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VhuD Facilitates Electron Flow from H, or Formate to
Heterodisulfide Reductase in Methanococcus maripaludis

Kyle C. Costa, Thomas J. Lie, Qin Xia, John A. Leigh
Department of Microbiology, University of Washington, Seattle, Washington, USA

Flavin-based electron bifurcation has recently been characterized as an essential energy conservation mechanism that is utilized
by hydrogenotrophic methanogenic Archaea to generate low-potential electrons in an ATP-independent manner. Electron bifur-
cation likely takes place at the flavin associated with the a subunit of heterodisulfide reductase (HdrA). In Methanococcus mari-
paludis the electrons for this reaction come from either formate or H, via formate dehydrogenase (Fdh) or Hdr-associated hy-
drogenase (Vhu). However, how these enzymes bind to HdrA to deliver electrons is unknown. Here, we present evidence that the
0 subunit of hydrogenase (VhuD) is central to the interaction of both enzymes with HdrA. When M. maripaludis is grown under
conditions where both Fdh and Vhu are expressed, these enzymes compete for binding to VhuD, which in turn binds to HdrA.
Under these conditions, both enzymes are fully functional and are bound to VhuD in substoichiometric quantities. We also
show that Fdh copurifies specifically with VhuD in the absence of other hydrogenase subunits. Surprisingly, in the absence of
Vhu, growth on hydrogen still occurs; we show that this involves F,,-reducing hydrogenase. The data presented here represent
an initial characterization of specific protein interactions centered on Hdr in a hydrogenotrophic methanogen that utilizes mul-

tiple electron donors for growth.

Energy conservation in hydrogenotrophic methanogenic Ar-
chaea is interesting in that hydrogenotrophs lack cytochromes
yet still rely on the generation of chemiosmotic membrane poten-
tial for ATP synthesis. One critical step that makes this possible is
the coupling of the exergonic reduction of a terminal heterodisul-
fide (CoM-S-S-CoB) to the endergonic reduction of CO, to formyl-
methanofuran (formyl-MFR), rendering methanogenesis a cycle
(1-5). Central to these coupled reactions is the recent discovery of
flavin-based electron bifurcation in heterodisulfide reductase
(Hdr), an energy conservation mechanism that generates low-
potential electrons in an ATP-independent manner (2, 3). Al-
though it has become apparent that electron flow is bifurcated at
Hdr, how electrons arrive there is still unclear.

Hdr from Methanothermobacter spp. copurifies with a three-
subunit hydrogenase known as the methyl-viologen reducing hy-
drogenase (Mvh) (6, 7). In the model species Methanococcus mari-
paludis, two methyl-viologen reducing hydrogenases are present,
one containing selenocysteine (Vhu) and one cysteine (Vhc), en-
coded by two separate operons (8). It has long been assumed that
the & subunit (VhuD or VheD in M. maripaludis) is the site of
binding to Hdr. This assumption is based on the presence of
HdrA-MvhD fusion proteins encoded by the genomes of Metha-
nosarcina spp. and Archaeoglobus fulgidus (6). Additionally, me-
thanogens that lack genes for the active site of Mvh, such as Metha-
nospirillum hungatei, still encode MvhD, suggesting that although
Mvh is not used for heterodisulfide reduction in these organisms,
MvhD is still essential for electron flow to Hdr (9). MvhD contains
a 2Fe-2S cluster, further implicating it as an electron transfer pro-
tein (3).

