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In the hydrogenotrophic methanogenic pathway, formylmethanofuran
dehydrogenase (Fmd) catalyzes the formation of formylmethanofuran
through reducing CO,. Heterodisulfide reductase (Hdr) provides two low
potential electrons for the Fmd reaction using a flavin-based electron-
bifurcating mechanism. [NiFe]-hydrogenase (Mvh) or formate dehydroge-
nase (Fdh) complexes with Hdr and provides electrons to Hdr from H,
and formate, or the reduced form of Fg4, respectively. Recently, an
Fdh-Hdr complex was purified as a 3-MDa megacomplex that contained
Fmd, and its three-dimensional structure was elucidated by cryo-electron
microscopy. In contrast, the Mvh-Hdr complex has been characterized only
as a complex without Fmd. Here, we report the isolation and characteriza-
tion of a 1-MDa Mvh-Hdr-Fmd megacomplex from Methanothermobacter
marburgensis. After anion-exchange and hydrophobic chromatography was
performed, the proteins with Hdr activity eluted in the 1- and 0.5-MDa
fractions during size exclusion chromatography. Considering the apparent
molecular mass and the protein profile in the fractions, the 1-MDa mega-
complex was determined to be a dimeric Mvh-Hdr-Fmd complex. The
megacomplex fraction contained a polyferredoxin subunit MvhB, which
contains 12 [4Fe-4S]-clusters. MvhB polyferredoxin has never been identi-
fied in the previously purified Mvh-Hdr and Fmd preparations, suggesting
that MvhB polyferredoxin is stabilized by the binding between Mvh-Hdr
and Fmd in the Mvh-Hdr-Fmd complex. The purified Mvh-Hdr-Fmd
megacomplex catalyzed electron-bifurcating reduction of ['*C]-CO, to form
['*C]-formylmethanofuran in the absence of extrinsic ferredoxin. These
results demonstrated that the subunits in the Mvh-Hdr-Fmd megacomplex
are electronically connected for the reduction of CO,, which likely involves
MvhB polyferredoxin as an electron relay.
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CO,-reducing megacomplex with MvhB polyferredoxin

Introduction

In the hydrogenotrophic methanogenic pathway of
Methanothermobacter species, two isoenzymes of for-
mylmethanofuran (formyl-MFR) dehydrogenase (Fmd
or Fwd) have been characterized [1-6]. Both isoen-
zymes catalyze the reduction of CO, to formyl-MFR
(Fig. 1). Fmd contains molybdopterin as the prosthetic
group at the active site for CO, reduction, and Fwd
contains tungstopterin at the active site. The
fwdABCDFG gene cluster encodes the full set of sub-
units of Fwd, and both isoenzymes commonly use the
FwdAFG subunits [7,8]. The fmdBC gene cluster
encodes the Fmd-specific subunits, in which the findC
gene fuses with a part of the fwdD gene homologue
[7,9]. Thus, Fmd consists of the FWdAFG and FmdBC
proteins. Fwd is constitutively produced in culture
media containing molybdate and/or tungstate; how-
ever, the production of Fmd is upregulated by the
presence of molybdate in the medium [9]. Crystal
structures of the tetrameric and dimeric forms of
FwdABCDFG have been reported [10]. The crystal
structures showed that FwdBD forms the tungstop-
terin active site, at which CO, is reduced to formate
and then transferred to the second active site in FwdA
via a channel. In the second dinuclear zinc active site
in FwdA, formate is conjugated to the amino group of
MFR to form formyl-MFR [10]. Electrons for CO,
reduction may be provided by cytosolic reduced ferre-
doxin [1], although the CO,-reducing activity of Fmd
was experimentally determined using titanium (III) cit-
rate as the electron donor rather than reduced ferre-
doxin [11].

In the hydrogenotrophic methanogenic pathway in
methanogens without cytochromes, such as Metha-
nothermobacter, heterodisulfide reductase (Hdr) is the
main enzyme that provides the low-potential electrons
needed for the CO, reduction catalyzed by Fmd or
Fwd [12-15]. Hdr forms a complex with
[NiFe]-hydrogenase (Mvh) [16] or F4y-dependent--
formate dehydrogenase (Fdh) [17-19], which oxidize
H, and formate or the reduced form of Fj,¢ (Fa0Ho5),
respectively. The Mvh and Fdh modules provide elec-
trons to the Hdr module in the complexes. The Hdr
module catalyzes the reduction of ferredoxin and het-
erodisulfide in coenzyme M and coenzyme B (CoM-S-
S-CoB) using the flavin-based electron-bifurcation
mechanism [14]. The reduced ferredoxin diffuses
through the cytosol and functions as the electron
donor for the reaction catalyzed by Fmd and Fwd.
Hdr was first purified as a tetramer of heterotrimeric
HdrABC from Methanothermobacter marburgensis [20]
and was later purified as a dimer of a complex with
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MvhAGD from several methanogenic archaea, includ-
ing Methanothermobacter marburgensis [15,16].

The crystal structures of the Mvh-Hdr complexes
from Methanothermococcus thermolithotrophicus and
Methanothermobacter wolfeii were solved [15]. Based
on the high-resolution crystal structure of the
Mvh-Hdr complex from Methanothermococcus thermo-
lithotrophicus, the possible mechanisms of flavin-based
electron bifurcation were discussed. The presence of
megacomplexes of Mvh-Hdr-Fwd and Fdh-Hdr-Fmd
was first demonstrated by a pull-down assay using
His-tagged proteins [17]. Due to the instability of the
His-tag-purified megacomplexes, the molecular size
was not determined by size-exclusion chromatography,
and the enzymatic activity was not reported [17,21].
Recently, an Fdh-Hdr-Fmd megacomplex was purified
from Methanospirillum hungatei [19]. This methanogen
is phylogenetically distantly related to Methanothermo-
bacter and Methanococcus species. The Hdr activity of
the Fdh-Hdr-Fmd megacomplex in the presence of
CO, and formate was stimulated by MFR; therefore,
this megacomplex catalyzes the conversion of CO, to
formyl-MFR using low potential electrons generated
by the electron-bifurcation reaction of the Hdr module
[19]. The cryo-electron microscopic structure of the
megacomplex indicated that the low potential electrons
are directly transferred from Hdr to the CO,-reduction
active site of Fmd through the polyferredoxin subunits
FmdF [19].

