiments the pH changes were calibrated with a NaOH standard solution. SF 6847 was
added to a final concentration of 15 nmol/ mg protein where indicated. Inset: Dependency of electron transport

and H' transfer.
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and were pulsed with 2-OH-phenazine under an atmosphere of molecular nitrogen. In the
course of electron transport from F4p90Hy to 2-OH-phenazine a rapid alkalinization of the
medium occurred which due to proton movement into the lumen of the inverted vesicles.
Thiocyanate was used as a permanent charge-compensating cation required to exchange for
the ejected protons, thus maintaining the electroneutrality across the membrane. After
consumption of F4p0H7 the energy conserving electron transport stopped leading to a decay
of the generated Apug™ by passive diffusion of protons from the lumen of the inverted vesicles
to the medium. This is indicated in the second reaction phase where a reacidification took
place until the base line was reached again. After calibration of the instrument response with
NaOH as an internal standard the extent of reversible alkalinization was used to calculate the
H+/2e_ ratio. As evident from Fig. 1 (inset) the extent of H ejection was dependent on the
amount of 2-OH-phenazine added. From the linear part of the reaction curve (0 to 7 nmol 2-
OH-phenazine/assay) a stoichiometry of 0.9 + 0.2 H'/2¢" was determined. Proton
translocation was not observed when 2-OH-phenazine was replaced by ethanol or when F4p¢,
instead of F4p0H>, was added indicating that proton transfer was specifically coupled to the
F4p0H»-dependent 2-OH-phenazine reduction. In the presence of the protonophore SF 6847

the generation of a pH gradient was abolished and a reversibel alkalinization was prevented

(Fig. 1).

Coupling of electron transport and ATP synthesis — When the electron transfer from F470H>
to 2-OH-phenazine was analyzed the initial velocity of substrate conversion was 0.42 + 0.03
umol x min" x mg protein_1 (Table I). After 1 min, the rate slowly decreased due to the
depletion of reduced F4p¢. The reaction was coupled to the phosphorylation of ADP as
indicated by a rapid increase of the ATP content upon start of the reaction (Fig. 2). The initial
rate of ATP synthesis was 0.11% 0.03 pmol x min_1 X mg protein_1 resulting in an ATP/2e
stoichiometry of about 0.26 within the first minute of the reaction. In the absence of ADP, 2-
OH-phenazine reduction slowed down to 0.3 + 0.02 U/mg protein (Table I) and ATP

synthesis was not possible (Fig. 2). The ATP synthase inhibitor DCCD led to a strong
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inhibition of phosphorylation of ADP and resulted in a slight decrease of the electron
transport rate (0.32 + 0.04 U/mg protein). SF 6847 abolished ATP synthesis (Fig. 2) due to
the decay of Aup™. Inhibition of electron transfer in the presence of DCCD or in the absence
of ADP was relieved by the addition of SF 6847 (Table I). The results of the experiments
outlined are clearly in accordance with the chemiosmotic coupling mechanism of ATP
synthesis. Furthermore, the effect of SF 6847, DCCD and ADP on the rate of electron
transport resembles the phenomenon of respiratory control. The low control ratio is explained
by the fact that about 50 % of the vesicles were uncoupled and catalyzed electron transfer

without generating an electrochemical proton gradient (2).

Table 1: Effect of ADP, DCCD and SF 6847 on electron transfer rates from F4,0H> to
2-OH-phenazine

Additions Electron transport rate

(umol x min™ x mg protein™)”

ADP 0.42 +£0.03

None 0.30 £ 0.02

SF 0.47 £0.02

SF + ADP 0.44 +£0.05
DCCD + ADP 0.32+0.04
DCCD + SF + ADP 0.42 +0.03

* 1 umol F459H; oxidized or 1 pmol 2-OH-phenazine reduced per min and mg protein

The conditons were same as in Fig. 2. Each value represents an average of at least 10

determinations
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Structure of the fpo operon coding for the F420H> dehydrogenase from Ms. mazei G61 - The
entire genome of Ms. mazei GO1 is currently sequenced in the Genomic Laboratory
Gottingen. In the course of the sequencing process the data were checked for the presence of

regions coding for the

0.20

ATP (umol/mg protein)

0.0 1.0 2.0 30 40 5.0

Time (min)

Fig. 2: ATP synthesis in the course of F429H> dependent 2-OH-phenazine reduction.
ATP synthesis was analyzed in 1.5 ml glass cuvettes filled with 0.8 ml 40 mM potassium phosphate, pH 7,
containing 20 mM MgSQO4, 0.5 M sucrose, 10 mM dithioerythritol and 1 mg/ml resazurin under an atmosphere

of molecular nitrogen. After addition of F4ooH» (64 uM) and 2-OH-phenazine (125 uM) the reaction was
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started by the injection of washed vesicles (19 pg protein). The concentrations of ADP, SF 6847 and DCCD
were 0.16 mM, 25 pM and 250 nmol/mg protein, respectively. () + ADP, (A ) F420H2 omitted, (A ) + ADP
+ SF 6847, (O) ADP omitted, (O ) + ADP + DCCD. 2-OH-phenazine, DCCD and SF 6847 were added as
ethanolic solutions. The controls received ethanol only. To determine the ATP concentration 1-2 ul aliquots

were withdrawn with a syringe and analyzed using the luciferin/luciferase assay as described previously (3).

known N-terminal amino acid sequences obtained from five subunits of the purified enzyme.
Finally, one DNA fragment was identified which codes for the 40, 22, 20 und 16 kDa
subunits of the purified F4p9H> dehydrogenase (Fig. 3). The proposed name for the gene
locus is fpo for F4poHy:phenazine oxidoreductase. The fragment comprises 12 genes which
were designated fpo 4, B, C, D, H, I, J, K, L, M, N, O. Each gene is preceded by at least one
putative ribosome binding site starting with the initiation codon ATG or GTG (fpoL) and is
terminated by the stop codons TAA or TGA. Other putative open reading frames could not
be identified in the direct neighbourhood of the flanking genes fpoA4 and fpoO, respectively.
Upstream of fpoA is an AT-rich region, which contains potential archaeal consensus
promoter sequences (Fig. 4a). At the opposite boundary a stem loop was found downstream
of fpoO (Fig. 4b), followed by a T-rich region. The RNA duplex stability is -51 kJ/mol (11).
Furthermore, two different repeats of a 9 bp and a 10 bp sequence (TAAAGTGGCT and
CTTTATTTT) were identified in this region (Fig. 4b). These structures are similar to
transcriptional termination sites of polypeptide-encoding genes from other archaea (12). All
12 structural genes are organized so compactly in the cluster that there is almost no
intergenic space for promoter or terminator-like sequences. Therefore, the genes fpo4-O may
represent one operon. Evidence for this assumption came from northern blot analysis. A 11
kb signal was obtained when RNA from methanol-grown cells was hybridized with a specific
probe (not shown). The size of the transcript is in full accordance with the length of the

predicted fpo genes.
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E. coli
nf:‘:)l AfBY D) E | F | G |H J|K| L I—M [
o
Ms. mazei ' ' ! | _ ////:///////:/ -7 - - - -
fpo NEEPE HEJK| L M N |0|//| g |

kDa 37kDa  subunits of the
20 kDa purified enzyme

Fig. 3: Organization of the fpo gene cluster from Ms. mazei Go1 compared to the nuo
operon from E. coli. The size of the boxes is proprotional to the length of the genes. Homologous genes
are marked by broken lines. Subunits of the purified core enzyme of the F4p0H2 dehydrogenase are indicated

by black arrows. The genes are shaded according to the function of the encoded polypeptides (see text):
- membrane-associated module |:| membrane-integrale module

%% input module |:| unkown function

The deduced N-terminal amino acid sequences from fpo B, C, D and I were identical to the
N-termini of four subunits of the purified Fqp0H> dehydrogenase. The fifth subunit is
encoded by the fpoF gene which will be described below. Since the gene products of the
remaining fpo genes were not found in the homogeneous protein preparation it is most likely
that only a subcomplex of the F4p0H, dehydrogenase was purified and the other subunits
were lost during purification. However, the core enzyme composed of FpoBCDFI showed
catalytic activity with F4p0Hy as electron donor and serveral artificial dyes as electron

acceptors (10).



CHAPTER 3 58

A)
region upstream of fpoA

promoter consenus sequence: AAANNTTTATATA

positionl) -58 to -44: TAAAAATTAAAAT
positionl) -412 to -397: TAATATTTATATA
B)

region downstream of fpoO

Stop codon >>>>>>>>>>>>> <<<<LLLLLLLLLKL

TAAATATTGAGTAAAGCTACTTTTTAAAGTGECTTTATTTTTTATT

CITTATTTTGGTCTTTCGGTAGATTGCTTTTTTTCATTATAATAAA

CGTAAATTTTAAAATGTAAAGT GCCTGTAATCTTTAAAAAAAGTTT

1) The numbers indicate the distance to the start codon of fpoA

Fig. 4: Putative promoter (A) and terminator sequences (B) upstream and downstream
of the fpo gene cluster. (A) Conserved base pairs are underlined. (B) The stop codon of fpoO is marked in
bold. Stem loop structures are marked by open arrows indicating the length and the orientation of the stems.

Tandem repeats are underlined.

The deduced primary sequences of all predicted F4o0H, dehydrogenase subunits from Ms.
mazei GOl were compared with those of other organisms. Eleven polypeptides showed
significant homologies to NADH:plastoquinone oxidoreductases from cyanobacteria or
chloroplasts and to NADH:UQ oxidoreductases from mitochondria and bacteria (complex I,
NDH-1). Alignments of the fpo gene products A-N indicated similarities of 42-71 % and

identities of 37-60 % to the corresponding subunits of the above-mentioned enzyme



CHAPTER 3 59

complexes (Table II). With the exception of ngo6 from Thermus thermophilus (13) and of
nuol from Pyrococcus abyssi (14) highest scores were obtained for gene products of higher
plants and algae. On the other hand the fpo genes are arranged in the same order as bacterial
NDH-1 genes. This fact prompted us to number the gene according to the nomenclature of

the nuo operon from E. coli (Fig. 3).