We have shown that, in the hydrogenotroph M. maripaludis,
H, oxidation by Vhu or Vhc is not essential for heterodisulfide
reduction with cultures grown on formate and that both formate
dehydrogenase (Fdh) and Vhu bind Hdr (1). A AvhuAU AvhcA
mutant retains wild-type growth rates with formate as an electron
donor but has a growth defect specifically on H,. However, in this
mutant background, the vAuD and vhcD genes were left intact;
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therefore, it is still unclear whether this subunit is essential for
electron flow to Hdr when cultures are grown with formate. Ad-
ditionally, how Vhu and Fdh bind to Hdr remains unclear. We
investigated the interactions of these proteins by analyzing the
subunit composition of the Hdr protein complex in cells grown
under conditions where formate dehydrogenase (Fdh) is either
expressed or repressed. Our results suggest that the active-site sub-
units of Vhu (VhuAGU) and Fdh (FdhAB) compete for binding to
VhuD under conditions where Fdh is present. Additionally, we
show evidence that in the AvhuAU AvhcA strain, slow growth on
H, involves a cryptic electron flow pathway involving F,,,-reduc-
ing hydrogenase.

MATERIALS AND METHODS

Growth conditions. Strains used in this study are listed in Table 1. All
strains are derivatives of M. maripaludis strain S2 (10). For batch culture,
strains were grown with McCas medium with 276-kPa H,:CO, (80:20) in
the headspace or with formate medium with 207-kPa N,:CO, (80:20) (11,
12). Growth curves were done in triplicate, and optical density (OD) was
monitored at 660 nm. For continuous culture under H, limitation/phos-
phate excess or H, excess/phosphate limitation, a previously described
chemostat system was employed (1, 13, 14).

Protein purification. Cell material from strains containing oligo-His-
tagged proteins grown under defined nutrient limitation was used for
protein purification. All procedures were done in a Coy anaerobic cham-
ber. Solutions were degassed and then allowed to equilibrate with the
chamber atmosphere (5% H,, 95% N,). Frozen cell paste was thawed on
ice and sonicated (Misonix Sonicator model XL-2000) at a setting of 11 in
short 3-s bursts. Unbroken cell debris was pelleted, and the cell extract was
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TABLE 1 Strains used in this study

Strain Reference

MM901

Description

M. maripaludis S2 with an in-frame deletion of uracil 1
phosphoribosyltransferase

MMO901 with a 6 X His tag on HdrB2

MMOI01 AfdhA2B2 with a 6X His tag on FdhAl

MM901 AvhuAU AvhcA

MM901 AvhuAU AvhcA AfruA AfrcA

MM1264
MM1265
MM1272
MM1313

W

subjected to nickel affinity purification. A modified version of our previ-
ous protocol was used for purification (1); binding buffer contained 25
mM HEPES (pH 7.5), 12.5 mM MgCl,, 100 mM NaCl, 10 mM imidazole,
and 0.5 mM dithionite. Wash and elution buffers were the same as the
binding buffer, except that they contained 30 and 100 mM imidazole,
respectively. The eluted protein was concentrated with a Vivaspin 500
centrifugal concentrator (polyethersulfone membrane, 5-kDa molecular
mass cutoff) before further purification by fast performance liquid chro-
matography (FPLC; AKTA purifier UPC10 system with a UV and con-
ductivity cell from GE Life Sciences) using a Hiprep 16-60 Sephacryl
S300HR sizing column run at a flow rate of 0.5 ml min~'. The FPLC
running buffer was the same as the binding buffer but without the imida-
zole. The retention time of protein molecular size standards for the
Hiprep column provided in the literature was used as a reference (15).
Specific 1-ml fractions were identified, pooled, and concentrated.

Subunit composition analysis of purified proteins. Pooled and con-
centrated fractions from FPLC purification were subjected to SDS-PAGE
using 4 to 20% Precise protein gels and stained with GelCode blue safe
protein stain (Thermo Scientific). Gels were subjected to densitometry
analysis using the Image] suite (http://imagej.nih.gov/ij/) (16), and band
intensity was normalized to predicted protein mass. Stoichiometry of sub-
units was determined by calculating the ratio of normalized band intensity
between two proteins.