Here, we report for the first time the purification
and characterization of the 1-MDa Mvh-Hdr-Fmd
complex, which contains the polyferredoxin MvhB.
MvhB polyferredoxin was not observed in the previ-
ously purified Mvh-Hdr complexes or Fmd/Fwd [2-
6,15,16]. We detected the enzyme activity of the 1-
MDa enzyme complex that catalyzes CO, conversion
to formyl-methanofuran using ['*C]-CO,, which sup-
ports the functional complexation of the three enzyme
modules in the megacomplex.

Results and Discussion

Purification of the Hdr complexes

Three chromatographic steps were used to purify the
proteins with Hdr activity from the cell extract of
Methanothermobacter marburgensis cultivated in stan-
dard culture medium with molybdate (Fig. 2). The
proteins with Hdr activity eluted mainly in the 0.48-m
NaCl step gradient from the anion-exchange (Q-
Sepharose) column, while in some experiments, Hdr
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Fig. 1. The hydrogenotrophic methanogenic pathway in Methanothermobacter. Two low potential electrons generated by the enzyme
complex of [NiFe]-hydrogenase (Mvh) and heterodisulfide reductase (Hdr) using the flavin-based electron bifurcation mechanism were used
for the CO, reduction catalysed by formyl-MFR dehydrogenase (Fmd or Fwd). Heterodisulfide (CoM-S-S-CoB) of coenzyme M (CoM-SH) and
coenzyme B (CoB-SH) is formed by the reaction catalysed by methyl-coenzyme M reductase (Mcr). H4MPT, tetrahydromethanopterin; MFR,

methanofuran.

activity eluted mainly in the 0.52-m NaCl step. The
major Hdr fraction was further fractionated with a
hydrophobic (phenyl-Sepharose) column, in which the
Hdr activity was broadly distributed in step gradients
containing 0.5-, 0.4- and 0.2-m ammonium sulfate. The
total yield of Hdr activities in the three phenyl-
Sepharose fractions was 66%. We used the Hdr frac-
tion in 0.4 M ammonium sulfate for further fraction-
ation with size-exclusion chromatography (Superose 6
Increase), from which the Hdr activity eluted as two
peaks at 1 and 0.5 MDa (Fig. 3A,B). Setzke et al. [16]
previously reported the detection of 0.5 and 0.25 MDa
Hdr complexes from size-exclusion chromatography,
which was the dimeric and monomeric forms of Mvh-
Hdr based on SDS/PAGE protein profiles.

Proteome analysis of the fractions

SDS/PAGE in the fractions at 1.0 and 0.5 MDa of the
size-exclusion chromatography revealed a similar but
not identical protein profile (Fig. 4). For example,
MvhB is more prominent in the 1 MDa fraction,
whereas HdrA has a relative higher abundance in the
0.5 MDa fraction. Thus, the MvhB : HdrA ratio shifts
in the 1 and 0.5 MDa fractions. To identify the pro-
teins in the fractions, we performed mass spectrometric
proteome analysis (Fig. 3C-F and Table 1). The

4

proteome analysis revealed that the 1.0- and 0.5-MDa
fractions consist of the subunits of Mvh (MvhAGDB),
subunits of Hdr (HdrABC) and subunits of Fmd
(FmdBC) and Fwd (FwdABCDFG). The sample was
obtained from the cells of Methanothermobacter mar-
burgensis cultivated in the presence of molybdate;
therefore, Fmd and Fwd coexist. The intensity of the
proteome data indicates that the Fmd-specific subunits
(FmdBC) are more abundant than the respective Fwd-
specific subunits (FwdBC) in this enzyme complex
(Table 1). The 1-MDa fraction was reloaded on the
same size-exclusion chromatography column, which
reproduced the 1-MDa peak and confirmed the pres-
ence of the stable 1-MDa complex (Fig. 5). However,
the reloaded chromatography also yielded small peaks
at 0.5 and 0.2 MDa, which indicated that the 1-MDa
megacomplex can be slightly dissociated into small
subcomplexes by the reloaded chromatography step.
From the apparent molecular mass of the fractions, we
predicted that the 1.0-MDa megacomplex consists
of the MvhAGD-MvhB-HdrABC-FwdABCDFG (or
FmdBC) dimer. Hereafter, we refer to this complex as
the Mvh-Hdr-Fmd megacomplex for simplicity.

The proteome data indicated that the subunits of
Mvh, Hdr and Fmd broadly eluted between the
size-exclusion chromatography fractions. The size of the
0.5-MDa peak corresponds with those of the
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Fig. 2. Distribution of Hdr activity in the chromatography steps.
The cell extract from 2 g of Methanothermobacter marburgensis
cells was fractionated on Q-Sepharose with a NaCl step gradient.
The 0.48-m NaCl fraction from Q-Sepharose was applied to phenyl-
Sepharose, proteins were eluted with a (NH4),SO,4 gradient. The
activity of heterodisulfide reductase was measured. The activity in
each fraction and the total activities were presented. In some
experiments, the Hdr activity was mainly eluted at 0.52 m NaCl.
The 0.4 m (NH4),SO, fraction was applied to Superose 6 Increase
size-exclusion chromatography.

MvhAGD-HdrABC dimer (0.5 MDa) and the
FmdABCDFG dimer (0.4 MDa). The subunits of Mvh
were found not only in the 1.0- and 0.5-MDa fractions
but also in the fractions smaller than 0.2 MDa. Previ-
ously, the MVhAGD part was purified as a form with-
out the Hdr complex [16,20,22]. The deduced molecular
mass of the MVhAGD monomer is 103 kDa. Accord-
ingly, the smaller protein fractions exhibited Mvh activ-
ity and contained the MvhAGD subunits (Fig. 3D).
The proteome analysis indicated that the 0.2-MDa frac-
tion contains a high concentration of A-type flavopro-
tein (FprA) as the major protein in this fraction
(Table 1), which is the dominant protein in SDS/PAGE
at the 0.2-MDa region (Fig. 4). The deduced size of the
FprA monomer is 45 kDa, and it has a tetrameric struc-
ture of ~ 0.2 MDa [23].

MvhB is a polyferredoxin encoded in the mvh
operon [24], which contains 12 [4Fe-4S]-clusters and
may function as a diffusible electron carrier [14,25,26]
or as an electron relay in an enzyme complex [27]. The
association of MvhB with the Mvh-Hdr complex or
Fmd/Fwd has not been reported, although Mvh
(MvhAGD) was purified as a complex with MvhB

S. Nomura et al.

[28]. MvhB is broadly distributed in size-exclusion
chromatography in fractions containing 1-MDa Mvh-
Hdr-Fmd, 0.5-MDa Mvh-Hdr or 0.4-MDa Fmd and
0.2-MDa Mvh (Fig. 3D), which suggests that MvhB
can bind the subunits of Mvh, Hdr and Fmd.