Table 2. Homologies of deduced amino acid sequences of fpo genes from Ms. mazei Gol

to corresponding gene products of NADH dehydrogenases from other organisms

deduced amino (kDa) highest homology identity similarity
acid sequence from to deduced amino acid (%) (%)
Ms. mazei GOl sequence from
fpoA 14.1 ndhC (Synechocystis PCC 6803) 43 56
fpoB 20.7 nqo6 (Thermus thermophilus) 53 64
fpoC 18.3 ndhJ (Nicotiana tabacum) 38 42
fpoD 42.5 ndhH (Secale cereale) 48 63
fpoH 38.0 ndhl (Plectonema boryanum) 43 55
fpol 15.2 nuol (Pyrococcus abyssi) 40 53
fpoJ 18.5 ndh6 (Plectonema boryanum) 39 51
fpoK 11.3 ndhE (Synechocystis PCC 6803) 52 67
fpoL 72.3 ndh7 (Pisum sativum) 60 71
fpoM 53.9 ndh4 (Artemia salina) 40 47
fpoN 52.7 ndhB (Synechocystis PCC 6803) 37 50
fpoO 15.0 - - -
fpoF 38.4 firhB (Methanococcus jannaschii)? 38 48

1) part of the F4y¢-reducing hydrogenase

Hydropathy plots revealed that the deduced polypeptides from fpo 4, H, J, K, L, M and N are
membrane-integral components. The largest subunits are predicted to contain 14 (FpoM,N)
to 16 (FpoL) transmembrane helices and the smaller peptides FpoJ and FpoH 2 and 8
membrane-spanning helices. Computer programs (PSORT Prediction/ SignalP-Server)

revealed that FpoA and FpoK may contain N-terminal signal peptides with cleavage sites at
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amino acid position 38 and 23, respectively. If this prediction is correct each of the processed
polypeptides would comprise two transmembrane helices. In summary, the membrane
integral part of the F4p0H, dehydrogenase complex showed high similarities to the
corresponding module of bacterial NDH-1 with respect to composition and homology of the
amino acid sequences. In the bacterial nuo/ngo operons known so far the genes encoding
hydrophobic subunits are clustered at the 3’end of the operon with the exception of
nuoA/nqo7 which is located at the very beginning of the operon. The same organisation is
given in the fpo gene cluster from Ms. mazei GO1. It is important to note that the hydrophobic
subunits of bacterial NDH-1 and of the F4p0H> dehydrogenase have their counterparts in

mitochondrially encoded complex I subunits from Eukarya (15).

Secondary structure prediction classifies the gene products FpoB, C, D and Fpol as non-
membrane proteins. This is in agreement to the cellular localization of the homologous
polypeptides from bacterial NDH-1 of Nuo BCDI from E. coli (16) and eukaryotic complex I
of PSST, 30k, 49k, TYKY from bovine heart (17). These subunits comprise a module that
connects the membrane-integral subcomplex to the NADH-oxidizing device (Fig. 3). It is
most likely that FpoBCDI have a similar function in the F49H, dehydrogenase. In subunit
FpoB and Fpol binding motifs for up to three tetranuclear iron-sulfur centers are present
which are invariably conserved in the bacterial and eukaryotic equivalents (Table III). It has
been suggested that these prosthetic groups mediate electron transport between the

subcomplexes and play an important role in energy conversion of NDH-1 and complex I

(18).

The amino acid sequence derived from the open reading frame designated fpoO contains
motifs for the binding of one [Fe2-S2] cluster (Table III). The correponding polypeptide has
no counterpart in NDH-1 or complex I and shows no homologies to any known protein. This
hydrophilic polypeptide was not copurified with the core enzyme and its function is

unknown.
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Table 3: Binding motifs in the deduced amino acid sequences of the fpo genes

Subunit position of conserved cysteine residues putative type

and binding sites

FpoB COCYxxE(x)60C' > (x),0C' P [Fe4-S4]
Fpol CPxxC*xxC*xxxC>P [Fe4-S4]
C¥xxC*xxC¥xxxC”P [Fed-S4]
FpoO SCRxGxCSxCxxxK(x),5C [Fe2-S2]
FpoF CPxxCHxxCxxxCHP [Fe4-S4]
CH*xxCxxC"'xxxC"*P [Fe4-S4]

F420H> and FAD binding site

NADH is oxidized by the hydrophilic NADH dehydrogenase fragment of NDH-1 or complex
I which is composed of NuoFGH [E. coli] or subunits 24k, 51k and 75k [bovine heart] (16,
17). Gene encoding these subunits are not present in the fpo gene cluster or anywhere else on
the Ms. mazei chromosome indicating that the input module is different and adjusted to the
oxidation of F4p0H> as electon donor of the F4p90H, dehydrogenase. A suitable candidate for
this function is the 37 kDa subunit of the purified core enzyme. The N-terminal sequence of
this polypeptide was not found in the deduced amino acid sequences of the fpo gene cluster.
However, a gene coding for the fifth subunit (37 kDa) of the purified enzyme was identified
at a different location on the chromosome and was referred to as fpoF (F for F4p¢). The
deduced amino acid sequences shows motifs for two [Fe4-S4] clusters. It is homologous to
the (3 subunit of F4p¢-reducing hydrogenases and to subunits of the F4p0H; dehydrogenase
from Methanolobus tindarius (FtdB; (19)) and Archaeoglobus fulgidus (AF1833; (20)). In

the latter organism the fpoF-homologue gene AF1833 is part of the operon encoding the
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F4p0H, dehydrogenase. Recently, the gene was overexpressed in E. coli and the
corresponding polypeptide was purified to homogeneity. The subunit contained non-heme
iron, acid-labile sulfur and FAD and was able to oxidize F4o0H> when the artificial electron
acceptor methylviologen was added (unpublished results). Since AF1833 and FpoF are
structurally equivalent and FpoF it is part of the purified F4o0H, dehydrogenase from AMs.

mazei GO1 it may function as electron input device of the enzyme.
Discussion

Energetics of the F4y0H> dehydrogenase - F4p( 1s the central cytoplasmic electron carrier in
the methanogen Ms. mazei G61. The cofactor is involved in the process of methanogenesis
from Hy + CO; and from methylated compounds such as methanol and methylamines. In the
methylotrophic pathway of methane formation (21) three out of four methyl-groups are
reduced to methane. The remaining methyl-moiety is oxidized to CO; and the resulting
reducing equivalents are transferred to F429. The membrane-bound F470H, dehydrogenase
catalyzes the reoxidation of F4p9H» and most likely transfers the electrons to the novel
membrane-integral cofactor methanophenazine which is a linear sesterterpenic ether of 2-
OH-phenazine (2). Previous studies indicate that the protein is part of the membrane-bound
F4p0H»:heterodisulfide oxidoreductase which is one of the major energy conserving systems
of Ms. mazei GOl (3). It was found that the electron transport from Fgy0H» to the
heterodisulfide (CoM-S-S-CoB) is coupled to the transfer of 3-4 protons across the
cytoplasmic membrane. Using 2-OH-phenazine as a water-soluble precursor of
methanophenazine it became evident that the overall electron transfer can be divided into two
partial reactions [eq. 1 , 2] catalyzed by the F4o0H, dehydrogenase and the heterodsulfide

reductase, respectively.
F4p0H, + 2-OH-phenazine — Fyo¢+ dihydro-2-OH-phenazine (AG”'= - 31.8 kJ/mol) [eq. 1]

dihydro-2-OH-phenazine + CoM-S-S-CoB — 2-OH-phenazine + HS-CoM + HS-CoB
(AG"'=-10.6 kJ/mol) [eq. 2]
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Very recently, it was shown that the dihydrophenazine-dependent heterodisulfide reduction
(eq. 2) is coupled to proton translocation exhibiting a stoichiometry of 2H+/2e_ (8). The
experiments in this publication show that in the first partial reaction catalyzed by the F4p0H>
dehydrogenase a maximum of 0.9 + (0.2 protons per two electron were translocated. Taking
into account that about 50 % of the vesicles are uncoupled (2) a H+/2e_ ratio of about 2.0
could be considered. Then, the H+/2e_ stoichiometries of the partial reactions would add up
to 4 and support the value of 3-4 H+/2e_ translocated in the overall electron transport from
F420Hy to heterodisulfide (3). In summary, the data clearly indicate that the F4p0H»
dehydrogenase is a redox-driven proton pump showing a maximal energetic efficiency of

+ -
about 2 H translocated per 2e transported.

Comparison of Fyo0H) dehydrogenase and proton translocating NADH dehydrogenases -
The F4p0Hy dehydrogenase from Ms. mazei G6l resembles eukaryotic complex I and
bacterial NDH-1 in many ways: 1. The membrane-bound, flavin and iron-sulfur containing
enzymes are characterized by a complex subunit composition. 2. The electron donors F420H>
and NADH are both reversible hydride donors with comparable mid-point potentials. 3. Both
enzymes take advantage of small hydrophobic non-proteinous electron acceptors namely
quinones in case of the NADH dehydrogenase and methanophenazine in case of FypoH»
dehydrogenase. The electron acceptors are highly hydrophobic and can diffuse within the
cytoplasmic membrane. Several experimental data indicate that semiquinone radicals are
produced in the course of the NADH dehydrogenase reaction (22). The same could be true
for methanophenazine since the direct precursor 2-OH-phenazine is also reduced in two le
transfer reactions forming a semiphenazine radical as an intermediate in solution (23). 4. It
was shown that mitochondrial and bacterial NADH:ubiquinone oxidoreductases as well as
the F4ooHy dehydrogenase are inhibited by diphenyleneiodonium chloride (24, 25). 5. The

redox-reaction catalyzed by the proteins is coupled to proton translocation.
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It is shown in this publication that the physiological characteristics of the F4p0H»
dehydrogenase are supported by genetic data. The deduced primary sequences of the Ms.

mazei

NADH dehydrogenase from Escherichia coli

4HT

NADH+H T

NuoEFG

NAD *
NuoBCDI

UQ cytoplasmic
membrane
UQH ,

out *

F 450 H, dehydrogenase from  Methanosarcina mazei  Go1

+
ZH F420H2

in Fa
FpoBCDI
MPhen cytoplasmic
FpoAHJKLMN membrane
MPhenH ,
¢ I
ou Y
2H*

Fig. 5: Tentative models of the F4390H> dehydrogenase and the NADH dehydrogenase 1
from E. coli. Proton translocating activity is indicated by broken arrows. UQ, ubiquinone 10; MPhen,

methanophenazine. Functionally homologous subcomplexes are indicated by equal shading.
membrane-associated module |:| membrane-integrale module

s input module |:| unkown function
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GO1 F4p0H, dehydrogenase subunits were compared with those of other organisms and with
those of some phylogenetically related enzymes. For eleven proteins encoded by fpoA to
fpoN related counterparts exist in bacterial NDH-1 and mitochondrial complex I. The
organization of the genes resembles operons encoding the proton-translocating
NADH:ubiquinone oxidoreductases (Ndh/Nqo) from several bacteria such as E. coli,
Thermus thermophilus and Rhodobacter capsulatus (26, 13, 27). The bacterial enzyme is
composed of 13 to 14 different subunits (28) which form the following modules
(nomenclature according to E. coli) 1. The hydrophilic NADH dehydrogenase fragment
composed of NuoEFG catalyzes the oxidation of NADH. 2. NuoAHJKLMN form the
membrane-integral module and are involved in quinone reduction and proton-translocation,
3. NuoBCDI connect the above-mentioned subunits and catalyze electron transfer from

module 1 to 3 (29).

