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ABSTRACT Hydrogenotrophic methanogens produce CH4 using H2 as an electron
donor to reduce CO2. In the absence of H2, many are able to use formate or alcohols
as alternate electron donors. Methanogens from the order Methanomicrobiales are
capable of growth with H2, but many lack genes encoding hydrogenases that are typi-
cally found in other hydrogenotrophic methanogens. In an effort to better understand
electron flow in methanogens from the Methanomicrobiales, we undertook a genetic
and biochemical study of heterodisulfide reductase (Hdr) in Methanoculleus thermophilus.
Hdr catalyzes an essential reaction by coupling the first and last steps of methanogene-
sis through flavin-based electron bifurcation. Hdr from M. thermophilus copurified with
formate dehydrogenase (Fdh) and only displayed activity when formate was supplied as
an electron donor. We found no evidence of an Hdr-associated hydrogenase, and H2

could not function as an electron donor, even with Hdr purified from cells grown on H2.
We found that cells catalyze a formate hydrogenlyase activity that is likely essential for
generating the formate needed for the Hdr reaction. Together, these results highlight
the importance of formate as an electron donor for methanogenesis and suggest the
ability to use formate is closely integrated into the methanogenic pathway in organisms
from the order Methanomicrobiales.

IMPORTANCE Methanogens from the order Methanomicrobiales are thought to prefer
H2 as an electron donor for growth. They are ubiquitous in anaerobic environments,
such as in wastewater treatment facilities, anaerobic digesters, and the rumen, where
they catalyze the terminal steps in the breakdown of organic matter. However, de-
spite their importance, the metabolism of these organisms remains understudied.
Using a genetic and biochemical approach, we show that formate metabolism is closely
integrated into methanogenesis in Methanoculleus thermophilus. This is due to a require-
ment for formate as the electron donor to heterodisulfide reductase (Hdr), an enzyme
responsible for catalyzing essential reactions in methanogenesis by linking the initial
CO2 fixing step to the exergonic terminal reaction of the pathway. These results suggest
that hydrogen is not necessarily the preferred electron donor for all hydrogenotrophic
methanogens and provide insight into the metabolism of methanogens from the order
Methanomicrobiales.
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The methanogenic archaea (methanogens) grow exclusively by making CH4 and are
responsible for the majority of global CH4 production. The three major pathways of

methanogenesis are classified as hydrogenotrophic, methylotrophic, and acetoclastic
based on the major substrate(s) used to generate CH4 (1, 2). Hydrogenotrophic metha-
nogens generally specialize in CO2 reduction to CH4, methylotrophic methanogens can
additionally reduce methyl compounds such as methanol, methylamines, and methyl-
sulfides, and acetoclastic methanogens split acetate to CH4 and CO2 (2). H2 is thought
to be the preferred electron donor for hydrogenotrophs, but some can also use

Citation Abdul Halim MF, Day LA, Costa KC.
2021. Formate-dependent heterodisulfide
reduction in aMethanomicrobiales archaeon.
Appl Environ Microbiol 87:e02698-20. https://
doi.org/10.1128/AEM.02698-20.

Editor Alfons J. M. Stams, Wageningen
University

Copyright © 2021 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Kyle C. Costa,
kcosta@umn.edu.

Received 2 November 2020
Accepted 17 December 2020

Accepted manuscript posted online 23
December 2020
Published 26 February 2021

March 2021 Volume 87 Issue 6 e02698-20 Applied and Environmental Microbiology aem.asm.org 1

PHYSIOLOGY

https://orcid.org/0000-0003-0407-1431
https://doi.org/10.1128/AEM.02698-20
https://doi.org/10.1128/AEM.02698-20
https://doi.org/10.1128/ASMCopyrightv2
mailto:kcosta@umn.edu
https://aem.asm.org
https://crossmark.crossref.org/dialog/?doi=10.1128/AEM.02698-20&domain=pdf&date_stamp=2020-12-23


alternative electron donors such as formate, ethanol, or secondary alcohols for CO2

reduction. Hydrogenotrophic methanogens from the order Methanomicrobiales are
some of the most metabolically versatile. In addition to H2,.90% of species are experi-
mentally confirmed to use formate and.50% are confirmed to use alcohols for metha-
nogenesis (3). The Methanomicrobiales are common in anoxic environments such as the
rumen, wastewater treatment plants, and anaerobic digesters and are model organisms
for the study of syntrophic partnerships with fermentative bacteria (4). However, their me-
tabolism has remained poorly studied compared to that of other groups.