In vitro methane production assays. Methane production was as-
sayed using cell material from strain MM901 grown with either formate or
H, (1). For each assay, 10 to 20 ml of culture was collected and anaerobi-
cally lysed by sonication (Misonix sonicator model XL-2000) on setting 2
in 10-s bursts. Insoluble cell material was removed by centrifugation, and
the supernatant was mixed in methane assay buffer composed of 100 mM
trizma base (pH 7.1), 15 mM MgCl,-6H,0, 5 mM ATP, 2 mM 2-mercap-
toethanol, and 500 wM flavin adenine dinucleotide (FAD). Formic acid
(50 mM) was included, or H, was added to the headspace. The headspace
was pressurized to 138 kPa with N,:CO, (80:20) for assays performed with
formic acid or H,:CO, (80:20) for assays with H, (4). Methane produc-
tion was initiated by addition of I mM (final concentration) CoM-S-S-
CoB (17). Methane production was monitored using a Buck Scientific
model 910 gas chromatograph (GC) equipped with a flame ionization
detector (4). Protein concentration was determined using Bradford assays
(18).

CoM-S-S-CoB was synthesized as described previously using thiol ex-
change chemistry with CoB-S-S-CoB homodisulfide and HS-CoM (17),
and it was purified by high-performance liquid chromatography (HPLC).
CoB-5-S-CoB homodisulfide was a gift from William B. Whitman. HPLC
was performed using a Magic 2002 HPLC with a Magic C18AQ 5-p,
100-A (2.0 by 150 mm) column equipped with a C, (silica) reverse-phase
micro guard column (Michrom Bioresources Inc.) ata 0.3 ml min ™' flow
rate and with buffer containing 25 mM ammonium bicarbonate with a
methanol gradient (0 to 80%).

RESULTS

Size-exclusion chromatography of purified His-tagged hetero-
disulfide reductase. In previous work, we found that in cells of M.
maripaludis grown under H, excess, Hdr, Vhu, and formylmetha-
nofuran dehydrogenase (Fwd) formed a supercomplex that pre-
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sumably catalyzes the electron bifurcation-based reductions of
CO, and CoM-S-S-CoB (1). (In the presence of selenium, vhc is
repressed, so only Vhu is observed [1, 19]). In the present work,
we used a 6X His tag on the 3 subunit of Hdr to purify the protein
by nickel affinity chromatography as before, but we additionally
subjected the protein to gel filtration chromatography by FPLC.
(M. maripaludis encodes two HdrB subunits, which appear to be
interchangeable [1]; here, we tagged HdrB2.) A peak eluted at
approximately 500 kDa (Fig. 1A), consistent with a dimer of
HdrABC-VhuAUGD (predicted mass of ~450 kDa). This size is
consistent with the Hdr-Mvh complex from Methanothermobac-
ter marburgensis, which was reported to have an apparent molec-
ular mass of 500 kDa with a 1:1 stoichiometry of hydrogenase to
Hdr (7). This subunit composition was confirmed by SDS-PAGE
(Fig. 1B). In contrast to our previous results (1), Fwd was not
present. Fwd may have dissociated during gel filtration chroma-
tography, or it may have been destabilized due to the use of a much
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FIG 1 Purification of His-tagged HdrB2. (A) Gel filtration of the Hdr protein
complex from M. maripaludis grown under H, excess (black) or H, limitation
(gray). The approximate mass ladder is based on the retention times of molec-
ular mass standards as described in Materials and Methods. (B) SDS-PAGE gel
of stained protein collected from the peaks shown in panel A. (C) Densitom-
etry plots for the lanes from the SDS-PAGE gel.
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TABLE 2 Ratios of proteins identified in purified complexes®
Condition VhuA-HdrC FdhB-HdrC VhuD-HdrC VhuA-VhuD FhdB-VhuD

HighH, 1.0:1 0.10:1 0.99:1 1.0:1 0.10:1
LowH, 0.37:1 0.77:1 0.94:1 0.39:1 0.82:1

@ Data are based on densitometry plots from Fig. 1C.

lower concentration of sodium dithionite, which at high concen-
tration interfered with UV detection in the FPLC.