The detailed reaction mechanism of the enzyme is unknown. Several intrinsic redox
components were detected which are involved in NADH-dependent quinone recduction (18).
The NuoEFG module contains most of the redox-active prosthetic groups (16). One non-
covalently bound FMN and at least five EPR detectable iron-sulfur clusters form a long
electron transfer chain guiding electron transfer from NADH to the [Fe4-S4] cluster N2
which is part of the amphipathic connecting fragment NuoBCDI. It is still a matter of debate
whether this cluster is bound to NuoB or Nuol. However, it is well established that reduced
N2 successively injects single electrons into the membraneous subcomplex, thereby

activating a serial array of quinones which are directly involved in H translocation (30).

The native structure of the F4o0Hy dehydrogenase is still unknown. However, the primary
sequence informations, operon structure and the homology to bacterial NDH-1 allow to draw
a tentative model (Fig. 5). The gene product FpoF forms the input module which oxidizes
F420H7 by hydride transfer. FAD present in this subunit catalyzes a two electron/one electron

switch to reduce the [Fe4-S4] clusters. It is still an open question whether the gene product of
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fpoO is also part of the input module. This polypeptide is predicted to be hydrophilic and
probably contains [Fe2-S2]-clusters. On the other hand this polypeptide was not copurified
with the core enzyme indicating that it is not essential for catalytic activity. From the
F4p0H3-oxidizing device the electrons are then channeled to the amphipathic connecting
fragment composed of FpoBCDI which is highly homologous to the corresponding module
of NDH-1. Since all iron-sulfur signatures are conserved in FpoB and Fpol it is reasonable to
assume that a FeS-cluster comparable to N2 is present in one of these subunits. In analogy to
NDH-1 and complex I cluster N2 should transfer electrons to the membrane integral module
composed of FpoAHJKLMN. Inspite of the fact that the composition of the membraneous
part of the F4poH, dehydrogenase and NDH-1 is identical the further electron transport
pathway of the F4p0H»-dependent enzyme is difficult to predict since methanogenic archaea
do not contain quinones. Therefore, the reaction mechanism of the F4p0H, dehydrogenase
must be different at this point and must involve the electron carrier methanophenazine. The
mid-point potential of 2-OH -phenazine which is a potential precursor of methanophenazine,
was determined to - 255 mV (23). With the assumption that the redox potential of
methanophenazine is similar, the change of free energy (AGO') coupled to the F4p0H>
dependent methanophenazine reduction is only —20.2 kJ/mol compared to a AG’” of -80.9
kJ/mol for the NADH dependent reduction of ubiquinone. These thermodynamic facts are
reflected by the coupling efficiencies of the enzymes since the maximal H+/2e- ratio of the
F420H, dehydrogenase is 2.0, in contrast to NDH-1/complex I which translocates four or

even more protons across the membrane per reaction cycle (30).

Despite the aforementioned differences the F4p90H dehydrogenase represents a NDH-1
homologue in the methanogenic archacon Ms. mazei G61 which is equipped with an
alternative input device and a modified proton translocating machinery. Further analysis of
the enzyme may contribute to the understanding also of the reaction mechanism of NADH

dehydrogenases.
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Interestingly, fpo-like gene clusters were not detected in the methanogenic archaea
Methanococcus jannaschii (31) and Methanobacterium thermoautotrophicum (32) indicating
that a F4p0H, dehydrogenase is absent in these organisms. This fact is in accordance to the
finding that the electron transport chains from obligate hydrogenotrophic methanogens of the
orders Methanobacteriales and Methanococcoles are different from those of methylotrophic

methanogens belonging to the order Methanosarcinales (2).
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Chapter 4

Methanophenazine: structure, total synthesis and function of a new

cofactor from methanogenic archaea

Introduction

Methanogenic organisms belong to the kingdom of archaea, which differ from eukarya and
bacteria in a significant way.[1] Methanogenic archaea are widespread in anoxic
environments such as the sediments of lakes and rivers as well as the intestinal tract of
ruminants. They form the end of the anaerobic food chain and transform simple substrates
like hydrogen/carbon dioxide, formic acid, methanol, methylamines and acetic acid into
methane. The latter subsequently is oxidized under aerobic conditions and is thus able to
reenter the carbon cycle. Due to the influences of civilization the amount of methane, one of
the greenhouse gases, in the atmosphere has continuously increased during the last
century.[2] A variety of unique enzymes and unusual cofactors contribute to its formation by
methanogenic archaea. The central intermediate of all metabolic pathways of methanogens is
methyl-S-CoM, which is reductively demethylated to methane under the catalytic influence
of methyl-CoM-reductase.[3] The two electrons required in this process are derived from
CoB-SH and lead to the formation of a heterodisulfide (CoB-S-S-CoM) from CoB-SH and
CoM-SH.[4] The reduction of CoB-S-S-CoM is an energy-conserving step in the metabolism
of methylotrophic methanogens. [5] Two recently detected proton-translocating enzymic
systems, the Hj:heterodisulfide oxidoreductase and the FayoHj:heterodisulfide
oxidoreductase, are involved in the membrane-bound electron transfer of Methanosarcina
mazei G61.[6] The electron transport of Fiy0H, to CoB-S-S-CoM is mediated by an F4y0H»
dehydrogenase transferring the electrons to the heterodisulfide oxidase via electron carriers.
In the presence of molecular hydrogen a membrane-bound hydrogenase serves as an

electron-feeding component to the heterodisulfide reductase (Scheme 1).
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Synthesis report

To begin with, the structure of the electron carrier was not known. Recently, we have been
able to isolate a phenazine ether from membranes of Methanosarcina mazei G61.[7] Detailed
NMR analysis of the sensitive natural product, which could only be obtained in small
amounts, indicated that its lipophilic side chain, which we assume to be responsible for the
anchorage in the membrane, consists of five isoprenoid units linked to each other in a head-
to-tail manner. Unlike the saturated Cs unit, which is directly linked to the 2-phenazinyl

residue, the remaining

6' 7
X X X X

N 2.0 3
N
(LI
N
Figure 1: Structure of Methanophenazine

four units are unsaturated. Three of them exhibit (£)-configurated double bonds. The redox
active natural product referred to as methanophenazine (MP) 1 is the first phenazine
whatsoever isolated from archaea.

Since methanogens lack the usual quinones it was assumed that 1 functions as an electron
carrier in the cytoplasmic membrane and unlike other natural phenazines takes part in the
energy-conserving electron transport. Larger amounts of the natural product are necessary to
determine the biological function of 1 and to elucidate the absolute configuration at C-3’. As
its isolation from GOl is quite time-consuming the only way possible was to synthesize the
natural product. To this purpose 1 was to be convergently built from the three building

blocks 4, 8 and 12 (Scheme 2). Diastereoselective linking of 4 and 8 to give 9 and the

subsequent etherification of 11 and 12 were regarded key steps. While the latter process
seemed to be completely unproblematical it was unclear whether the reactivity of the alkyl
metal derivative would be sufficient for the transition metal-catalyzed linking to the vinyl

1odide.
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Figure 2. Model of the membrane-bound electron transfer of Methanosarcina mazei

Go061. CoM-SH = coenzyme M; CoB-SH = coenzyme B; Fuy) = coenzyme Fuy ; Fi0H, = reduced form of the

coenzyme F0; MP = methanophenazine; dihydro-MP = reduced form of methanophenazine.

In order to prepare 4 (E,E)-farnesyl acetone 2 was first transformed into the terminal alkyne
3, [8] subsequently providing the (£)-vinyl iodide 4 in diastereomerically pure form and 74%
yield via Zr-catalyzed carboalumination with trimethylaluminum and quenching with iodine
[9] (Scheme 2). The Cs building block rac-8 required for the linking with 4 could be made
available by selective monofunctionalization [10] of 3-methyl-pentane-1,5-diol 5 in a few

steps. The advantage of this prochiral compound is the chance to form the enantiomerically
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pure compounds 8 and ent-8 that are necessary to determine the absolute configuration of
methanophenazine 1 by differentiating the enantiotopic -(CH,),-OH groups.
At the beginning, the coupling between the alkyl metal compounds released in situ from rac-

8

and the vinyl metal derivatives resulting from 4 caused considerable difficulties thus
indicating that the reactivity of the sp’ component was too low. The (E)-selective
construction of the C-6’, C-7" double bond [11] of the sesterterpene building block 9 could
only be achieved in 65% yield when the Pd(0)-catalyzed coupling of the organozinc
compound derived in situ from rac-8, tert-butyllithium and zinc chloride with vinyl iodide 4
was performed. Cleavage of fert-butyldimethylsilyl ester and activation of the resulting
alcohol 10 with methanesulphonic acid chloride provided mesylate 11, which was etherified
with 2-hydroxy phenazine 12 [12] to give rac-1. [13] When the synthesis was performed
without isolation and purification of various intermediates, rac-1 could be produced from
farnesyl acetone 2 with a total yield of more than 30%. Spectroscopic data of the synthetic
methanophenazine rac-1 corresponded to those of the natural product in every respect.[14]
Starting from the enantiomerically pure Cs building blocks 1 and ent-1 will be accessible as
well. And in this way it will be possible to determine the absolute configuration of the natural
product.

First experiments on the biological function were performed using the model compound 2-
hydroxyphenazine 12 and its reduced form (dihydro-12). It was demonstrated that all key
enzymes react with the artificial electron carrier.l” After completion of the total synthesis
similar tests could also be performed with methanophenazine rac-1 (MP) (Table 1). Here,
washed cytoplasmic membranes of Methanosarcina mazei G61 were combined with rac-1
and the activities of the respective enzymes determined. The results clearly indicated that
methanophenazine (MP) serves as an electron acceptor to both the membrane-bound
hydrogenase and the Fi0H, dehydrogenase if H, and Fip were added, respectively. In
addition, the heterodisulfide reductase uses the reduced form of methanophenazine (dihydro
MP) as an electron donor for the heterodisulfide reduction. Therefore MP is able to mediate
the electron transport between the membrane-bound enzymes so that the conversion by the
proton-translocating electron transport systems [6] can be subdivided in two partial reactions

each
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Table 1. Specific activities of the enzymes of the F40H;:heterodisulfide oxidoreductase

and H;:heterodisulfide oxidoreductase systems.

Enzyme Electron donor  Electron acceptor  Spec. activity

[U mg protein™']*

F420H,- Fa20H, 12 0.20
dehydrogenase

Fap0H3- Fa20H> MP 0.15
dehydrogenase

Membrane-bound H, 12 2.2
hydrogenase

Membrane-bound H, MP 32
hydrogenase

Heterodisulfide dihydro-12 CoB-S-S-CoM 23
reductase

Heterodisulfide dihydro-MP CoB-S-S-CoM 2.6
reductase

[a] 1U =1 umol substrate converted per minute.