Hydrogenotrophic methanogenesis from CO2 requires four reduction steps (5). This
begins with CO2 reduction by reduced ferredoxin (Fdred) to a formyl group attached to
the C1 carrier methanofuran to generate formylmethanofuran. This reaction is cata-
lyzed by formylmethanofuran dehydrogenase (Fwd). The formyl group is transferred to
a second carrier, tetrahydromethanopterin (H4MPT), and is further reduced to generate
methyl-H4MPT. These two reduction steps rely on reduced coenzyme F420 (F420H2),
which can be generated from H2 by F420-reducing hydrogenase (Frh) or from formate
by formate dehydrogenase (Fdh). A methyltransferase transfers the methyl group of
methyl-H4MPT to coenzyme M (CoM-SH), forming methyl-S-CoM. This reaction is exer-
gonic and coupled to the buildup of electrochemical sodium ion potential across the
membrane. Finally, methyl-S-CoM is further reduced with coenzyme B (CoB-SH) to gen-
erate CH4 and the heterodisulfide CoB-S-S-CoM. To regenerate CoB-SH and CoM-SH,
CoB-S-S-CoM is reduced by heterodisulfide reductase (Hdr). The reduction of CoB-S-S-
CoM is an exergonic reaction coupled to the endergonic reduction of Fd via flavin-
based electron bifurcation (FBEB) (5–7). Fdred is necessary for the next initial reaction of
CO2 reduction (6), and the coupling of CoB-S-S-CoM and Fd reductions renders the
overall pathway a cycle known as the Wolfe cycle (5). A second pathway to generate
Fdred relies on a membrane-bound energy-converting hydrogenase such as Eha or Ech.
This Fdred facilitates CO2 fixation when methanogenic intermediates are depleted in an-
abolic reactions (8). The energy-converting hydrogenase-dependent pathway of Fd
reduction requires H2 as an electron donor; therefore, H2 is essential for methanogene-
sis (8). When methanogens are grown with formate, H2 for the Eha reaction is produced
via a formate hydrogenlyase activity that is dependent on formate oxidation by Fdh and
H2 production by either F420-reducing hydrogenase or the combined activities of H2- and
F420-dependent methylene-H4MPT dehydrogenases (the Hmd-Mtd cycle) (9, 10).

Hdr exists in a multisubunit protein complex that is a central metabolic hub for
energy conservation in hydrogenotrophs. All hydrogenotrophic methanogens tested
to date are capable of utilizing H2 as an electron donor to Hdr (6, 11–16). Electron pairs
likely flow to a bound flavin in HdrA, the site of FBEB, and one electron is transferred to
Fd and another is transferred to HdrB, the site of CoB-S-S-CoM reduction (13). When H2

is the electron donor for growth, an F420-nonreducing hydrogenase (Mvh) binds to Hdr
to oxidize H2 (12). In addition to H2, Methanococcus maripaludis was shown to incorpo-
rate Fdh into the Hdr complex (8, 11) and utilize formate as an electron donor (15). In
both cases, the d subunit of Mvh (MvhD) is required as a binding site for Mvh or Fdh
(17). Some members of the order Methanomicrobiales lack genes encoding the large
and small subunits of the Mvh hydrogenase (MvhAG) (18) but still possess a gene
encoding MvhD. In these organisms, it was proposed that FrhABG can substitute for
MvhAG as the Hdr-associated hydrogenase (19), but this hypothesis remains untested.

In an effort to better understand the metabolism of methanogens from the order
Methanomicrobiales, we undertook a study to characterize electron donors to Hdr in
Methanoculleus thermophilus. We focus on Hdr because of its central role in methano-
genesis. M. thermophilus is an excellent model due to its rapid growth under labora-
tory conditions, its ability to use either H2 or formate as an electron donor for metha-
nogenesis (20), and a recently developed genetic system (21). M. thermophilus also
possesses genes encoding Mvh, Frh, and Fdh, the three enzymes that have been pro-
posed as electron donors for Hdr. Through biochemical characterization of Hdr, we
show that formate is the electron donor for Hdr activity in M. thermophilus, even
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when cells are grown with H2 as the electron donor for growth. We found no enzy-
matic activity with H2, suggesting a central role for formate as an electron donor for
methanogenesis.