Correlation analysis of elution profiles of the
proteins

We observed a broad elution profile of Hdr activity
from the phenyl-Sepharose column (Fig. 2). In a previ-
ous report, similar broad elution behaviour of Hdr
activity in several chromatographic steps was observed
[16]. Based on these chromatographic properties, sev-
eral different types of Hdr complexes may occur. To
determine the protein components in the Q- and
phenyl-Sepharose fractions, we performed proteome
analysis of the fractions (Fig. 6). From Q-Sepharose,
the FwdA subunit eluted as more than one peak, while
MvhA and HdrA were detected only in a peak. From
phenyl-Sepharose, the MvhA, HdrA and FwdA sub-
units coeluted (Fig. 6). These data indicate that Mvh,
Hdr and Fmd (or Fwd) form a stable complex and that
there is no Mvh-Hdr complex lacking Fmd (or Fwd).
In contrast, FwdA presents alone in the lower NaCl
concentration fraction, apart from the Mvh-Hdr com-
plex. Interestingly, FprA coeluted with the Mvh, Hdr
and Fmd subunits in the Q- and phenyl-Sepharose col-
umns (data not shown). FprA has F,o oxidase activity
and catalyzes the reduction of molecular oxygen to
water using Fy40H, as a hydride donor [23,29,30].
Notably, FprA was copurified with Mvh and Mvh-Hdr
in some experiments [28,31], and FprA was proposed
as an electron carrier flavoprotein [31-33].

H,-dependent ['3C]-CO, reduction to form
["*Cl-formyl-MFR

Based on the composition of the Mvh-Hdr-Fmd mega-
complex, the low-potential electrons provided in Hdr
may be directly supplied to Fmd for the reduction of
CO, and production of formyl-MFR. To test the pos-
sible activity, an enzyme assay was performed to detect
the formation of formyl-MFR in the presence of MFR
and CoM-S-S-CoB under CO, and H, in the absence
of free ferredoxin. In the assay, the concentration of
formyl-MFR was determined by mass spectrometry.
MFR was isolated by the standard method from
Methanothermobacter marburgensis cells [34], which
yields MFR with ~ 10% contaminated formyl-MFR.
Unexpectedly, the control experiment using the 1-
MDa megacomplex fraction without CoM-S-S-CoB
showed a formyl-MFR degrading activity, which
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Fig. 3. Elution profile from size exclusion chromatography and proteome analysis. (A) UV-Vis absorbance (dashed line) and heterodisulfide
reductase (Hdr) (open blue circle) and Hdr-associating [NiFel-hydrogenase (Mvh) (closed orange circle) activities of the fractions (n = 3). (B)
Calibration of elution profiles using protein standards (n = 2). (C-F) Proteome intensity of the protein subunits of Hdr (C), Mvh (D), and
formylmethanofuran dehydrogenase isoenzymes (Fmd and Fwd) (E, F) in the fractions (n = 1). Intensity is expressed by the total number of
identified peptide spectra matched for the protein (PSM).
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Fig. 4. SDS/PAGE of the size-exclusion chromatography (Superose
6 Increase) fractions. The proteins involved in 10 pL of the fraction
at the elution volume were analysed (n = 1). The elution volumes
of the fractions are indicated above the gel picture. The estimated
sizes of the proteins (1, 0.5 and 0.2 MDa) in the fractions were
indicated. The deduced positions of the subunits of heterodisulfide
reductase (Hdr), Hdr-associating [NiFe]-hydrogenase (Mvh) and
formylmethanofuran dehydrogenase isoenzymes (Fmd and Fwd)
are indicated.

Table 1. Proteome data of 1-, 0.5- and 0.2-MDa fractions from
size-exclusion chromatography with intensity indicated by iBAQ.

Intensity (x10°)

Protein kDa 1 MDa 0.5 MDa 0.2 MDa
HdrA 72 5.3 6.7 0.29
FwdA 63 4.0 1.3 0.57
MvhA 53 3.4 4.7 0.12
FwdB 49 0.80 0.31 0.08
FmdB 48 1.8 0.58 0.61
MvhB 44 3.4 1.2 0.79
FmdC 43 3.6 1.1 0.84
FwdF 39 8.7 4.4 1.0
MvhG 34 3.6 5.5 0.1
HdrB 33 2.8 5.0 0.08
FwdC 29 0.89 0.41 0.16
HdrC 21 1.8 4.2 0.08
MvhD 16 1.9 3.0 0.16
FwdD 14 1.2 0.50 0.10
FwdG 9 2.8 1.0 0.79

decreased the formyl-MFR concentration in the assay
(Fig. 7A). Fmd/Fwd catalyzes oxidation of formyl-
MFR, which is the standard assay method of this
enzyme [6], in which methylviologen is added as an
electron acceptor. The Mvh-Hdr-Fwd complex and/or
dissociated Fmd/Fwd might catalyze oxidation of
formyl-MFR using an unknown electron acceptor in
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Fig. 5. Reloaded chromatography of the 1-MDa fraction from the
size-exclusion column. The 100 puL of the ~ 1.0 MDa peak fraction
in the first size-exclusion chromatography shown in Fig. 3A was
reloaded onto the same size-exclusion column (n=2). The
absorbance at 280 nm is an arbitrary unit (a.u.) that does not
represent the absolute concentration of the proteins in the two
elutions. The initial elution profile (black line) and the reloaded
1-MDa fraction from the initial chromatography (red line).
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Fig. 6. Distribution of the representative subunits of the Mvh-Hdr-
Fmd complex; MvhA (orange circle), HdrA (purple square) and
FwdA (blue triangle) in the eluted fractions from Q-Sepharose
and phenyl-Sepharose. Hdr, heterodisulfide reductase; Fwd,
tungstopterin-containing formylmethanofuran dehydrogenase; Mvh,
Hdr-associating [NiFe]-hydrogenase. The step-gradient fractions 1-9
in Q-Sepharose were eluted at 0-1.0 m NaCl concentrations. The
step-gradient fractions 1-6 in phenyl-Sepharose eluted at 0.6-0 m
ammonium sulfate concentrations. The proteome intensity of the
subunits HdrA, MvhA, and FwdA is expressed as a percentage of
the total number of identified peptide spectra matched for the
protein (PSM) of each subunit (n = 1).