(Scheme 1). In this way methanophenazine 1 was characterized as the first phenazine
derivative involved in the electron transport of biological systems. The experiments reported
here suggest that its role in the energy metabolism of methanogens is similar to that of

ubiquinone in mitochondria and bacteria.
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Figure 3. Total synthesis of Methanophenazine a) LiTMP, THF, -78°C; CIP=0(OEt),, -78°C - rt;

LiTMP, THF, -78°C - rt, HyO, 75 %; b) cat. CppZrCly, Me3Al, CH»Cly; I, THF, -30°C - rt; K5CO3,
H50, 0°C, 74 %; c¢) NaH, TBDMSCI, THF, 83 %; d) NEt3, MsCl, CH,Cly, 0°C; ¢) Nal, acetone, reflux, 93 %
for 2 steps; f) 8 + ZnCly, EtyO, rt — -100°C, tert-BuLi; 4 + Pd(PPh3)4,(0.05 equiv.), -70°C - rt, 65 %; g)
TBAF, THF, rt; h) NEt3, MsCl, CH,Clp, 0°C; i) KOH, Aliquat, THF 90 % for 3 steps. Ms =

methanesulphonyl, TBDMS = tert-butyldimethylsilyl.
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Results

Methanosarcina mazei G61 was grown according to an earlier report ! and the preparation
of cytoplasmic membranes was performed as previously described. [”! Photometrical analysis
to determine enzymatic activities were carried out at room temperature in glass cuvettes (1.7
ml) that were gassed with N, or H, and closed with rubber stoppers. The optical-enzymatic
determination of the F4oH, dependent reduction of MP and the dihydro-MP dependent
heterodisulfide reduction was performed under a nitrogen atmosphere. The cuvette was
flushed with hydrogen in order to determine the hydrogen dependent reduction of MP. The
reactions were started by adding the respective electron acceptors. Final concentrations of the
reactants were: Fao: 25 UM; 12: 25 uM; MP: 24 UM (stock solution in dimethylformamide)
and CoB-S-S-CoM: 38 pM. Protein concentration was 7.5 Pg membrane protein per ml
assay. Extinction coefficients: Fayo: € 420 = 40 mM'lcm'l; MP: €414 =3.17 mM'lcm'l; 12 g4p5 =

45mM'em™.
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10a), 160.78 (C-2); IR(film): ¥ = 3059 cm™ (CH, olefinic), 2954, 2924, 2853 (CH,
aliphat.), 1632, 1605, 1560, 1518 (C=C), 1483, 1445 (CH,, CH3), 1380, 1360 (CHs),
1196 (C-O-C), 828, 757 (C=C, arom.); UV(CH3CN): Amax(lg €) = 388 (3.72), 355
(3.78), 256 nm (4.71); MS(70 eV): m/z(%): 538 (100) [M], 470 (6) [(M-CsHg], 402
(8) [470-CsHs], 334 (20) [402-CsHs], 265 (4) [334-CsHy), 196 (82) [C1,HgN,O'], 168
(7) [196-CO]; HR-MS: calculated for C37Hs5oN,O: 538.3923; found: 538.3923.
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Chapter 5

Identification and analysis of proton-translocating pyrophosphatases in the

methanogenic archaeon Methanosarcina mazei

Abstract

Genome sequence data from the methanogenic archaeon Methanosarcina mazei GOl
revealed the existence of two different open reading frames encoding proton-translocating
pyrophosphatases (PPases). They are linked by a 750-bp intergenic region containing TC rich
stretches and are transcribed in opposite directions. The corresponding polypeptides were
referred to as Mvpl and Mvp2 consisting of 671 and 676 amino acids, respectively. Both
enzymes represent extremely hydrophobic, membrane integral proteins with 15 predicted
transmembrane segments and an overall amino acid sequence similarity of 50.1%. Multiple
alignments revealed that the PPase isoenzymes from Ms. mazei might have different
phylogenetic backgrounds. Mvpl is closely related to eukaryotic PPases whereas Mvp2
belongs to the bacterial PPase lineage. Northern blot experiments using RNA from methanol-
grown cells harvested in the mid-log growth phase indicated that only Mvp2 was produced
under these conditions. The enzyme had a specific activity of 0.34 U/mg protein when
washed membranes were analyzed. Proton translocation experiments with inverted
membrane vesicles prepared from methanol-grown cells showed, that pyrophosphate
hydrolysis was coupled to the translocation of about one proton across the cytoplasmic
membrane. Conditions for the expression of mvpl could not be found so far. The
pyrophosphatases of Ms. mazei GO1 represent the first examples of this class of enzymes in

methanogenic archaea and might be part of their energy conserving system.
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Introduction

Inorganic pyrophosphate (PPi) is formed in several enzymatic reactions of various metabolic
pathways (e.g. deoxyribonuleic acid and ribonuleic acid polymerisation, amino acid- and
fatty acid activation). PPi is supposed to be hydrolyzed subsequently by the catalytic activity
of pyrophosphatases to shift the overall reaction equilibrium towards product formation.
According to Rea and Sanders (1) this assumption may be too restrictive because a
considerable amount of metabolic energy is lost and released as heat. Instead, it might be
possible that the pyrophosphatases provide a portion of the anhydride bond energy for the

generation of a transmembrane proton gradient.

Two families of pyrophosphate cleaving enzymes were identified in the three domains of life.
The first class encompasses a wide variety of soluble, cytoplasmic enzymes which are not
involved in energy conservation (2). The second class comprises tightly membrane-bound
pyrophosphatases, which were first isolated from vacuole membranes of higher plants and
alga (3). These enzymes translocate protons across the vacuolar membrane thereby
maintaining the acidic vacuolar interior millieu. Proton-translocating pyrophosphatases were
also found in the cytoplasmic membrane of several bacteria such as Rhodospirillium rubrum
(4), Thermotoga maritima (5), Streptomyces coelicolor (6), Synthrophus gentiana (7) and in

the hyperthermophilic archaeon Pyrobaculum aerophilum (8).

In this report we show that proton-translocating pyrophosphatases are also present in the
methanogenic archaeon Methanosarcina mazei Gol. This organism derives its metabolic
energy from the conversion of Hy/CO», acetate, methanol or methylamines to methane.
Redox-reactions involved in the process of methanogenesis are partly catalyzed by
membrane-bound enzymes that generate or use electrochemical ion gradients (9). The
Hy:heterodisulfide oxidoreductase and the F4oo9H»:heterodisulfide oxidoreductase are novel
electron transport systems which are able to generate a proton motive force by redox-driven
H+-translocation (10). The electrochemical proton gradient is used for ATP-synthesis by a

membrane-bound A1Ag-ATP synthase (11). The pyrophosphatases found in Ms. mazei G61
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represent a further class of proton translocating enzymes in methanogens and might be

involved in a new energy conserving system.

Materials and Methods

Growth of cells and preparation of washed vesicles. Ms. mazei G61 (DSM 3647) was
grown in 1-1 glass bottles or, for mass culturing, in 20-1 carboys on 150 mM methanol in a
medium described previously (12), supplemented with 1 g/l of sodium acetate. Washed
inverted vesicles of strain G61 were prepared according to Ide et al. (13) with the exception
that the final protein concentration was 10-15 mg/ml.

Preparation of washed membranes. Washed membranes from Ms. mazei were prepared
according to Abken and Deppenmeier (14).

Measurement of Proton translocation. Proton translocation was monitored as described
previously (13). In principal a nitrogen-gassed reaction vessel (11 ml) was filled with 3 ml 40
mM KSCN solution containing 0.5 M sucrose, 1 mg/ml resazurin and 10 mM
dithioerythritol, followed by the addition of 50-80 pl washed inverted vesicles (1 - 1.4 mg
protein/assay). Proton uptake coupled to pyrophosphate cleavage was followed by the
addition of 5 - 40 nmol Na-pyrophosphate (20 mM aqueous stock solution) using a sensitive
pH electrode connected to a chart recorder. After finishing the experiments the pH changes
were calibrated with standard solutions of HCI or NaOH. The uncoupler SF6847 was added
as an ethanolic solution to final conc. of 12 nmol/ mg membrane protein where indicated.

Determination of the cytoplasmic phosphate concentration. 5-ml cultures of Ms. mazei
were harvested in the exponential growth phase and washed three times with 25 mM MOPS
plus 0.5 M sucrose to remove phosphate contaminations. After sonication the protein was
precipitated by heating at 100 °C for 5 min and removed by centrifugation. The supernatant

was used for determination of the cytoplasmic phosphate concentration.
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Enzyme Activity Assays. Enzyme activity of the PPase was determined in 1.8 ml glass

vessels containing 25 mM MOPS buffer pH 7 and washed membranes (approx. 1 mg
membrane protein). Na pyrophosphate and MgCl, were added from a 0.1 M aqueous stock

solution. Membranes and MgCl, were preincubated at 37 °C and the reaction was started by
the addition of pyrophosphate. To examine PPi hydrolysis 50 ul samples were withdrawn
and added to 10 pl conc. HClO4 to stop enzyme activity. Precipitated protein was removed
by centrifugation. The release of free phosphate due to a pyrophosphate hydrolysis was
monitored by a method described by Saheki (15) with the following specifications: 25-pl
samples prepared as described above were added to 750 pl of a 15 mM ammonium
molybdate / 70 mM zinc acetate solution (pH 5.0 HCl) and reduced by 250 pl of a freshly
prepared 10% sorbic acid solution (pH 5.0 NaOH). After incubation for 20 min. the samples
were measured at 850 nm against a phosphate blank sample. Concentrations were calculated
from a standard curve 0-250 uM KH>POg4.

Construction of *’P-labeled probes and northern blot analysis. For the construction of
specific DNA probes for expression studies of the pyrophosphatases from Ms. mazei Go1
non-homologous sequence regions of mvpl (probe 1: bp 743-1089) and mvp2 (probe 2: bp
710-1035) were amplified by PCR, respectively, using chromosomal DNA as template. The
DNA fragments were isolated from a 0.8 % agarose gel and purified by a gel extraction kit
(Qiaex II, Qiagen). Radiolabeling with [a—32P]dATP (Hartmann, Braunschweig, Germany)
was done by using a random primer labeling kit (Boehringer, Mannheim, Germany), and the
labeled probes were purified by gel chromatography (NAP 10, Pharmacia, Uppsala,
Sweden). Total cellular RNA was prepared from methanol-grown Ms. mazei strain GOl
(harvested in the mid-log phase) using a RNA isolation kit (RNeasy, Qiagen) according to

the manufacturer's instructions. Northern blot analysis was done as described previously (16).
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Results

Molecular biological analysis. DNA sequence data from the Ms. mazei G61 genome project
(Gottingen Genomics Laboratory) revealed two different open reading frames encoding
hypothetical plant V-type pyrophosphatase homologues®. The genes were designated mvpl
and mvp2 (mvp for Methanosarcina vacuolar-type pyrophosphatase). They are linked by a
750-bp intergenic region containing TC rich stretches and are transcribed in opposite
directions (Fig. 1). Typical archaeal promoter sequences of the TATA-box initiator type (17)
were found upstream of both genes. Bacterial-type ribosomal binding sites immediately

preceded the genes.

mvpl mvp2
g |
‘/ ‘x
GTA (xy) AGGATAGGA AGGATGGTT (x5)ATG

I 1kb i CT rich region and

putative promoter sequences

+
Figure 1: Organization of genes encoding H -translocating pyrophosphatases in Ms.
mazei GO1. Base pairs contributing to the RBS are underlined (*/cGG*/cGGTG"/g = consensus sequence of

the ribosome binding site in Ms. mazei); black arrows indicate the direction of transcription of mvp1 and mvp2.