RESULTS
Identification of hydrogenases and formate dehydrogenases in M. thermophilus.

M. thermophilus utilizes both H2 and formate as electron donors for growth (20). To
assess how electrons from H2 and formate are used by M. thermophilus for methanogen-
esis, we analyzed the draft genome (22) for genes potentially encoding hydrogenases or
formate dehydrogenases. M. thermophilus possesses two homologs of membrane-bound
hydrogenases, Eha (NCBI accession numbers WP_066954065 to WP_066954673) and
Ech (WP_066957700 to WP_066957709), that may participate in Fd reduction. We
also found the genes that encode the Frh (WP_066956025 to WP_066956925) and
Mvh (WP_066954307 to WP_066954310) hydrogenases (Fig. 1). Methanogens that
grow with formate as an electron donor generally possess multiple copies of Fdh.
Homology searches for genes encoding Fdh identified three putative operons. Hence,
we refer to these as fdh1 (WP_066953711 and WP_066953708), fdh2 (WP_066958300
and WP_066958302), and fdh3 (WP_066958856 and WP_066958857) (Fig. 1).

As F420-reducing enzymes, Frh and Fdh likely provide the reducing equivalents
needed for the reduction of methenyl carbon to methyl carbon in methanogenesis:
Frh when cells are grown with H2 and Fdh when cells are grown with formate. A pro-
tein complex composed of Hdr, an associated hydrogenase or formate dehydrogen-
ase, and, in some methanogens, Fwd catalyzes the other two reductive steps of
methanogenesis. While hdrABC and fwdABCDFG are coincident in a putative operon,
there are no hydrogenase or fdh genes present in this putative operon that could
indicate which compound serves as an electron donor to the complex (Fig. 1). It
should be noted that the gene encoding MvhD is present in this putative operon;
MvhD is essential for electron transfer from Mvh or Fdh to HdrA (17). The colocaliza-
tion of genes encoding MvhD, HdrABC, and FwdABCDFG is consistent with their
coupled activities (11).

Fdh2 copurifies with Hdr from H2-grown cultures. Because Hdr catalyzes an essen-
tial energy-conserving step in methanogenesis, we sought to determine which sub-
strates act as electron donors. We generated an M. thermophilus strain expressing hdrB
with a C-terminal polyhistidine tag (HdrB-His) under the control of the native

FIG 1 Heterodisulfide reductase, hydrogenase, and formate dehydrogenase genes in M. thermophilus.
The genome organizations of genes encoding heterodisulfide reductase (Hdr) (WP_066957203 to
WP_066957207) and formylmethanofuran dehydrogenase (Fwd) (WP_066957199 to WP_066957217)
(A) are distinct from those of cytoplasmic hydrogenases, F420-nonreducing hydrogenase (Mvh)
(WP_066954307 to WP_066954310) (B), F420-reducing hydrogenase (Frh) (WP_066956025 to WP_066956925)
(C), and formate dehydrogenases (Fdh) Fdh1 (WP_066953711 to WP_066953708), Fdh2 (WP_066958300 to
WP_066958302), and Fdh3 (WP_066958856 to WP_066958857) (D). The scale bar represents 2 kbp.
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chromosomal promoter. HdrB was selected because it is the active site of CoB-S-S-CoM
reduction and tagging this subunit in M. maripaludis did not affect growth (11). We
also generated a strain with a polyhistidine tag on the a-subunit of Mvh (MvhA-His), as
this enzyme has copurified with Hdr in every methanogen tested to date (6, 11–16).
Cultures of M. thermophilus wild type, HdrB-His, or MvhA-His were grown with H2 as the
electron donor, and cells were harvested and lysed under anoxic conditions. Anaerobic im-
mobilized metal affinity chromatography (IMAC) was carried out to purify protein com-
plexes. A Coomassie-stained gel showed that protein was only recovered from the HdrB-
His strain, with several bands that match the expected molecular masses (kDa) of HdrA,
HdrB, HdrC, and MvhD (Fig. 2). Other bands are also visible, presumably reflecting the pres-
ence of Mvh, Frh, Fdh, or Fwd subunits. The lack of visible protein bands from the wild-
type (WT) and MvhA-His samples indicated that protein eluted from HdrB-His is not due to
nonspecific interactions with the IMAC column.