Fdh and hydrogenase compete for binding to the protein
complex. When M. maripaludis is grown under H, limitation, fdh
is derepressed and Fdh is incorporated into the Hdr-Vhu protein
complex (1). We sought to determine if Fdh binds to a separate
site on the complex or if Fdh displaces Vhu as the electron-donat-
ing enzyme. Nickel affinity purification followed by size-exclusion
chromatography of an HdrB-His-expressing strain grown with H,
limitation revealed that the apparent molecular mass of the Vhu-
Fdh-Hdr complex was similar to the mass of a Vhu-Hdr complex
(Fig. 1A) despite the additional presence of Fdh (Fig. 1B). This
suggested that Fdh displaced Vhu, as additional binding of two
molecules of Fdh would increase the apparent mass of the protein
complex by 234 kDa.

Densitometry analysis confirmed that Fdh binding to the pro-
tein complex displaced the hydrogenase (Fig. 1Cand Table 2). The
relative subunit stoichiometry of VhuA to HdrC decreased from
1:1 in cells grown with H, excess to 0.37:1 in cells grown with H,
limitation, while the relative stoichiometry of FdhB to HdrC in-
creased from 0.10:1 to 0.77:1 (Table 2). In contrast, the VhuD
subunit remained bound to the protein complex at an approxi-
mate ratio of 1:1 under both growth conditions. Furthermore, the
ratio of VhuA to VhuD decreased from 1.01:1 with H, excess to
0.39:1 with H, limitation, while the ratio of FdhB to VhuD in-
creased from 0.10:1 to 0.82:1. As VhuD is hypothesized to interact
with HdrA (6), we hypothesized that Fdh bound the same site of
VhuD as VhuAGU, leading to displacement of the hydrogenase.
This would make vhuD an essential gene for cultures grown on
formate. Consistent with this, we have been unable to generate a
vhuD deletion in M. maripaludis grown with formate (data not
shown).

VhuD copurifies with Fdh. To assess the binding associations
of Fdh, a His-tagged version of this protein was also purified. (M.
maripaludis encodes two Fdh proteins; we tagged Fdh1, since the
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genes for the alternative form of the enzyme [Fdh2] are only ex-
pressed when cells are grown with limiting concentrations of for-
mate in the absence of H, [20].) Cell extracts of an FdhA-His-
expressing strain were subjected to nickel affinity purification
followed by FPLC. A large peak eluted consistent with the size of
the Hdr protein complex (Fig. 2A, P1), and it was found to be
comprised of proteins from Hdr and Fdh (Fig. 2B). VhuD was also
present, consistent with a role in binding Fdh. Bands for other
subunits of the hydrogenase were not visible despite their purifi-
cation with Fdh-His in previous studies (1). This is likely due to a
more stringent wash (30 mM imidazole) than what was used pre-
viously (10 mM) and the fact that an Hdr dimer can bind either
one Fdh and one VhuAGU or two Fdh molecules. Two Fdh mol-
ecules with two His tags would remain bound more tightly to the
nickel resin, resulting in an enrichment in 2:2:2 Fdh-VhuD-Hdr
complexes over 1:1:2:2 Fdh-VhuAGU-VhuD-Hdr complexes.

Interestingly, a small peak was also visible after FPLC purifica-
tion (Fig. 2A, P2) that was composed of FdhA, FdhB, and VhuD
(Fig. 2B). The calculated mass of this peak was ~125 kDa, consis-
tent with a 1:1:1 stoichiometry of the subunits. P2 comprised a
very small fraction of the total protein purified; therefore, it was
likely a dissociation product generated during the purification.
However, the fact that VhuD remained bound to Fdh upon disso-
ciation verifies that Fdh binds VhuD while competing with
VhuAGU for binding to the complex.