The deduced polypeptides of mvpl (N-terminus MERLIFT) and mvp2 (N-terminus
MDMLIY) consist of 671 (69.1 kDa) and 676 amino acids (69.2 kDa), respectively. Both
enzymes represent extremely hydrophobic, membrane integral proteins with 15 predicted
transmembrane segments. The overall amino acid sequence similarity was 50.1%. The

. : +
deduced amino acid sequences of mvpl and mvp2 were compared to H -PPases from other
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organisms. Alignments indicated similarities in the range of 35.5 to 50.6 %. For Mvpl
highest scores were obtained for the gene products of the eukaryotes Acetabularia
mediterana (50.6 %), Nicotiana tabacum (45.1 %) and Chara corallina (45.4 %). In contrast,
Mvp2 showed highest similarities to the PPases from the bacterium Rhodospirillium rubrum

(45.6 %) and the archaeon Pyrobaculum aerophilum (42.9 %).

Beta vulgaris
Nicotiana tabacum
Arabidopsis thaliana
Chara corallina
Trypanosoma cruzi

Plasmodium falciparum

Thermotoga maritima

Acetabularia acetabulum
Methanosarcina mazei (Mvpl1)

Methanosarcina mazei (Mvp2)

7 _|—( Rhodospirillum rubrum
Streptomyces coelicolor
Pyrobaculum aerophilum

46.1 I I I I I I I I I 1
45 40 35 30 25 20 15 10 5 0

Figure 2: Sequence distances of proton-translocating pyrophosphatases. The phylogenetic
tree was generated with the program MegAlign using the Clustal method (residue weight table PAM 250).
NCBI accession No.: Acetabularium mediterrana, D88820; Arabidopsis thaliana, ABO15138; Beta vulgaris,
L32791; Plasmodium falciparum, AF115766; Pyrobaculum aerophilum AF182812; Rhodospirillum rubrum,
AF035636; Streptomyces coelicolor, AL035636; Thermotoga maritima, D72409; Trypanosoma cruzi,

AF159881.

To obtain information about the possible evolution of the Ms. mazei PPases the phylogenies
of the protein sequences were estimated using the program ClustalX. As is apparent from
Fig. 2 the PPases from eukarya and Thermotoga maritima cluster together with Mvpl, the
nearest relative being the marine algae Acetabularia. The isoenzyme Mvp2 branches off
separately and is located in the same cluster as the PPase from the bacterial organisms
Rhodospirillum rubrum and Streptomyces coelicolor. The enzyme from Pyrobaculum

represents the deepest branch and is separated form all other proteins analyzed. These
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+
findings might indicate that the H -PPase isoenzymes form Ms. mazei have different

phylogenetic backgrounds with Mvp1 closely related to eukaryotic PPases and Mvp2 falling

into the bacterial lineage.

kb 1 2

WYy

’ < 23S rRNA
b < 16S rRNA

A
V| Jo R ~ e

Figure 3: Analysis of expression of mvpl and mvp2 from Ms. mazei Go1. Northern blotting
was performed using total RNA from methanol grown cells. Each lane contained 5 pg RNA. The blots were

hybridized with probes specific for mvp2 (lane 1) and mvpl1 (lane 2), respectively.

Expression analysis. For analysis of the expression pattern of mvpl and mvp2 specific DNA
probes from both genes were synthesized by polymerase chain reaction using chromosomal
DNA as template. In parallel, total RNA was isolated from methanol-grown cells and was
used for northern blots analysis. One major signal with a size of 1.8 kb was obtained when
RNA from these cells was hybridized with the mvp2-specific probe (Fig. 3). No specific
signals were found with the mvpl-probe. The weak signals at 2.5 and 1.4 kb are probably
caused by an unspecific binding to the 23S rRNA and the 16s rRNA, respectively (16).
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Because the transcript of mvp2 has a length of 1.8 kb, it is evident that only this gene is
expressed with methanol as growth substrate. It is to note that the following experiments
were performed exclusively with methanol-grown cells harvested in the mid-log phase. As
described above only Mvp2 was produced under these conditions. Thus, pyrophosphatase

activity was caused by this enzyme and an interference with Mvp1 took not place.

40

Phosphate (zmol/mg protein)

60

Time (min)

Figure 4: Magnesium ion dependence of Pi formation from PPi hydrolysis as catalyzed
by washed cytoplasmic membranes from Ms. mazei Go1. The amount of PPi hydrolyzed was
determined by analysis of the phosphate concentration in the reaction mixture as described in Materials and
Methods. ([]) no addition of Mg*". Addition of Mg*" to a final concentration of I mM ([l}), 2 mM ( O ) and

3mM (@)



CHAPTER 5 87

Biochemical analysis. To determine the cellular localization of the pyrophosphatase cell-free
extracts of Ms. mazei GOl were centrifuged at 120.000 x g for two hours. It was found that
almost 100 % of the PPase activity was present in the pellet which was resuspended and
centrifuged at 100 000 x g. Again almost 100 % of the PPi-hydrolyzing activity was detected
in the membraneous fraction, indicating that the enzyme is located in the cytoplasmic
membrane. The activity of the membrane-bound PPase depended linearly on the
concentration of membrane protein up to 1 mg/ml (not shown). Furthermore, the enzyme was
air-stable for several hours. The protein showed maximal activity (0.34 umol PPi hydrolyzed
x min" x mg membrane protein”) when 4 mM PPi and at least 2 mM Mngr were added to
the reaction mixture (Fig. 4). Lower concentrations of these ions led to a decrease of the

reaction rate. As already described for other PPases (18) the Mvp2 protein was inhibited by
DCCD indicated by ICsg values of 1.5 pumol DCCD per mg membrane protein (not shown).

In addition to mvpl and mvp2 the genome sequencing of Ms. mazei revealed the presence of
a gene encoding a soluble pyrophosphatase (GenBank Acc-No. AF312700). However, the
cytoplasmic fraction did not contain any PPase activity. Thus, a soluble PPi-hydrolyzing
enzyme was obviously not produced when cells were grown on methanol and harvested in

the mid-log phase.

Multialignments and the biochemical analysis indicated that Mvp2 is a membrane-bound,
proton translocating pyrophosphatase. To verify this hypothesis washed inverted vesicles
from Ms. mazei G61 were tested for their ability to couple PPi hydrolysis with the transfer of
protons across the cytoplasmic membrane. Therefore, concentrated vesicles were diluted with
a sucrose/thiocyanate solution under an atmosphere of molecular nitrogen and were pulsed
with PPi as shown in Fig. 5. When the substrate was added, a short period of alkalinization of
the medium was monitored which is due to a rapid proton movement into the lumen of the
inverted vesicles. In the second phase a reacidification was observed until a stable pH-value

was reached again. It is thought that the consumption of PPi is responsible for this effect

leading to a decay of the generated Apy+ by passive diffusion of protons back to the medium.



CHAPTER 5 88

The addition of the protonophore SF 6847 led to a complete inhibition of reversible

alkalinization, indicating that protons function as coupling ions (Fig. 5). After calibration of
+ . .

the system the extent of H transfer was calculated from more than 30 experiments resulting

in an average ratio of 0.47 +

10 nmol SF !
30 nmol PPi 6847 l :
f A 10 nmol

o\°
20

Figure 5: Proton translocating activity of washed inverted vesicles of Ms. mazei in the
presence of PPi. The experiments were performed as described in Materials and Methods. The amount of
translocated protons was calculated from the difference between maximal alkalinization and the final base line
after reacidification as indicated for each experiment (small black arrows). The difference between the starting
baseline and the final baseline was due to alkalinization by the addition of PPi to the weakly buffered reaction

mixture. The system was calibrated by injection of 10 nmol HCI

0.12 protons translocated per PPi hydrolyzed. Taking into account that about 50 % of the
membrane structures present in the vesicle preparations are unable to establish a proton
gradient (10), the hydrolysis of one mol PPi is coupled to the translocation of about 1 mol of

protons.
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Discussion

Energetic considerations. The process of methanogenesis in Ms. mazei is not coupled to
substrate-level phosphorylation. Instead, it has been shown that energy is conserved by a
chemiosmotic mechanism (10). The membrane-bound electron transport system of this
organism is able to translocate four mol of protons in the course of the generation of one mol
CHy. Thus, it is evident that Ms. mazei has only limited abilities for the generation of
electrochemical ion gradients. In 1988 Keltjens et al. (19) reported that methane formation is
coupled to PPi synthesis in Methanobacterium thermoautotrophicum. However, later on it
was shown by Ellermann et al. (20) that these experiments were not reproducible. In
accordance to the latter findings methanogenesis from methanol + Hj as catalyzed by washed
cells suspensions of Ms. mazei G61 was not coupled to the synthesis of PPi (not shown).
Irrespective of this controversy it is evident that several core biosynthetic pathways generate
PPi (e. g. DNA and RNA synthesis, amino acid activation, polysaccharide synthesis and
formation of fatty acyl-CoA (3)). Thus, the idea that PPi may function as an energy-rich
intermediate for ATP synthesis is reasonable. This hypothesis is supported by the finding that
the PPi concentration in the cytoplasm of Ms. mazei G61 is very low (< 0.2 mM) despite the
fact that soluble PPase activity is lacking. Thus, the membrane-bound PPases might be the
only enzymes responsible for the disposal of cytosolically produced PPi, thereby pulling the
biosynthetic reactions to completion. In addition, the enzymes salvage a portion of the free
energy of PPi hydrolysis by proton translocation. The actual free energy change for PPi
hydrolysis in the cytoplasm has been calculated to be 27.3 kJ/mol at pH 7.3 (21). The proton
potential that can be established by a given proton pump depends on the free-energy change
of the driving reaction and on the number of protons transported per cycle (AG =n " F * Ap).
It was shown that Ap of Ms. mazei is in the range of -150 mV (22). Thus, for the
translocation of 1 mol H+ a free energy change of at least 14.6 kJ is necessary. Taking the
above-mentioned 27.3 kJ/mol into account, PPi hydrolysis coupled to H -transfer is still an
exergonic process which is able to function as a driving force for biosynthetic reactions. The

advantage of a membrane-integral PPase is that some of the energy is conserved as a
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transmembrane electrochemical proton gradient in comparison to soluble PPases which

merely thermally dissipate all free energy.