All samples were analyzed with mass spectrometry analysis in order to determine
the composition of the purified proteins. The WT and MvhA-His elution fractions had
similar compositions (see Table S1 in the supplemental material). There was not a sig-
nificant increase in Mvh proteins from the MvhA-His strain; this suggests that either
the His-tagged protein was not expressed, Mvh is in low abundance in cells grown on
H2, or Mvh proteins could not be detected by mass spectrometry. Furthermore, these
preparations did not contain a significant enrichment of Hdr proteins (Table 1). For the
HdrB-His samples, we detected a significant increase in several components of the Hdr
complex, including HdrA, HdrB, HdrC, MvhD, FwdC, and FwdF. FwdA and FwdB were
detected in a subset of samples but were not significantly enriched across all data sets.
Copurification of Hdr and Fwd does not always occur in species where this interaction
is known to take place, suggesting that this interaction is transient or that these pro-
teins readily dissociate upon purification (17).

Interestingly, despite growing cultures with H2 as the electron donor for methano-
genesis, we did not detect a hydrogenase associated with Hdr in any of the samples
(Table 1). Only Fdh was detected, suggesting that only formate could serve as an

FIG 2 Proteins present in elution fractions after IMAC. The wild-type (WT) strain and strains with
chromosomal genes encoding MvhA-His or HdrB-His were grown with H2 as the sole electron donor
before lysis and purification. The predicted masses of the protein bands are indicated in parentheses
(in kDa).
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electron donor to the complex. In particular, Fdh2 was significantly enriched compared
to Fdh1 and Fdh3.

Hdr exhibits activity with formate, but not H2, as the electron donor. To deter-
mine if the purified Hdr complex is functional and to determine whether it is activated
by H2 or formate, we carried out an in vitro activity assay with the HdrABC-FdhAB-
MvhD complex purified from H2-grown cells. Four independent protein preparations
were used in these experiments. Hdr catalyzes an FBEB-based reaction with both CoB-
S-S-CoM and Fd required as electron acceptors. For our assay, we substituted metroni-
dazole in place of Fd, as this is a known alternative to Fd in this assay and is easily
traced spectrophotometrically (6). Activity was followed by monitoring absorbance at
320 nm to track metronidazole reduction (6). Purified protein complex was suspended
in metronidazole-containing buffer under an H2 atmosphere to measure the back-
ground rate of metronidazole reduction. Under these reaction conditions, we did not
observe a change in absorbance (Fig. 3). Addition of CoB-S-S-CoM to the reaction mix-
ture did not stimulate activity, suggesting that H2 does not serve as an electron donor.
This is consistent with the absence of a hydrogenase in the purified protein complex.

Upon addition of formate to the reaction mixture, an immediate decrease in ab-
sorbance occurred, indicating that formate is an electron donor to Hdr (Fig. 3). Over
the course of several minutes, metronidazole reduction proceeded to completion.
Based on the extinction coefficient of metronidazole at 320nm (23) and the concentration
of protein in the reaction mixture, the average specific activity of purified Hdr complex
was determined to be 4.526 2.01mmol · min21mg21 protein (Fig. 3); this rate is consistent
with the CoB-S-S-CoM- and H2-dependent rate of metronidazole reduction observed with
HdrABC-MvhADG protein complexes purified from Methanothermobacter marburgensis (2
to 4mmol · min21mg21) (6).