the assay or the hydrolysis of formyl-MFR to formate
and MFR. The formyl-MFR degrading rate decreased
in the test assay containing the complete set of mate-
rials for the enzyme reaction, indicating that the
formyl-MFR degrading activity also occurs in the test
assay; in addition, this formyl-MFR degrading activity
is higher than the formyl-MFR forming activity. To
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MFR standard with the absolute number (E)
and with logarithmic scales (F) are shown.

measure the formyl-MFR-forming activity of the
Mvh-Hdr-Fmd complex, we determined the incorpora-
tion of '’C into formyl-MFR from ["*C]-CO,. The
mass spectrometric data indicated that the formyl-
MFR molecule was fully labelled with '*C within
120 s (Fig. 7B). In the case of the 0.5-MDa fraction,
which contains a lower amount of the 1-MDa Mvh-
Hdr-Fmd complex, the formyl-MFR-degrading activ-
ity was lower than that of the 1.0-MDa fraction
(Fig. 7C), and the rate of '*C incorporation into
formyl-MFR was slower than that of the 1-MDa frac-
tion (Fig. 7D). This result indicated that the 1-MDa
Mvh-Hdr-Fmd complex catalyzes the H,-dependent
electron-bifurcating CO, reduction to form formyl-
MFR.

Formyl-MFR concentration (um)

Formyl-MFR concentration (uM)

Conclusion

In biological enzyme systems, reactions often occur in a
large enzyme complex to increase the efficiency of
sequential reactions [19,35]. In this work, we purified
and characterized the Mvh-Hdr-Fmd complex from
Methanothermobacter marburgensis. The proteome elu-
tion patterns of the Mvh, Hdr and Fmd (and Fwd) sub-
units in chromatography indicated that the Mvh-Hdr
complex is complexed with Fmd and Fwd in Metha-
nothermobacter marburgensis. The molecular mass of
the I-MDa Mvh-Hdr-Fmd complex in this study is simi-
lar to the dimeric Fdh-Hdr-Fmd from Methanospirillum
hungatei [19]. However, the two Hdr megacomplexes
exhibit differences in the phylogenetically distantly
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related methanogenic archaea, that is, MvhB polyferre-
doxin is present in the Mvh-Hdr-Fmd complex from
Methanothermobacter marburgensis. MvhB is not pre-
sent in the Methanospirillum hungatei genome and is
therefore not found in the purified Fdh-Hdr-Fmd
complex of this methanogenic archaeon [27,36]. In
size-exclusion chromatography, MvhB was broadly dis-
tributed in the fractions containing the megacomplex,
subcomplexes and individual modules, which suggests
that MvhB exhibits binding affinity to all components
of the Mvh-Hdr-Fmd complex, forming an electron
relay. The 1-MDa Mvh-Hdr-Fmd megacomplex cata-
lyzed the reduction of CO, to form formyl-MFR under
H, in the absence of external free-ferredoxin. Therefore,
in the Mvh-Hdr-Fmd complex, low-potential electrons
(which are generated by flavin-based electron bifurca-
tion in Hdr) transfer to the CO, reduction active site in
Fmd through an electron-transfer chain composed of
iron—sulfur clusters, which probably includes MvhB
polyferredoxin.

Materials and methods

Materials

Methanothermobacter marburgensis DSM2133  was pur-
chased from the German Collection of Microorganisms
and Cell Cultures (DSMZ) (Braunschweig, Germany).
Most chemicals were obtained from Sigma—Aldrich (Tauf-
kirchen, Germany). Heterodisulfide (CoM-S-S-CoB) was
synthesized as described previously with some modifications
[14,37].

Cultivation methods

The medium contained 6.8 gL~' (50 mm) KH,PO,,
2.544 gL' (24 mm) Na,COs, 2.12 g-L~" (40 mm) NH,CI,
0.2 mm MgCl,-6H,0, 50 um FeCl,-4H,0, 5 um NiCl,-6H,0,
1 um CoCly-6H,0, 1 pm NaMoO,42H,0, and 0.09 g-L~!
Titriplex. The concentrated trace element solution contain-
ing 02wm MgCl,,6H,O, 50 mm FeCl,-4H,O, 5 mm
NiCl,-6H,0, 1 mm CoCl,-6H,0, 1 mm NaMoOy4-2H»0, and
90 g-L~! Titriplex I was prepared separately and adjusted to
pH 6.7 by the addition of NaOH. The trace element solution
(0.1% v/v) was added to the medium. A 0.2% water solution
of resazurin sodium salt was finally added to the medium
(final concentration 0.6 mg-L™!). We used a 360-mL glass
fermenter for the continuous cultivation of Methanothermo-
bacter marburgensis. Anoxic medium was fed by a peristaltic
pump with a controlled flow rate. The feeding medium was
pressurized by N, (<~ +0.1 bar). An 80% H/20%
CO,/0.2% H,S mix gas was supplied through a glass
sparger. The temperature of the glass vessel was controlled
at 65 °C by circulating water from a water bath. The

S. Nomura et al.

medium was stirred with a plastic stirrer bar at ~ 300 r.p.m.
The cells were harvested by anaerobic centrifugation using
Beckman JA-25.50 at 13 000 g for 15 min at 4 °C.

Preparation of cell extract for the enzyme assay

All steps were performed anaerobically in an anaerobic
chamber (Coy Laboratories, Grass Lake, MI, USA). Frozen
Methanothermobacter marburgensis cells (2 g) were sus-
pended in 5 mL of 50 mm Tris/HCI pH 7.6 containing 2 mm
dithiothreitol. The cell suspension was subjected to ultrasoni-
cation on ice/water for 2 min using a SONOPULS GM200
(Bandelin, Berlin, Germany) with a 72D tip with 30% cycles
12 times, with 2 min of braking between sonication cycles.
After transferring the sample solution to centrifuge tubes,
the sonicated vessel was rinsed with buffer solution, and the
rinsed buffer solution was combined with the sonicated sam-
ple to make a total volume of 11 mL. The undisrupted cells
were removed by centrifugation in an Avanti JXN-26 with a
JA-25.50 at 13 000 r.p.m. (20 000 g) for 30 min at 4 °C.