Putative enzyme structure and sequence characteristics. Sequence comparison, computer-
assisted topological and functional analysis, demonstrate that the mvp2 encoded enzyme of
Ms. mazei belongs to the membrane-associated H+-translocating type of PPases. The gene
mvpl was not expressed in methanol-grown cells but multiple alignments of the deduced
amino acid sequence showed that the protein also belongs to this class of enzymes. The most
thoroughly investigated H+-translocating PPases are those found in the vacuolar membranes
of plant cells (3) and the cytoplasmic membranes of the photosynthetic bacterium
Rhodospirillum rubrum (4). Structural studies indicate that these enzymes are composed of
only one subunit with a molecular mass of 67.5 to 80.8 kDa (3). Evidence for the presence of
H+—translocating PPases were also found in several other organisms such as the thermophilic
bacterium Thermotoga maritima (5), the marine algae Acetabularia mediterranea (23), the
parasitic protist Trypanosoma cruzi (NCBI Acc. No. AAF80381), the malaria parasite
Plasmodium falciparum (24), the synthrophic bacterium Syntrophus gentianae (7) and the
soil bacterium Streptomyces coelicolor (6). Recently, Drozdowicz et al. described a vacuolar-
type membrane pyrophosphatase from the hyperthermophilic archaeon Pyrobaculum
aerophilum (8). It is the first report about this category of pump in an archaeon indicating
that these proteins are distributed among all three domains of live. Support in favor of this
assumption is the discovery of PPase-orthologs in the methanogenic archaeon Ms. mazei.
Interestingly, genes encoding H+-PPases are not present in the genomes of
Methanobacterium thermoautotrophicum and Methanococcus jannaschii (25, 26). Moreover,
it is not found in the sulfate-reducing archaeon Archaeoglobus fulgidus (27) which is a close

relative of Ms. mazei.

The deduced amino acid sequences of mvpl and mvp2 possess most of the structural features
characteristic of PPases (Fig. 6). Because of the evolutionary distance of methanogenic

archaea and other organisms containing PPases the evaluation of highly conserved amino
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acid sequences might contribute to the identification of sequence motifs likely involved in

core catalysis by all V-PPases.

Using the TopPredll program 16 transmembrane helices for both Mvpl and Mvp2 were
predicted. The residues 656 to 676 at the C-terminus first fulfilled the requirements of a
transmembrane O-helix. However, as pointed out by Drozdowicz et al. (8) this structure is
unlikely because protein fusions with apoaequorin and the C-terminus of the vacuolar PPase
in transgenic Arabidopsis plants indicated that this part of the enzyme is located in the
cytoplasm (28). Moreover, antibody binding to this segment caused hindrance of PPi
hydrolysis. Therefore, it was supposed that it is close to the catalytic site of the cytoplasmic
loop 3 (29). Considering the fundamental correspondence of the putative topology of Mvpl
and Mvp2 to that of other V-PPases a basic uniformity of secondary structure is most
possible (30). Therefore, the C-terminus of the methanogenic proteins may also form a helix-
like structure in the cytoplasm. In summary, Mvp2 (Fig. 6) is predicted to form 15
transmembrane spans which are connected by large cytoplasmic loops and relatively small
outside loops. A multiple alignment of PPase sequences from eukarya (Arabidopsis, Beta,
Acetabularia, Plasmodium), bacteria (Rhodospirillum, Streptomyces, Thermotoga) and
archaea (Pyrobaculum, Ms. mazei Mvpl and Mvp2) was performed (not shown) and

conserved residues are shown in white on a black background in Fig. 6.

The greatest similarities between the enzymes were detected within the hydrophilic loops III
and VI with cytoplasmic orientation and the C-terminal tail which are probably part of the
substrate-binding and hydrolysis domain or contribute to it (29). Moreover, there are highly
conserved Gly residues in Helix 3, 4, 5, 9, 13 and 15 which might be responsible for a tight

localization of the corresponding helices.

Furthermore, several sequence motifs and residues assumed or demonstrated to be essential
for catalysis by plant PPases are also present in the methanogenic enzymes. By comparison

of all
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H+—PPases one remarkably conserved segment has been detected (3). It is located in the
cytosolic loop III and contained the putative catalytic motif Dx7KXE found in soluble and
membrane-associated PPases (31). The sequence TKAADVGADLVGKVEA from Mvp2
corresponds to this region and exactly matches the respective segment in vacuolar PPases of
land plants. Is has been proposed that this subdomain participates directly in substrate and
Mngr binding (32). Mutational analysis using the H+-PPase from mung bean showed (3) that
the underlined charged residues are essential for enzymatic activity (in Mvp2: D191, K199,

E201 see Fig. 6).

In addition other residues may be essential to form the catalytic site: 1) the substitution of
E305 and D504 in the H+-PPase from Arabidopsis (30) resulted in loss of hydrolyzing
activity and H+-translocation (E235 and D426 in the methanogenic enzymes). ii) The
cytoplasmic loop V of many plant H+—PPases contains the span-loop interface motif
TEYYTS (in Mvp2: TEHYTS). This sequence encompasses a Glu residue also implicated in
coupling PPi hydrolysis and H+-translocation (30). iii) A carbodiimide-reactive Glu residue
has been identified within the C-terminal part of the enzyme from pumpkin (33). It was
proposed that the DCCD-sensitive residue is near by the Mg2+—binding site. However, this
amino acid is not conserved in the prokaryotic enzymes. iv) Another DCCD reactive site
(D283) has been detected in the H+-PPase from Vigna radiata which could be involved in
the catalytic cycle (34). This residue is part of a sequence block (IADNVGDNVGD; loop
CIII) which is conserved throughout all H+-PPases.

In summary, it is evident that the amino acid sequences of Mvpl and Mvp2 from the
methylotrophic methanogen Ms. mazei contain all the residues believed to be essential for
PPi hydrolysis and H+-translocation. This finding was verified by biochemical experiments
which indicated that at least Mvp2 is able to catalyze the aforementioned reactions. Further
experiments are aimed to find conditions under which mvpl is expressed and to analyze the

function the corresponding protein in the metabolism of Ms. mazei.
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Conclusions

Methane is the major end product of the microbiological decomposition of organic matter
under anaerobic, sulfate limiting conditions. Typical habitats of methanogenic
microorganisms are freshwater sediments or the intestinal tract of animals. It has been
calculated that more than 10° tons of the combustible gas is generated per year. Most of
the gas escapes into aerobic zones, where it 1s oxidized by methanotrophic bacteria or is
released to the atmosphere, where it is photochemically converted to CO,. However, the
atmospheric concentration of methane had risen significantly over the last 300 years,
probably due to expanded agricultural activities such as rice cultivation and the rising
number of cattles around the world. This fact is of major importance since methane as

well as carbon dioxide are potent greenhouse gases (Conrad 1996).

The enzymatic breakdown of organic matter is not catalyzed by a single microorganism,
but by syntrophic associations of different species. Large amounts of organic material
(polysaccharides, proteins, nucleic acids, lipids) that reach anoxic environments are
hydrolyzed and fermented by anaerobic bacteria to acetate, CO,, H,, formate and other
simple C;-compounds. These substances are used by methanogenic archaea as carbon and
energy sources resulting in the formation of methane and CO; as end products of the
anaerobic food chain.

The methanogenic organisms belong to the domain Archaea and are classified in five
orders. Members of the orders  Methanobacteriales, Methanococcales,
Methanomicrobiales and Methanopyrales are referred to as obligate hydrogenotroph
organisms able to use H, + CO, as substrate. Most of them can also oxidize formate to
form methane. The Methanosarcinales are most versatile with respect to their substrate
spectrum because many species use H, + CO,, acetate, methanol and other methylated C;-
compound such as methylamines (mono-, di-, or trimethylamine) and methylated thiols

(dimethylsulfide, methanethiol or methylmercaptopropionate).
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Mechanisms of ATP synthesis in methanogenic archaea

The principal mechanisms of ATP generation fall into just two classes namely substrate
level phosphorylation (SLP) and ion gradient driven ATP synthesis. SLP occurs during
the degradation of organic substrates where a small number of intermediates is formed
containing high-energy phosphoryl-bonds (e. g. acetyl phosphate, phosphoenolpyruvate
and 1,3-bisphosphoglycerate). Further metabolism of such compounds is coupled to the
transfer of the phosphate group to ADP. The second mechanism of ATP synthesis is
effected by the interaction of ion translocating enzymes and ATP synthases, both tightly
associated with the inner mitochondrial membrane in eukarya or the cytoplasmic
membrane of bacteria and archaea. Ion translocating proteins can be divided into two
classes: 1) The translocation of ions is coupled to redox reactions as catalyzed by
membrane bound electron transport systems (respiratory chains or photosynthesis) or ii)
the generation of an ion gradient is independent of these rections. Examples of this type
of ion translocases are product/proton symporters (Konings et al 1997) or primary sodium
ion translocating decarboxylases (Dimroth et al 1997, Dimroth and Schink 1998) as well
as Na' translocating methyl transferases (Gottschalk and Thauer, 2000). The ion motive
force generated by these enzymes is thought to be the driving force for ATP synthesis
from ADP and Pi as catalyzed by ATP synthases.

In former times it was a matter of debate how methanogenic archaea regenerate ATP.
Although it became clear that there was no obvious site for ATP formation by substrate
level phosphorylation, it took a long time to find experimental proofs for a chemiosmotic
mechanism of ATP synthesis . A major breakthrough was the preparation of subcellular
vesicles from Methanosarcina mazei strain G61 (Peinemann, 1989) and the generation of
washed inverted vesicles of this organism which contained closed membrane structures
with definite inside out orientation (Mayer et al. 1987). These vesicles were found to be
capable of energy transduction by proton translocation (Deppenmeier et al, 1990). The
great advantage of such a system is that the active centers of the enzyme involved in

energy transduction face the outside and are accessible for highly charged substrates.

In the following sections the major energy conserving enzyme systems in methanogenic
archaea, especially that of Methanosarcina strains will be discussed: 1) three different

anaerobic respiratory chains present in these organisms and 2) three primarily ion
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translocases: namely a proton translocating pyrophosphatase, the Na' translocating

methyl transferase and the ATP synthase.

Anaerobic respiratory chains in Ms. mazei

During growth on hydrogen and carbon dioxide CO; is reduced to formyl-MF by the
catalytic activity of the formyl-MF dehydrogenase. The endergonic reaction is driven by
an electrochemical ion gradient. The formyl group is then transferred to HyMPT and
stepwise reduced to methyl-H4MPT. Reduction equivalents are derived from reduced
cofactor Fiyp which in turn is produced by the cytoplasmic Fay-reducing hydrogenase.
The next step is the transfer of the methyl group from H4sMPT to coenzyme M, an
exergonic reaction catalyzed by the methyl-HsMPT:HSCoM methyltransferase. It was
shown that this reaction is coupled to the generation of an electrochemical Na' gradient.
The final step in methanogenesis is the reduction of methyl CoM using HS-CoB as a
reductant. The reaction results in the formation of methane and a heterodisulfide (CoM-S-
S-CoB) from coenzyme M and coenzyme B.