TABLE 1 Peptide CPT of proteins identified from His tag purifications

Accession no. Protein Mass (kDa)

CPTa

P valueb

WTc MvhA-Hisc HdrB-His

Sample 1 Sample 2 Sample 1 Sample 2 Sample 1 Sample 2 Sample 3
Hdr subunits
WP_066957207.1 HdrA 73 4 34 21 13 130 120 113 0.00005
WP_066957205.1 HdrB 33 ND 5 9 ND 33 31 28 0.00013
WP_066957203.1 HdrC 22 ND 3 ND ND 49 24 46 0.03625

Mvh subunits
WP_066954307.1 MvhA 50 ND ND ND ND ND ND ND NS
WP_066954310.1 MvhG 34 ND ND ND ND ND ND ND NS
WP_066957209.1 MvhD 16 ND 3 9 2 39 33 32 0.00057

Fdh subunits
WP_066953711.1 FdhA1 76 ND 2 4 ND 12 22 20 0.02522
WP_066953708.1 FdhB1 46 ND 2 8 2 9 8 16 NS
WP_066958300.1 FdhA2 76 4 28 38 11 139 101 147 0.00516
WP_066958302.1 FdhB2 45 1 16 30 5 94 88 78 0.00025
WP_066958856.1 FdhA3 76 ND ND ND ND ND ND ND NS
WP_066958857.1 FdhB3 45 ND 3 11 3 34 16 28 0.03749

Fwd subunits
WP_066957215.1 FwdA 64 30 2 13 7 13 62 48 NS
WP_066957213.1 FwdB 48 3 2 4 2 5 48 19 NS
WP_066957217.1 FwdC 29 ND 12 17 4 ND 46 39 0.01092
WP_066957211.1 FwdD 14 ND ND ND ND ND ND ND NS
WP_066957201.1 FwdF 42 ND 11 38 25 65 60 52 0.01117
WP_066957199.1 FwdG 10 ND ND ND ND ND ND ND NS

aCPT, counts per thousand; ND, not detected.
bComparing HdrB-His sample to all other samples. NS, not significant (P. 0.05).
cNo significant differences between these two groups for proteins listed.
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FdhA2 is sufficient for growth ofM. thermophilus. In M. maripaludis, deletion of a
single formate dehydrogenase gene abolishes growth on formate (24). M. maripaludis
possesses a second formate dehydrogenase that is not essential for growth on formate
and may be expressed specifically under conditions when formate concentrations limit
growth (25). Our genomic analysis found that M. thermophilus harbors three Fdh para-
logs, and mass spectrometry suggested that FdhA2 is primarily responsible for donat-
ing electrons for Hdr activity (Fig. 1 and Table 1). Hence, we hypothesized that Fdh2 is
primarily responsible for growth. To test this, we attempted to generate mutant strains
lacking each fdhA gene using allelic replacement. Assuming that the fitness of a mu-
tant carrying a deletion is similar to that of the wild type, the mutagenesis procedure
should generate mutant strains at the same frequency as the wild type (i.e., 50% of
recovered colonies should carry the mutant allele) (21). We were unable to isolate a
DfdhA2 mutant, consistent with the importance of Fdh2 for CoB-S-S-CoM reduction
(Table 2). Interestingly, while 50% of colonies screened for a deletion of fdhA3 con-
tained the mutant allele, only ;15% of colonies screened for a deletion of fdhA1 con-
tained the mutant allele. The reason for a ,50% mutant recovery rate during fdhA1
mutagenesis is unknown, but it may be a result of a fitness advantage for the wild type

FIG 3 Activity assay for purified Hdr. (A) Proposed enzyme activity with either H2 or formate as the electron
donor. (B) Time course of metronidazole reduction with protein purified from strains expressing hdrB-His. The
assay was performed at 55°C in 0.7-ml anaerobic cuvettes containing 0.5ml final assay volume with 80% H2 in
the headspace. The final assay mixture consisted of 1.6 M potassium phosphate (pH 7), 180mM metronidazole,
144mM CoB-S-S-CoM, 3mg protein, and 30mM sodium formate. The H2-dependent assay was started by
addition of CoB-S-S-CoM. The formate-dependent assay was started by addition of sodium formate. (C) Average
specific activity of metronidazole (Mtz) reduction in the presence of H2 (0.23mmol · min21mg21) or in the
presence of formate (4.52mmol · min21mg21). –, the background rate of Mtz reduction without CoB-S-S-CoM.
Data are averages and standard deviations from four independent experiments.
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or differing rates of homologous recombination around the genomic locus for fdh1.
Mutants lacking fdhA1, fdhA3, or both fdhA1 and fdhA3 did not exhibit a growth defect
in medium with either H2 or formate as the electron donor for growth, suggesting that
Fdh2 is sufficient to support growth (Fig. 4).