Protein purification

The supernatant containing ~ 100 mg of protein was loaded
on a Q-Sepharose (HiTrap Q-HP) from Merck (Darmstadet,
Germany) (5 mL) column, which was equilibrated with
50 mm Tris/HCl pH 7.6 containing 2 mm dithiothreitol
(buffer A). The proteins bound on the column were eluted
with a step gradient using 50 mm Tris/HCI pH 7.6 contain-
ing 2 mm dithiothreitol and 1 m NaCl (buffer B). The step
gradient was 30%, 40%, 44%, 48%, 52%, 56%, 60% and
100% buffer B with a 2 mL-mL~" flow rate. The proteins
with Hdr activity were mainly eluted in the 48% or 52%
buffer B fraction of the Q-Sepharose chromatography,
depending on the experiments. The fraction that contained
the greatest Hdr activity was collected and diluted with the
same volume of 50 mm Tris/HCI pH 7.6, containing 2 mm
dithiothreitol and 1.2 M ammonium sulfate (buffer C). The
diluted sample was loaded on a phenyl-Sepharose (HiTrap
Phe-HP) (5 mL) column from Merck equilibrated with
buffer C. The proteins bound on the column were eluted
with a step gradient using 50%, 58%, 67%, 83% and 100%
buffer A with a 2 mL-min~' flow rate. The elution condi-
tions of Q-Sepharose and phenyl-Sepharose columns are
according to a previous method used to purify the Mvh-Hdr
complex from Methanothermobacter marburgensis [22]. The
buffer solution of the 33% buffer C fraction of the Phenyl
Sepharose column containing 0.4 M ammonium sulfate was
exchanged with 50 mm Tris/HCl pH 7.6 containing 2 mMm
dithiothreitol and 150 mm NaCl by an Amicon Ultra 0.5
(3 kDa cut-off) filter. The sample was finally concentrated to
~ 0.5 mL and applied to a size-exclusion Superose 6 Increase
column (10/300 GL) and eluted with a 0.5 mL-min~' flow
rate. The size-exclusion column was calibrated with thyro-
globulin (bovine) at 670 kDa, y-globulin (bovine) at
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158 kDa, ovalbumin (chicken) at 44 kDa, myoglobin (horse)
at 17 kDa and vitamin at B12 1.35 kDa (Fig. 3B). The stan-
dard materials were from Bio-Rad (Feldkirchen, Germany).

Enzyme assays

The activity of Mvh in the purification of the complexes
was measured using 2 mMm benzyl viologen (BV), and the
activity was calculated using the extinction coefficient of
BV at 578 nm (8.6 mm'-cm™ ") [38]. For the assay, 0.7 mL
of 50 mm Tris/HCl pH 7.6 containing 10 mm DTT was
preincubated at 65 °C for 5 min. Typically, 7 pL of
200 mm BV were added as the substrate to a 1-mL quartz
cuvette (1 cm light path) to form a 2 mm final concentra-
tion, and then 10 pL of 20 mMm sodium dithionite were
added to form a 290 pum final concentration. The enzyme
reaction was started by adding 10 pL of diluted cell extract
at 65 °C. One unit of enzyme activity is defined as the oxi-
dation of 2 umol of BV per minute.

Hdr activity was determined by recording the oxidation
of reduced BV by CoM-S-S-CoB [16]. For the assay,
0.7 mL of 800 mm potassium phosphate buffer pH 7.0 was
preincubated at 65 °C for 5 min. Seven microlitres of
200 mm BV were added to a 1 mL quartz cuvette (1 cm
light path) to form a 2 mm final concentration, and then
10 pL of 20 mm sodium dithionite were added. The enzyme
reaction was started by the addition of 7 pL of 100 mm
CoM-S-S-CoB to form a 1 mwm final concentration at
65 °C. The activity was calculated using the extinction coef-
ficient of BV [38]. One unit of enzyme activity is defined as
the oxidation of 2 umol of BV per minute.

The activity of Mvh-Hdr-Fmd was determined by the
formation of formyl-MFR from MFR and ['*C]-CO, using
H, as an electron donor. The formation of formyl-MFR
was determined by mass spectrometric analysis. As the
standard, formyl-MFR was synthesized from MFR, which
was isolated from Methanothermobacter marburgensis cells
[34]. In the anaerobic chamber, a 0.11-mL reaction mixture
containing 20 um MFR and 1 mm heterodisulfide in
800 mm phosphate buffer pH 7.0 was prepared in 1.5-mL
amber vials and closed with a rubber stopper. After evacu-
ation and refilling with 100% H, (without overpressure),
0.3 mL ["*C]-CO, (99% from Sigma-Aldrich) was injected.
The reaction was started by adding the 0.05 mg-mL~"
1-MDa and 0.07 mg-mL~" 0.5-MDa fractions (final con-
centration). In the negative control, heterodisulfide was
omitted from the reaction mixture. After incubation at
65 °C, the sample vial was cooled in ice water and then
exposed to air to inactivate the enzymes.

Mass spectrometric protein profile analysis

The mass spectrometric protein profile was analysed as
described previously [39]. Cell pellets were lysed and reduced
by 5 mm tris(2-carboxyethyl)phosphine (TCEP) in the

CO,-reducing megacomplex with MvhB polyferredoxin

presence of 2% deoxycholate (DOC) at 90 °C for 10 min.
Based on the protein concentration measured by the bicincho-
ninic acid method, the amount of protein in the samples was
unified for comparison. After that, the samples were incubated
at 25 °C for 30 min in 100 mm ammonium bicarbonate pH
8.2 and 10 mm iodacetamide (IAA) and then digested over-
night at 30 °C with trypsin, MS approved (Serva, Heidelberg,
Germany). Before LC-MS analysis, the samples were desalted
using Chromabond Spin C18 WP (Macherey-Nagel, Heppen-
heim, Germany) according to the manufacturer’s instructions.
Peptides were analysed using liquid chromatography-mass
spectrometry using an Orbitrap Exploris 480 equipped with an
Ultimate 3000 RSLC nano and a nanospray ion source
(Thermo Scientific, Dreieich, Germany). A reversed-phase
HPLC column (75 um x 42 cm) packed with CI18 resin
(2.4 pm; Dr. Maisch, Ammerbuch, Germany) was used for
peptide separation with formic acid/acetonitrile as solvents in
a 45 -min gradient. MS data were searched against an in-house
Methanothermobacter marburgensis protein database using
SEQUEST embedded into PROTEOME DISCOVERER 1.4 software
(Thermo Scientific). In the case of the analysis of the protein
fraction by size-exclusion chromatography, the purified frac-
tion was directly used for mass spectrometric analysis. The
total number of identified peptide spectra matched for the pro-
tein (PSM) value was used to evaluate the number of peptides
identified for high-scoring proteins. The PSM value could be
higher than the number of peptides identified for high-scoring
proteins because peptides are identified repeatedly. To com-
pare the intensity between different proteins, we calculated
intensity-based absolute quantification (iBAQ) [40].