During the last years, the energy conserving systems of Ms. mazei GO61 have been
analyzed comprehensively. It was shown that this organism possesses at least two
membrane bound electron transport systems both of which are able to use the
heterodisulfide as an electron acceptor and either molecular hydrogen or reduced cofactor

Fa4;0 as electron donors for the reductive cleavage of CoM-S-S-CoB.

The H;:heterodisulfide oxidoreductase

When methanogens grow on H, and CO,, molecular hydrogen is used for the reduction of
CoB-S-S-CoM. In Methanosarcina strains this reaction is catalyzed by the membrane
bound Hs:heterodisulfide oxidoreductase (Deppenmeier et al. 1990, see also CHAPTER 2).
The initial step is the oxidation of molecular hydrogen by the F4yo-nonreducing
hydrogenase, an enzyme which was purified from Ms. barkeri (Kemmner and Zeikus,
1996) and Ms. mazei (Deppenmeier et al. 1996). The purified enzyme consists of two
different subunits with molecular masses of 60 and 40 kDa and contains one nickel ion in

the Ni/Fe active site and several Fe/S clusters, but no flavins. Ms. mazei contains two sets
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of genes, the vho and vht operons, both of which encode F4yp-nonreducing hydrogenases.
The VhoGAC enzyme is believed to be part of the membrane bound Hj:heterodisulfide
oxidoreductase (Deppenmeier et al., 1995, Deppenmeier et al., 1996) Interestingly, the
vhoGA products showed homologies to bacterial NiFe hydrogenases while vioC encoded
a b-type cytochrome which probably functions as an initial electron acceptor of the core
NiFe enzyme (Brodersen et al., 1999).

The heterodisulfide reductase is the second component of the Hj:heterodisulfide
oxidoreductase. The enzyme of Methanosarcina species is composed of two subunits
(Hdr D E), HdrE is a membrane integral b type cytochrome containing two heme groups,
while HdrD is the catalytic center harbouring two FesS4 clusters (Hedderich et al., 1999;
Simianu et al., 1998).

After the elucidation of the composition and properties of the key proteins of the
Hj:heterodisulfide oxidoreductase the most interesting question concerned the nature of
the carrier mediating electron transfer from the hydrogenase to the heterodisulfide
reductase. It is important to note that quinones were not detected in Methanosarcina
strains. Fortunately, the mechanisms of membrane bound electron transport could be
further analyzed with the discovery of methanophenazine (Abken et al, 1998, see also
CHAPTER 4). Because the component is very hydrophobic, it cannot be used for in vitro
assays in aqeous buffer systems. However, a hydrophilic analogon, 2-hydroxy phenazine
was found to be an effective substitute for methanophenazine. It was shown that washed
inverted vesicles of Ms. mazei catalyze the Hp-dependend 2-OH phenazine reduction and
the dihydro-2-OH phenazine-dependend heterodisulfide reduction. Both reactions are

coupled to the transfer of two protons across the cytoplasmic membrane.

The F4y0:heterodisulfide oxidoreductase

During growth on methanol or methylated substrates, part of the methyl groups of the
substrates are oxidized and reduction equivalents are transferred to cofactor F4p0. Hence,
F420H; and the heterodisulfide CoM-S-S-CoB are generated under these conditions. Using
the above mentioned inverted vesicle preparatios from Ms. mazei G61, it became evident
that F4,0H; is reoxidized in the presence of CoM-S-S-CoB by a membrane bound electron
transport system named Fa,0H;:heterodisulfide oxidoreductase (see also CHAPTER 3). This
system consists of a FioH, dehydrogenase and the aforementioned heterodisulfide
reductase. Furthermore, the Fio-dependent CoM-S-S-CoB reduction has been shown to

be competent in driving proton translocation across the cytoplasmic membrane
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(Deppenmeier et al., 1996, Baumer et al., 2000). Similar to the H,-dependend
oxidoreductase system, electron transport and proton translocation are strictly coupled as
indicated by stoichiometries of 4 H' transferred per 2 electrons transported from FyyHa to
the heterodisulfide. It was also shown that the electron transfer between the F40H»
dehydrogenase and the heterodisulfide reductase is mediated by phenazine derivatives
(Béaumer et al., 1998). The water soluble analogue of methanophenazine, 2-OH phenazine
was reduced in the presence of Fi0H, and dihydro-2-OH phenazin was able to act as an
electron donor for the heterodisulfide reductase. Washed inverted vesicles of Ms. mazei
Go1 couple both exergonic processes with the transfer of protons across the cytoplasmic

membrane. The maximal H'/2¢  ratio was 2.0 for each reaction. The resulting
electrochemical proton gradient (Aug™") was the driving force for ATP synthesis from

ADP + Pi. Thus, the FiyHs:heterodisulfide oxidoreductase system comprises two
different proton-translocating segments. The first involves the 2-OH-phenazine-

dependent F40H, dehydrogenase and the second one the heterodisulfide reductase.

Also the key enzymes of this methanogenic electron transport chain have been isolated
and characterized: The F4y0H, dehydrogenase from Ms. mazei was purified as an 115 kDa
enzyme containing iron sulphur clusters and FAD (Deppenmeier et al., 1996). It became
evident that the enzyme is very similar to the corresponding enzyme from Methanolobus
tindarius (Haase et al., 1992). The complex of the latter organism is composed of five
different subunits with molecular masses of 43, 37, 22, 20 and 16 kDa.

In the course of the Ms. mazei G61 genome-sequencing project a DNA fragment was
identified which encodes the subunits of the purified enzyme. The proposed name for this
gene locus 1s fpo for Fayp phenazine oxidoreductase. The fragment comprises 12 genes
designated fpo A BC D HIJ K L M N O that are organized in one operon. The gene
encoding subunit Fpo F of the purified enzyme is not part of the operon and is located at a
different locus on the chromosome. Taking into account that the fpo operon contains 12
genes and that the purified F40H, dehydrogenase is composed of only five subunits it is
obvious that only a subcomplex of protein has been purified so far.

It is notably that the FioH, dehydrogenase is functionally homologous to the
NADH:ubiquinone oxidoreductase 1 (NADH-DH) since both enzymes reveal a complex
subunit composition and contain FeS-clusters and flavins (Yagi et al., 1998). F4y0H, and
NADH are reversible hydride donors with similar mid-point potentials. Electrons derived

from the oxidation process are transferred to quinones and methanophenazine,
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respectively, which are similar in possessing isoprenoid side chains that enable them to
diffuse into the hydrocarbon phase of the cytoplasmic membrane. It has been shown that

mitochondrial and bacterial NADH:ubiquione oxidoreductases as well as F4o0H,

dehydrogenase are inhibited by diphenyleneiodonium chloride. Moreover, the comparison
of the deduced amino acid sequences of the subunits revealed that the enzymes are also
structurally related. For eleven polypeptides encoded by fpo4 to fpoN related counterparts
exist in bacterial NADH-Dehydrogenase and mitochondrial complex I. Alignments
indicated similarities of 42-71 % and identities of 37-60 % to the corresponding subunits

of the above-mentioned enzyme complexes.

Fd,cq:heterodisulfide oxidoreductase

Methanogenesis from acetate is coupled to the smallest change of free energy of all

methanogenic substrates: Since 1 ATP is invested in acetate activation

Acetate + ATP > Acetyl-phosphate + ADP

Acetylphosphate + CoenzymeA  —» Acetyl-CoenzymeA + Pi

it is necessary that methanogenesis from acetate gives rise to the generation of more than
one ATP per CH4 formed for obvious reasons. As mentioned in the introduction, the CO
dehydrogenase/ acetylCoA synthase complex catalyzes the acetylCoA cleavage and forms
methyl-H4sMPT, CO, and reduced ferredoxin. The cofactor-bound methyl group is
subsequently transferred to coenzyme M. An exergonic reaction is catalyzed by the
methyl-HyMPT:HSCoM methyltransferase and gives rise to the generation of an
electrochemical Na" gradient. After this reaction methyl-CoM is reduced to CH, with the
help of the reductive agent HS-CoB resulting in the formation of the heterodisulfide. The
remaining intermediates, reduced ferredoxin and the heterodisulfide have to be
regenerized by a third membrane bound electron transport system, which is referred to as
the Fd,.q:heterodisulfide oxidoreductase.

The composition of this system is still a matter of debate. Strong evidence has been
provided by the group of Rainer Hedderich (MPI f. terrestrische Mikrobiologie, Marburg)

that a so called Ech hydrogenase and the heterodisulfide reductase are involved in
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electron transfer and proton translocation. The Ech hydrogenase was discovered in acetate
grown cells of Ms. barkeri and showed homologies to hydrogenase 3 from E. coli and the
CO induced hydrogenase from Rhodospirillium rubrum. Biochemical and genetical
analysis revealed that the Ech hydrogenase is composed of six subunits (Ech A B CD E
F) which are encoded by the ech operon. The Ech E protein reveals homologies to the
catalytic subunit of classical NiFe hydrogenases while Ech C contains a conserved motif
for a iron sulfur cluster and may function as an electron acceptor of Ech E. Ech A and B
are membrane integral proteins. With the exception of Ech D all polypeptides of the Ech
hydrogenase show distinct homologies to subunits of energy conserving NADH
dehydrogenases. Therefore, it was proposed that this enzyme also functions as a proton
pump.

The Ech hydrogenase is most likely involved in the membrane bound electron transfer of
acetate grown Methanosarcina cells, because Hedderich et al. (1999) showed that reduced
ferredoxin, as produced by the CO-Dehydrogenase, is reoxidized by the purified Ech
hydrogenase. Two different mechanisms of electron transfer to the heterodisulfide are
possible:

1. The oxidation of the reduced ferredoxin by the Ech hydrogenase results in the
formation of molecular hydrogen, which is in turn oxidized by the above mentioned
Hj:heterodisulfide oxidoreductase systems and electrons are channeled to the
heterodisulfide. An argument against mechanism 1 is that the overall process would
include three proton translocating coupling sites, namely the Ech hydrogenase itself, the
Fao-nonreducing hydrogenase and the heterodisulfide reductase. Because of
thermodynamical reasons this possibility is not very likely.