Whole cells of M. thermophilus catalyze formate hydrogenlyase activity. The
requirement of formate for Hdr activity in cultures grown with H2 raises a question of
the source of formate in these cultures. Previous work in M. maripaludis identified for-
mate hydrogenlyase activity that can convert formate to H2 (9, 10). This activity is de-
pendent on Frh and Fdh. We hypothesized that when H2 is the only available electron
donor for growth, M. thermophilus catalyzes the reverse reaction to generate formate
from H2. To test this hypothesis, we suspended whole cells from an H2-grown culture
to a final optical density (OD) at 600 nm of ;0.2 in buffer containing 2-bromoethane-
sulfonate, a specific inhibitor of methanogenesis (26), and assayed for H2-dependent
formate production. Cells were incubated under a headspace of either N2-CO2 or H2-
CO2 (80:20 for each). In the presence of H2, formate concentrations increased over
time, with up to 3.5 mmoles produced after 2 h (Fig. 5). No formate production was
observed in the absence of H2. These data indicate that H2-grown M. thermophilus can
produce the formate required for Hdr via formate hydrogenlyase activity. We hypothe-
size that, in analogy to other methanogens, this activity is dependent on Frh and Fdh.
However, we have not been able to test this hypothesis as we were unable to generate
a strain lacking all three fdhA genes (Table 2), and efforts to generate a strain lacking
frh have been unsuccessful.

DISCUSSION

Hydrogenotrophic methanogens are thought to prefer H2 as the electron donor for
methanogenesis. However, our results suggest that formate is the preferred electron
donor for the essential Hdr-dependent reduction of CoB-S-S-CoM in M. thermophilus
(Fig. 6). Only one other organism, M. maripaludis, is known to additionally utilize for-

TABLE 2 Number of colonies screened for fdh deletions

Strain genotype No. of colonies tested No. of mutants detected Mutant vs WT ratio
DfdhA1 40 5 0.13
DfdhA2 54 0 NA
DfdhA3 14 7 0.50
DfdhA1 DfdhA3 40 6 0.15

FIG 4 fdhA1 and fdhA3 are not essential for growth. Growth of M. thermophilus wild-type, DfdhA1,
DfdhA3, and DfdhA1 DfdhA3 mutant strains with H2 (A) or formate (B) as the sole electron donor.
Data are averages and standard deviations from triplicate cultures. There was not a significant
difference in the specific growth rates of any of the mutant strains, suggesting that Fdh2 is sufficient
for growth on both H2 and formate.
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mate as a direct electron donor to Hdr; in this organism, multiple forms of the Hdr pro-
tein complex are present that are capable of utilizing either H2 (via an Mvh homolog,
Vhu) or formate (via Fdh) as an electron donor (15, 17). Many members of the order
Methanomicrobiales lackmvhAG, and so it has been hypothesized that Frh could substi-
tute as an Hdr-associated hydrogenase (19, 27). While M. thermophilus possesses pre-
dicted homologs of both mvhAG and frhABG, we did not detect either hydrogenase
associated with Hdr, even when MvhA was histidine tagged and targeted for purifica-
tion. Additionally, we found no activity when purified Hdr was incubated with H2 as
the sole electron donor. It is possible that Mvh is important in another cellular reaction
or that it is not expressed. There is precedence for hydrogenase genes not being
expressed in methanogens from the Methanomicrobia class. Methanosarcina acetivor-
ans carries genes that encode several hydrogenases that are not expressed under labo-
ratory growth conditions (28, 29).