Determination of formyl-MFR

Quantitative and qualitative determination of the mass of
formyl-MFR was performed using HRES LC-MS as
described in the previous publication [41]. The chromato-
graphic separation was performed on a Thermo Scientific
Vanquish HPLC System using a Kinetex Evo C18 column
(150 x 0.12 mm, 100 /D\, 1.7 um; Phenomenex, Aschaffen-
burg, Germany) equipped with a 20 x 2.1 mm guard col-
umn of similar specificity at a constant eluent flow rate of
0.2 mL-min~" and a column temperature of 30 °C, with
eluent A being 0.1% formic acid in water and eluent B
being 0.1% formic acid in MeOH (Honeywell, Morristown,
NJ, USA). The injection volume was 5 pL. The mobile
phase profile consisted of the following steps and linear
gradients: 0—2 min constant at 0% B; 2—-6 min from 0% to
90% B; 6-8 min constant at 90% B; 8-8.1 min from 90%
to 0% B; 8.1-10 min constant at 0% B. A Thermo Scien-
tific ID-X Orbitrap mass spectrometer was used in positive
mode with a high-temperature electrospray ionization
source and the following conditions: H-ESI spray voltage
at 2500 V, sheath gas at 35 arbitrary units, auxiliary gas at
7 arbitrary units, sweep gas at 1 arbitrary unit, ion transfer
tube temperature at 300 °C, vaporizer temperature at
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275 °C. Detection was performed in full scan mode using
the orbitrap mass analyser at a mass resolution of 240 000
in the mass range 700-850 (m/z). Extracted ion chromato-
grams of the [M + H]" forms were integrated using TRACE-
FINDER software (Thermo Scientific), applying a mass
tolerance of 5 p.p.m. Detection was performed in a com-
bined full scan/targeted MS2 mode using the orbitrap mass
analyser. Full scan measurements were performed at a mass
resolution of 240 000 in the mass range 700-850 (m/z). The
[M + H]" mass-to-charge ratio of formyl-methanofuran
was targeted for fragmentation with a mass tolerance of
25 p.p.m., fragmented using a stepped HCD collision at
energies of 15%, 30% and 45%. Fragments were analysed
at a mass resolution of 30 000 using the orbitrap analyser.
Extracted ion chromatograms of the [M + H]" forms were
integrated using TRACEFINDER software (Thermo Scientific).
Absolute concentrations were calculated based on an exter-
nal calibration curve (Fig. 7E,F).

Acknowledgements

This work was supported by grants from the Max
Planck Society (to SS), Deutsche Forschungsge-
meinschaft (Iron-Sulfur for Life, SH 87/1-2 to SS) and
Asahi Kasei Pharma Corporation to SS. SN is sup-
ported by Asahi Kasei Pharma Corporation. We thank
J. Koch for the technical assistance in the initial stage
of the project. SN thanks Johann Heider and Rudolf
K. Thauer as IMPRS Thesis Advisory Committee
members. Open Access funding enabled and organized
by Projekt DEAL.

Conflict of interest

The authors declare no conflict of interest.

Author contributions

SS contributed to study conceptualisation. SN contrib-
uted to microbiological and biochemical investigations.
NP contributed to mass spectrometric analysis for the
enzyme assays. JK contributed to the proteome analy-
sis. SS contributed to funding acquisition. SN and SS
contributed to analysing and interpreting the data and
writing original draft. NP and JK contributed to writ-
ing the methods, reviewing and editing. SS and SN
contributed to visualization.

Data availability statement

Any additional data supporting the findings of this
study are available from the corresponding author
upon reasonable request.

S. Nomura et al.

References

1 Bertram PA & Thauer RK (1994) Thermodynamics of
the formylmethanofuran dehydrogenase reaction in
Methanobacterium thermoautotrophicum. Eur J Biochem
226, 811-818.

2 Bertram PA, Karrasch M, Schmitz RA, Bocher R,
Albracht SP & Thauer RK (1994) Formylmethanofuran
dehydrogenases from methanogenic Archaea. Substrate
specificity, EPR properties and reversible inactivation
by cyanide of the molybdenum or tungsten iron-sulfur
proteins. Eur J Biochem 220, 477-484.

3 Bertram PA, Schmitz RA, Linder D & Thauer RK
(1994) Tungstate can substitute for molybdate in
sustaining growth of Methanobacterium
thermoautotrophicum. ldentification and characterization
of a tungsten isoenzyme of formylmethanofuran
dehydrogenase. Arch Microbiol 161, 220-228.

4 Schmitz RA, Albracht SP & Thauer RK (1992) A
molybdenum and a tungsten isoenzyme of
formylmethanofuran dehydrogenase in the thermophilic
archaeon Methanobacterium wolfei. Eur J Biochem 209,
1013-1018.

5 Schmitz RA, Albracht SP & Thauer RK (1992)
Properties of the tungsten-substituted molybdenum
formylmethanofuran dehydrogenase from
Methanobacterium wolfei. FEBS Lett 309, 78-81.

6 Schmitz RA, Richter M, Linder D & Thauer RK (1992)
A tungsten-containing active formylmethanofuran
dehydrogenase in the thermophilic archacon
Methanobacterium wolfei. Eur J Biochem 207, 559-565.

7 Hochheimer A, Hedderich R & Thauer RK (1998) The
formylmethanofuran dehydrogenase isoenzymes in
Methanobacterium wolfei and Methanobacterium
thermoautotrophicum: induction of the molybdenum
isoenzyme by molybdate and constitutive synthesis of
the tungsten isoenzyme. Arch Microbiol 170, 389-393.

8 Hochheimer A, Schmitz RA, Thauer RK & Hedderich
R (1995) The tungsten formylmethanofuran
dehydrogenase from Methanobacterium
thermoautotrophicum contains sequence motifs
characteristic for enzymes containing molybdopterin
dinucleotide. Eur J Biochem 234, 910-920.

9 Hochheimer A, Linder D, Thauer RK & Hedderich R
(1996) The molybdenum formylmethanofuran
dehydrogenase operon and the tungsten
formylmethanofuran dehydrogenase operon from
Methanobacterium thermoautotrophicum. Structures and
transcriptional regulation. Eur J Biochem 242, 156-162.