2. Another hypothesis is that molecular hydrogen is not an intermediate of the
Fd,cq:heterodisulfide oxidoreductase. Instead the electrons derived from the oxidation of
reduced ferredoxin could be channeled directly to methanophenazine and further on to the
heterodisulfide. An argument against this mechanism is the fact, that the purified Ech
hydrogenase catalyzes a ferredoxin dependent 2-OH phenazine reduction only at very low
rates, but this finding might depend on the state of the purified enzyme or the possibility
that 2-OH phenazine might be not the suitable electron acceptor in contrast to

methanophenazine.
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The formyl-MF dehydrogenase system

The conversion of CO; and H, to formyl-MF is an endergonic process which involves a
membrane bound hydrogenase, the formyl-MF dehydrogenase and probably several
electron carriers. The driving force for this reaction is the electrochemical ion gradient.
The formyl-MF dehydrogenase from Ms. barkeri is composed of five different subunits
containing a molybdenum cofactor, molybdopterin and several Fe/S clusters (Thauer,
1998). The genes encoding the subunits are organized in one operon that comprises the
genes fimd E F A B C and D. Subunit Fmd B harbours the molybdopterin active site and
probably one FesS4 cluster. FmdF is predicted to be a polyferredoxin containing eight
FesS4 clusters. Since the formyl-MF dehydrogenase cannot use H, directly for CO,
reduction, a separate hydrogenase has to be involved in the initial reaction of
methanogenesis from H, and CO,. It was found that the formyl-MF dehydrogenase as
well as the above mentioned Ech hydrogenase are able to interact with ferredoxins. From
these findings it is reasonable to assume that the formyl-MF formation takes place in the
following manner:

In the first reaction, H, is oxidized by the membrane bound Ech hydrogenase and
electrons are transferred to a ferredoxin. Taking into account that the redox potential of
the CO;, + MF/ formyl-MF couple is in the range of —500 mV, the potential difference
between Ho/2H' (-414 mV) and the required low-potential ferredoxin could be overcome
by the influx of protons through the Ech hydrogenase. Thus, the endergonic reduction of
CO; would finally be driven by the electrochemical proton gradient.

During growth on methylated substrates the hydrogenase/formyl-MF dehydrogenase
system should catalyze the reverse reaction: Formyl-MF would be oxidized to CO, and
part of the free energy released would be stored by reducing the low potential ferredoxin.
Reduced ferredoxin would in turn be oxidized by the Ech hydrogenase thereby releasing
molecular hydrogen that could function as an electron donor for the Hj:heterodisulfide
oxidoreductase.

As ferredoxins with a midpoint potential of —500 mV have not been characterized in
methanogens, the final support for this hypothesis is still missing. But it is to note that
more than 20 open reading frames coding for possible ferredoxins were identified during

the Ms. mazei genome project. One of these could fulfill the function described above.
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Proton translocating pyrophosphatases

In the course of the Ms. mazei genome sequencing project a DNA fragment was identified
that encodes for two different proton translocating pyrophosphatases (see also CHAPTER
5). The genes (mvpl and mvp2) were found to be oriented in opposite directions and were
linked by a 750 bp intergenic region. The corresponding polypeptides Mvpl and Mvp2
represent extremely hydrophobic, membrane integral proteins. Furthermore, a membrane
bound pyrophosphatase activity in washed membranes of Ms. mazei was determined and
further experiments using inverted membrane vesicles revealed that pyrophosphate
hydrolysis was coupled to the transfer of one proton across the cytoplasmic membrane.

Several biosynthetic pathways generate pyrophosphate (PPi), for instance amino acid
activation, polysaccharide synthesis, DNA and RNA assembly and the formation of fatty-
acyl coenzyme A (Maeshima, 2000). Thus, PPi may function as an high energetic
substrate of the membrane bound pyrophosphatases that saves a portion of the free energy
of PPi hydrolysis for the generation of an electrochemical proton gradient. This
assumption is also logical from the thermodynamic point of view: The free energy of PPi
hydrolysis in the cytoplasm was calculated to be about —30 kJ/mol (Davis et al., 1993).
Taking into account that the membrane potential Ap ist in the range of —150 mV
(Peinemann, 1989b), the energy of —14.6 kJ/ mol would be neccesary to translocate one
proton across the cytoplasmic membrane. Thus, PPi hydrolysis coupled to the
translocation of one mol protons per mol of PPi would still be an exergonic process
capable of driving biosynthetic reactions towards completion. This is the main advantage
of the proton translocating pyrophosphatases in contrast to the soluble type of enzymes,

which merely thermally dissipate all the free energy of the pyrophosphate bond.
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The membrane bound methyltransferase in methanogenic archaea: A primary

sodium pump

All methanogenic archaea have in common that their growth is dependent on the presence
of sodium ions. It was shown that methanogenesis from acetate, H, and CO, and
methanol as catalyzed by whole cells is Na" dependent (Perski et al., 1981 and 1982)

A major breakthrough was the finding that methanogenesis from methanol and H, was
not sodium dependent (Blaut et al., 1984). This led to the discovery that one special
reaction, the methyl group transfer from HyMPT to coenzyme M required the presence of
sodium ions.

Using washed inverted vesicle preparations of strain G61 it was shown that the methyl-
HsMPT:SCoM methyltransferase acts as an primary sodium ion pump translocating two
Na" ions across the cytoplasmic membrane in the course of methyl-group transfer from
H4sMPT to coenzyme M. In contrast, during growth on methylated C; compounds the
methyltransferase takes advantage of the sodium ion potential in order to drive the
endergonic methyl transfer from methyl-SCoM to H4MPT.

Thauer and co-workers detected eight different subunits in the purified methyl-H4MPT:
CoM methyltransferase from Methanobacterium thermoautothrophicum designated as
Mtr A B C D E F G H (Gértner et al., 1993). Later on, a similar enzyme was purified
from Ms. mazei GO1 (Lienard et al., 1999). Biochemical charcterisation of the enzyme
revealed the presence of a FesSs cluster and 5-hydroxybenzimidazol cobamide with a
midpoint potential of 426 mV (Lu et al., 1995).

Finally, the purified enzyme was reconstituted into ether lipid liposomes prepared from
membrane fractions of Ms. mazei G61 and was shown to couple methyl-group transfer
and Na" translocation across the artificial membrane structures.

Recent studies on the structure and catalytic properties of the membrane bound
methyltransferases allow to speculate on a rection mechanism: The subunits Mtr A and H
are located at the inner side of the cytoplasmic membrane. Mtr A is the corrinoid
harbouring subunit where the methylation and demethylation process takes place.
Subunits H and E are probably involved in the methyl transfer reactions. The methylation
of the Cob(I)amide is believed to be associated with the ligation of a additional histidine
to the methylcob(Ill)amide. In this state, methylcob(IIT)amide is exposed to a nucleophilic
attack probably from the S-CoM ion (Mattews and Goulding, 1997). The following

demethylation reaction is thought to result in the dissociation of the additional histidine
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bond from the cobamide, which in turn would lead to a dramatic conformational change
of the enzyme. This conformational change might be the driving force for the sodium ion

translocation.

ATP synthases

The synthesis of ATP driven by electrochemical ion gradients is carried out by ATP
synthases. Three different subclasses of ATPases can be distinguished. The first example
is the vacuolar type V;V, ATPase which is located at endomembrane systems of
eucaryota. The proteins exhibit only ATP hydrolase activity (Forgac, 1999). Based on
structural similarities, it has been shown that the archaeal type AjA, ATPase is closely
related to the vacuolar type enzyme. However, the AjA, enzyme differs significantly
from the V|V, type enzyme because it is able to synthesize ATP. This feature is in turn
shared with the best studied subclass of ATPases, the F;F, type ATPase from
mitochondria and most bacteria.

All ATPases are composed of two subcomplexes: A membrane integral, ion translocting
module (A,, F, and V,) and a peripheral ATP hydrolyzing/synthesizing module (A, F,
and V;). The F; module of the E. coli enzyme has been studied on basis of X-ray
crystallography and NMR spectroscopy. It is composed of five different subunits with the
stoichiometry a3 B3 & y € The membrane integral F, part is constructed from three
different subunits in various stoichiometries (ab, ¢1.14).

According to the current model the subunits of the F; part are arranged in a hexagonal
ring, the 033; hexamer. Together with subunits a, b, and & the hexamer forms the stator of
the enzyme. The rotor comprises subunits ¢, € and Y. It is belived that the y subunit is able
to rotate in the center of the a3 [3; stationary ring. Together with the € subunit it forms the
traditional stalk* that connects F; and F,. The second connection between the modules is
the so called ,,second stalk* consisting of subunit & and two copies of subunit b which
most probably holds the hexamer in place.

According to a widely accepted model the electrochemical ion gradient is the driving
force for a rotational movement of the ring formed by the assembly of the hydrophobic ¢
units. The rotational energy is then conducted to the asymmetrical y subunit which rotates
inside the stationary hexamer of the catalytic O3 3; subunits that carry out the formation of

ATP in three consecutive steps. The first step is the binding of the substrates ADP plus Pi,
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the second the formation of the phosphoanhydride bound and the third the release of the
ATP molecule. This process would be in accordance with results showing a very fine
tuned succession of differing binding affinities towards the substrates and the product (for
review see BBA Bioenergetics 1458, 2000).

The H' translocating AjAg ATPase from Ms. mazei has been studied comprehensively.
The enzyme was purified and the coresponding genes have been sequenced. The complex
was shown to be composed of ten different subunits designated Aha HIK ECF ABD
and G that are encoded by the aha operon. The A, part consists of 5 different subunits
with a stoichiometry of A3;B;CDF (Gruber et al., 1999). Structural determinations
revealed that Aha D probably represents the ,,traditional stalk* while the stator might be
constructed of Aha E and I. The subunit Aha K represents the very hydrophobic
proteolipid with significant homologies to subunit ¢ in F-type ATPases (Miiller et al.,
1999). Similar to the F-type enzyme an ion flux through subunit Aha I would result in a
rotation of the Aha K ring which transfers the rotational movement to Aha D. The latter
subunit interacts directly with the catalytic subunits (Aha A) that synthesize and release

ATP.

In methanoarchaea, as outlined in the conclusions of this thesis, ATP is synthesized by a
chemiosmotic mechanism. The electrochemical proton gradient is generated by at least
three different anaerobic respiratory chains, the H,:hetrodisulfide oxidoreductase, the
F40H>:heterodisulfide oxidoreductase and the Fd,.q:heterodisulfide oxidoreductase each
of them revealing unique mechanisms of proton translocation. Another mechanism of H"
translocation is coupled to the hydrolysis of PPi as catalyzed by membrane bound
pyrophosphatases.

Furthermore, the membrane bound methyltransferase gives rise to the generation of a
electrochemical sodium ion gradient. How ATP regeneration from a transmembrane Na"
gradient is achieved is still a matter of discussion. A sodium dependent F;F, type ATPase
was formerly postulated, but in the course of the Ms. mazei genome project it became
clear that Methanosarcina is equipped only with A-type ATPases, which use protons as
coupling ions. Hence, the most reasonable explanation is that the electrochemical sodium
gradient established by the methyltransferase is converted to a secondary proton gradient
by Na'/H" antiporters. This secondary proton gradient is then the driving force for ATP
generation by the proton dependent A;A, ATPase.
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