M. maripaludis maintains functional hydrogenase and Fdh
when both are present in the Hdr protein complex. The presence
of both hydrogenase and Fdh bound to Hdr when cells are grown
on formate or under H, limitation (1) suggests that M. maripalu-
dis is poised to rapidly switch between these two electron donors.
Batch culture M. maripaludis experiences H, limitation when the
culture optical density (OD) reaches values greater than ~0.4, as
H, utilization becomes limited by the rate of H, transfer into the
aqueous phase (21). Therefore, we tested the ability of cell extracts
from batch-grown M. maripaludis to switch electron donors using
a previously established in vitro methane production assay (4, 17,
22). Cultures were grown to a maximum OD on H, (OD of ~1.0)
or formate (OD of ~0.6), and whole-cell protein was assayed for
the ability to generate methane from the alternative electron do-
nor. Thus, H,-grown cell extract was assayed with formate and
formate-grown extract was assayed with H,. Cell extracts gener-
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FIG 2 Purification of His-tagged FdhA1. (A) Gel filtration of the purified protein complex from M. maripaludis grown under H, limitation. Peaks labeled P1 and
P2 were collected and subjected to SDS-PAGE. (B) SDS-PAGE gel of protein from P1 and P2.
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FIG 3 CH, production from cell extracts of M. maripaludis strain MM901
grown with either H, (A) or formate (B). Methane production was stimulated
by addition of CoM-S-S-CoB. Controls where CoM-S-S-CoB was excluded are
shown (white symbols). Black symbols, CH, production by cell extracts using
H, as the electron donor. Gray symbols, CH, production by cell extracts using
formate as the electron donor.

ated methane with both electron donors regardless of which was
used for growth (Fig. 3A and B), suggesting that both hydrogenase
and Fdh bound to Hdr are functional regardless of the actual elec-
tron donor being used for growth.

F,,o-reducing hydrogenase plays a role in heterodisulfide re-
duction in the AvhuAU AvhcA mutant background. Surpris-
ingly, a AvhuAU AvhcA mutant of M. maripaludis grows on H,,
albeit slowly (1) (Fig. 4). In addition to utilizing H, as an electron
donor for heterodisulfide reduction, Methanococcus voltae was re-
ported to possess an inefficient, membrane-associated F,,,H,-
heterodisulfide oxidoreductase activity that was dependent on
F,,0-reducing hydrogenase (23). We hypothesized that the growth
of the M. maripaludis AvhuAU AvhcA mutant on H, depends on
F,,o-reducing hydrogenase. To test this hypothesis, we assayed the
ability of a AvhuA U AvhcA AfruA AfrcA mutant to grow with H, as
an electron donor. This mutant showed little or no growth on H,
but had kinetics similar to those of AvhuAU AvhcA on formate
(Fig. 4).

DISCUSSION

A picture of how the proteins in the Hdr complex interact is start-
ing to emerge (Fig. 5). Results presented here show that VhuD is
the primary electron conduit to Hdr from either Fdh or hydroge-
nase. Thus, VhuD sits at the intersection of the substrate-oxidiz-
ing enzymes and the active site of electron bifurcation, regardless
of whether formate or hydrogen is the electron donor. Additional
interactions can be inferred. Contact between VhuD and Hdr
probably occurs at HdrA, since the homologous proteins are fused
in some organisms (6). However, which subunit of Fdh or
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FIG 4 Growth of a AvhuAU AvhcA strain (black symbols) and a AvhuAU
AvhcA AfruA AfrcA strain (white symbols). Solid lines, growth with formate.
Dashed lines, growth with H,. Triplicate cultures grown with a 10% inoculum
are shown. Error bars represent one standard deviation of the means.

VhuAGU interact directly with VhuD is still unknown. From
HdrA, electron flow is bifurcated to the active sites of CO, reduc-
tion and heterodisulfide reduction. Fwd, the five-subunit enzyme
that reduces CO, to formyl-MFR, has been purified alone or as
part of the Hdr-Vhu-Fdh supercomplex (1, 24) and likely binds
near the electron-bifurcating center of HdrA. Although HdrA,
HdrB, and HdrC interact (25), it is unclear whether HdrB or HdrC
binds to HdrA. HdrC likely binds to HdrB, the site of heterodi-
sulfide reduction, since these are fusion proteins in Methanosar-
cina spp. (26).