10 Wagner T, Ermler U & Shima S (2016) The
methanogenic CO, reducing-and-fixing enzyme is
bifunctional and contains 46 [4Fe-4S] clusters. Science
354, 114-117.

Wasserfallen A (1994) Formylmethanofuran synthesis
by formylmethanofuran dehydrogenase from

1

—_—

10 The FEBS Journal (2024) © 2024 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

858017 SUOWIWOD BRI (edl|dde ayy Aq peusenob ake sapie YO ‘8sn Josejn. 1oy Afeiq18ul|uo A8|IAN U0 (SUONIPUD-PUE-SWBIAL0D" AB | IM"A eI Ul |UO//ScY) SUOIPUOD Pue SWB | 8L 88S *[7202/60/9T] Uo Ariqiauliuo A8]im ‘ABojoIqo0IIN [eLISS1B L 8TE IdIN A STTLT'SCRY/TTTT OT/I0pA0D" A3 1M ARIq U1 |UO'STRY//SANY o) papeo|umod ‘0 ‘8592 LT



S. Nomura et al.

Methanobacterium thermoautotrophicum Marburg.
Biochem Biophys Res Commun 199, 1256-1261.

CO,-reducing megacomplex with MvhB polyferredoxin

WH & Walsh CT (1989) A hydrogenase-linked gene in
Methanobacterium thermoautotrophicum strain AH

12 Buckel W & Thauer RK (2018) Flavin-based electron encodes a polyferredoxin. Proc Natl Acad Sci USA 86,
bifurcation, a new mechanism of biological energy 3031-3035.
coupling. Chem Rev 118, 3862-3886. 25 Kaster AK, Goenrich M, Seedorf H, Liesegang H,

13 Buckel W & Thauer RK (2018) Flavin-based electron Wollherr A, Gottschalk G & Thauer RK (2011) More
bifurcation, ferredoxin, flavodoxin, and anaerobic than 200 genes required for methane formation from
respiration with protons (Ech) or NAD" (Rnf) as electron H, and CO, and energy conservation are present in
acceptors: a historical review. Front Microbiol 9, 401. Methanothermobacter marburgensis and

14 Kaster AK, Moll J, Parey K & Thauer RK (2011) Methanothermobacter thermautotrophicus. Archaea 2011,
Coupling of ferredoxin and heterodisulfide reduction 973848.
via electron bifurcation in hydrogenotrophic 26 Hedderich R, Albracht SPJ, Linder D, Koch J & Thauer
methanogenic archaea. Proc Natl Acad Sci USA 108, RK (1992) Isolation and characterization of polyferredoxin
2981-2986. from Methanobacterium thermoautotrophicum — the MvhB

15 Wagner T, Koch J, Ermler U & Shima S (2017) gene-product of the methylviologen-reducing hydrogenase
Methanogenic heterodisulfide reductase (HdrABC- operon. FEBS Lett 298, 65-68.

MvhAGD) uses two noncubane [4Fe-4S] clusters for 27 Watanabe T & Shima S (2021) MvhB-type
reduction. Science 357, 699-702. polyferredoxin as an electron-transfer chain in putative

16 Setzke E, Hedderich R, Heiden S & Thauer RK (1994) redox-enzyme complexes. Chem Lett 50, 353-360.

H,: heterodisulfide oxidoreductase complex from 28 Woo GJ, Wasserfallen A & Wolfe RS (1993) Methyl
Methanobacterium thermoautotrophicum: composition viologen hydrogenase II, a new member of the
and properties. Eur J Biochem 220, 139-148. hydrogenase family from Methanobacterium

17 Costa KC, Wong PM, Wang TS, Lie TJ, Dodsworth thermoautotrophicum AH. J Bacteriol 175, 5970-5977.
JA, Swanson I, Burn JA, Hackett M & Leigh JA (2010) 29 Seedorf H, Dreisbach A, Hedderich R, Shima S &
Protein complexing in a methanogen suggests electron Thauer RK (2004) F450H, oxidase (FprA) from
bifurcation and electron delivery from formate to Methanobrevibacter arboriphilus, a coenzyme Fg5¢-
heterodisulfide reductase. Proc Natl Acad Sci USA 107, dependent enzyme involved in O, detoxification. Arch
11050-11055. Microbiol 182, 126-137.

18 Halim MFA, Day LA & Costa KC (2021) Formate- 30 Engilberge S, Wagner T, Carpentier P, Girard E &
dependent heterodisulfide reduction in a Shima S (2020) Krypton-derivatization highlights O,-
methanomicrobiales archaeon. Appl Environ Microbiol channeling in a four-electron reducing oxidase. Chem
87, €02698-20. Commun 56, 10863-10866.

19 Watanabe T, Pfeil-Gardiner O, Kahnt J, Koch J, Shima 31 Nolling J, Ishii M, Koch J, Pihl TD, Reeve JN, Thauer
S & Murphy BJ (2021) Three-megadalton complex of RK & Hedderich R (1995) Characterization of a 45-Kda
methanogenic electron-bifurcating and CO,-fixing flavoprotein and evidence for a rubredoxin, two proteins
enzymes. Science 373, 1151-1155. that could participate in electron-transport from H, to

20 Hedderich R, Berkessel A & Thauer RK (1990) CO; in methanogenesis in Methanobacterium
Purification and properties of heterodisulfide reductase thermoautotrophicum. Eur J Biochem 231, 628—638.
from Methanobacterium thermoautotrophicum (strain 32 Jouanneau Y, Meyer C, Asso M, Guigliarelli B &
Marburg). Eur J Biochem 193, 255-261. Willison JC (2000) Characterization of a nif-regulated

21 Costa KC, Lie TJ, Xia Q & Leigh JA (2013) VhuD flavoprotein (FprA) from Rhodobacter capsulatus: redox
facilitates electron flow from H, or formate to properties and molecular interaction with a [2Fe-2S]
heterodisulfide reductase in Methanococcus maripaludis. ferredoxin. Eur J Biochem 267, 780-787.