Our results show that either Fdh or hydrogenase can bind to
VhuD, and the interaction of Fdh and VhuD occurs in the absence
of other hydrogenase subunits (Fig. 2B, P2). Cultures grown with
H, excess do not maintain high levels of Fdh (20, 27, 28), but when
H, is growth limiting, Fdh is abundant and competes with the
Hdr-associated hydrogenase for binding to VhuD. When H, is
growth limiting there is evidently an advantage for M. maripaludis
to be poised to alternate between H, and formate as substrates for
methanogenesis, and indeed, both substrates were functional in
cell extracts (Fig. 3A and B). Mvh from M. marburgensis was found
to exist in both Hdr-bound and free forms, suggesting that hydro-
genase displaced from the Hdr complex by Fdh is maintained by
the cell rather than degraded (6).

We also found that the F,,,-reducing hydrogenase (Fru/Frc)
plays a role in heterodisulfide reduction when Vhu and Vhc are
not functional, since a AvhuAU AvhcA mutant grows slowly on H,
but a AvhuAU AvhcA AfruA AfrcA mutant did not grow (Fig. 4).
This suggests three possibilities. First, F,,,H, generated by Fru/Frc
could be an electron donor to Hdr via an F,, H, dehydrogenase.
This is the case for the methylotrophic methanogens from the
order Methanosarcinales, where electron flow from F,,, to hetero-
disulfide is coupled via an electron transport chain to a chemios-
motic membrane gradient (3). However, neither a homologous
F,, dehydrogenase nor components of the electron transport
chain are present in hydrogenotrophic methanogens. Second,
F,,0H, generated by Fru/Frc could donate electrons to Hdr via
Fdh, which uses F,,, as an electron acceptor. However, the exis-
tence of the Hmd-Mtd cycle, an alternative pathway for F,,, re-
duction with H,, argues against the first two possibilities, both of
which rely on the known role of Fru/Frc to generate free F,, H,. In
the Hmd-Mtd cycle, a combination of the H,-dependent methy-
lene-H,MPT dehydrogenase (Hmd) and the F,,,-dependent
methylene-H,MPT dehydrogenase (Mtd) acting in reverse results
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FIG 5 Protein interactions in the Hdr supercomplex. Formate dehydrogenase (FdhAB) and hydrogenase (VhuAGU) compete for binding to VhuD. VhuA and
VhuU are drawn together, since they form the catalytic site of H, oxidation (30, 31). Electrons flow to HdrA, where their path is bifurcated to both FwWdABCDF
and HdrBC. Black double arrows indicate known interactions between subcomplexes. The dashed line between HdrA and Fwd signifies a hypothesized site of
interaction between these subcomplexes. Reactions catalyzed by the individual enzymes are shown. The model only shows one of each enzyme, despite the fact
that two of each are in the M. maripaludis genome (8). This reflects that, for the most part, the alternative forms are not expressed under the growth conditions
used. HdrA, Vhu, and Fwd (as well as Fru) contain selenocysteine. M. maripaludis also encodes cysteine-containing versions, but these are repressed by selenium
(19, 32). Additionally, Fwd contains tungsten, and its paralog, the molybdenum-containing formylmethanofuran dehydrogenase Fmd, requires high molybde-
num for expression (33). In the case of Fdh, the genes for the alternative form of the enzyme are only expressed when cells are grown with limiting concentrations
of formate in the absence of H, (20). Analysis of the M. maripaludis proteome verifies that only one form of these enzymes is highly expressed under our culture

conditions (28, 34).

in F,,, reduction with H, (11, 29). The Hmd-Mtd cycle is ade-
quate for F,,, reduction, since a AfruA AfrcA mutant has no

growth defect on H, (11, 29). Therefore, F,,,H, should be abun- 4

dant even in a AfruA AfrcA mutant. These data suggest a third
possibility: electron flow occurs from Fru/Frc to Hdr without free

F,,oH, as an intermediate. This may occur with H, donating elec- 5.

trons directly or acting through bound F,,,. However, there is as

of yet no experimental evidence to indicate that Fru or Frc inter- ¢

acts directly with Hdr (1).
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