J Bacteriol 195, 5160-5165. 33 Wasserfallen A, Ragettli S, Jouanneau Y & Leisinger T

22 Stojanowic A, Mander GJ, Duin EC & Hedderich R (1998) A family of flavoproteins in the domains archaea
(2003) Physiological role of the F4y-non-reducing and bacteria. Eur J Biochem 254, 325-332.
hydrogenase (Mvh) from Methanothermobacter 34 Shima S & Thauer RK (2001)
marburgensis. Arch Microbiol 180, 194-203. Tetrahydromethanopterin-specific enzymes from

23 Seedorf H, Hagemeier CH, Shima S, Thauer RK, Methanopyrus kandleri. Methods Enzymol 331, 317-353.
Warkentin E & Ermler U (2007) Structure of coenzyme 35 Patel MS, Nemeria NS, Furey W & Jordan F (2014)
F450H, oxidase (FprA), a di-iron flavoprotein from The pyruvate dehydrogenase complexes: structure-based
methanogenic archaea catalyzing the reduction of O, to function and regulation. J Biol Chem 289, 16615-16623.
H,O. FEBS J 274, 1588-1599. 36 Gunsalus RP, Cook LE, Crable B, Rohlin L,

24 Reeve JN, Beckler GS, Cram DS, Hamilton PT, Brown McDonald E, Mouttaki H, Sieber JR, Poweleit N,

JW, Krzycki JA, Kolodziej AF, Alex L, Ormejohnson Zhou H, Lapidus AL et al. (2016) Complete genome

The FEBS Journal (2024) © 2024 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of 1

Federation of European Biochemical Societies.

858017 SUOWIWOD BRI (edl|dde ayy Aq peusenob ake sapie YO ‘8sn Josejn. 1oy Afeiq18ul|uo A8|IAN U0 (SUONIPUD-PUE-SWBIAL0D" AB | IM"A eI Ul |UO//ScY) SUOIPUOD Pue SWB | 8L 88S *[7202/60/9T] Uo Ariqiauliuo A8]im ‘ABojoIqo0IIN [eLISS1B L 8TE IdIN A STTLT'SCRY/TTTT OT/I0pA0D" A3 1M ARIq U1 |UO'STRY//SANY o) papeo|umod ‘0 ‘8592 LT



CO,-reducing megacomplex with MvhB polyferredoxin

37

38

39

12

sequence of Methanospirillum hungatei type strain JF1.
Stand Genomic Sci 11, 2.

Ellermann J, Hedderich R, Bocher R & Thauer RK (1988)
The final step in methane formation. Investigations with
highly purified methyl-CoM reductase (component C)
from Methanobacterium thermoautotrophicum (strain
Marburg). Eur J Biochem 172, 669-677.

Afting C, Hochheimer A & Thauer RK (1998) Function
of H,-forming methylenetetrahydromethanopterin
dehydrogenase from Methanobacterium
thermoautotrophicum in coenzyme F 4, reduction with
H,. Arch Microbiol 169, 206-210.

Arriaza-Gallardo FJ, Schaupp S, Zheng Y-C, Abdul-
Halim MF, Pan H-J, Kahnt J, Angelidou J, Paczia N,

The FEBS Journal (2024) © 2024 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

40

41

4

S. Nomura et al.

Hu X, Costa K et al. (2022) The function of two
radical-SAM enzymes, HcgA and HcgG, in the
biosynthesis of the [Fe]-hydrogenase cofactor. Angew
Chem Int Ed Engl 61, €202213239.

Schwanhdausser B, Busse D, Li N, Dittmar G,
Schuchhardt J, Wolf J, Chen W & Selbach M (2011)
Global quantification of mammalian gene expression
control. Nature 473, 337-342.

Pfister P, Zarzycki J & Erb TJ (2023) Structural
basis for a cork-up mechanism of the intra-molecular
mesaconyl-CoA transferase. Biochemistry 62, 75-84.
Dimarco AA, Bobik TA & Wolfe RS (1990) Unusual
coenzymes of methanogenesis. Annu Rev Biochem 59,
355-394.

Federation of European Biochemical Societies.

858017 SUOWIWOD BRI (edl|dde ayy Aq peusenob ake sapie YO ‘8sn Josejn. 1oy Afeiq18ul|uo A8|IAN U0 (SUONIPUD-PUE-SWBIAL0D" AB | IM"A eI Ul |UO//ScY) SUOIPUOD Pue SWB | 8L 88S *[7202/60/9T] Uo Ariqiauliuo A8]im ‘ABojoIqo0IIN [eLISS1B L 8TE IdIN A STTLT'SCRY/TTTT OT/I0pA0D" A3 1M ARIq U1 |UO'STRY//SANY o) papeo|umod ‘0 ‘8592 LT



	Outline placeholder
	febs17115-aff-0001

	 Introduction
	 Results and Discussion
	 Purification of the Hdr complexes
	 Proteome analysis of the fractions
	febs17115-fig-0001
	 Correlation analysis of elution profiles of the proteins
	 H2-dependent� �[13C]-�CO�2 reduction to form [13C]-formyl-MFR�
	febs17115-fig-0002
	febs17115-fig-0003
	febs17115-fig-0004
	febs17115-tbl-0001
	febs17115-fig-0005
	febs17115-fig-0006

	 Conclusion
	febs17115-fig-0007

	 Materials and methods
	 Materials
	 Cultivation methods
	 Preparation of cell extract for the enzyme assay
	 Protein purification
	 Enzyme assays
	 Mass spectrometric protein profile analysis
	 Determination of �formyl-MFR�

	 Acknowledgements
	 Conflict of interest
	 Author contributions
	 Data availability statement
	febs17115-bib-0001
	febs17115-bib-0002
	febs17115-bib-0003
	febs17115-bib-0004
	febs17115-bib-0005
	febs17115-bib-0006
	febs17115-bib-0007
	febs17115-bib-0008
	febs17115-bib-0009
	febs17115-bib-0010
	febs17115-bib-0011
	febs17115-bib-0012
	febs17115-bib-0013
	febs17115-bib-0014
	febs17115-bib-0015
	febs17115-bib-0016
	febs17115-bib-0017
	febs17115-bib-0018
	febs17115-bib-0019
	febs17115-bib-0020
	febs17115-bib-0021
	febs17115-bib-0022
	febs17115-bib-0023
	febs17115-bib-0024
	febs17115-bib-0025
	febs17115-bib-0026
	febs17115-bib-0027
	febs17115-bib-0028
	febs17115-bib-0029
	febs17115-bib-0030
	febs17115-bib-0031
	febs17115-bib-0032
	febs17115-bib-0033
	febs17115-bib-0034
	febs17115-bib-0035
	febs17115-bib-0036
	febs17115-bib-0037
	febs17115-bib-0038
	febs17115-bib-0039
	febs17115-bib-0040
	febs17115-bib-0041
	febs17115-bib-0042