The observation that H2-grown M. thermophilus relies on formate as an electron
donor to Hdr raises a question of the source of formate in the culture medium.
Hydrogenotrophic methanogens that utilize formate possess formate hydrogenlyase
activity that can generate H2 and CO2 from formate (10). The reverse reaction—for-
mate production from H2—has been observed in bacteria (30) but, to our knowledge,
has not been documented in hydrogenotrophic methanogens. Methanogenic for-
mate hydrogenlyase activity primarily requires Fdh and Frh, with coenzyme F420 act-
ing as an intermediate electron carrier (9, 10). In some organisms, an alternative path-
way for H2 production exists that is dependent on Hmd (8, 9); however, M. thermophilus
lacks genes encoding Hmd. We hypothesize that formate hydrogenlyase activity is essential
during growth on either H2 or formate in M. thermophilus. During growth on formate, H2

FIG 5 M. thermophilus exhibits formate hydrogenlyase activity. (A) Formate hydrogenlyase in
hydrogenotrophic methanogens is dependent on Frh and Fdh with coenzyme F420 as an intermediate.
(B) Production of formate by M. thermophilus in the presence of H2. The assay was initiated by addition
of 280 kPa H2-CO2 (80:20) or N2-CO2 (80:20). At various time points, supernatant from each culture was
analyzed with the EnzymeChrome formate assay kit (BioAssay System) to detect the presence of
formate. Data are averages and standard deviations from triplicate cultures.
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production is needed for membrane-bound hydrogenases such as Eha or Ehb (8), and dur-
ing growth on H2, formate production is necessary for Hdr.

Hydrogenotrophic methanogens that utilize formate as an electron donor for
growth often possess genes encoding multiple copies of Fdh in their genome, with
some not essential or only activated when the correct cofactor is available (10, 24, 31).
Our data suggest that Fdh2 complexes with Hdr in M. thermophilus and that Fdh2 can
donate electrons for all four reductive steps of methanogenesis. The roles of Fdh1 and
Fdh3 are unknown, but they may be useful for growth under nutrient-limiting condi-
tions, as has been suggested for alternative Fdh enzymes in M. maripaludis (25).

Based on the results presented here, we hypothesize that both H2 and formate are
essential for the growth of M. thermophilus: formate as an electron donor for Hdr and
H2 as an electron donor to membrane-bound energy-converting hydrogenases (Eha/
Ech) (Fig. 6). Thus, formate is required for catabolic reactions, and H2 is likely required
to reduce ferredoxin for anabolic reactions (32). In addition to CoB-S-S-CoM and ferre-
doxin reduction, a source of F420H2 is required for the reduction of both methenyl-
H4MPT to methylene-H4MPT and methylene-H4MPT to methyl-H4MPT. Frh is likely
essential for F420 reduction in cultures grown on H2 and Fdh in cultures grown on for-
mate. While additional work is necessary to determine the role for formate in
methanogenesis in other Methanomicrobiales methanogens, many members of
this group lack genes encoding Mvh (exceptions being Methanoculleus spp.,
Methanolacinia spp., and Methanofollis spp.), grow with formate as an electron do-
nor, and harbor several copies of fdh on their genomes. Therefore, we hypothesize
that formate plays a central role as an electron donor for methanogenesis in
organisms from the order Methanomicrobiales.

FIG 6 Overview of the methanogenic pathway in M. thermophilus based on gene content and Hdr activity. H2 or
formate can act as an electron donor for growth. The core methanogenic pathway is shown in boldface font. H2

can be generated from formate or formate can be generated from H2 via a reversible formate hydrogenlyase
activity. H2 is essential for energy-converting hydrogenase (Eha/Ech)-dependent ferredoxin reduction and formate is
essential for heterodisulfide reduction. Either H2 or formate can act as an electron donor for F420 reduction, via Frh
or Fdh, respectively. The CH3-H4MPT:CoM methyltransferase translocates Na1 across the cell membrane. The
resulting Na1 gradient is used to drive ATP synthesis via ATP synthase. CH3-H4MPT and CO2 are substrates for
synthesis of acetyl coenzyme A (acetyl-CoA) with Fdred required as an electron donor.
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MATERIALS ANDMETHODS
Strains, medium, and growth conditions. Strains used in this study are listed in Table 3. M. thermo-

philus DSM 2373 was purchased from Deutsche Sammlung von Mikroorganismen und Zellkulturen
(DSMZ). M. thermophilus DSM 2373 and its mutants were grown anaerobically at 55°C with liquid or solid
McTry medium as previously described (21). For 1 liter of liquid McTry medium, 5 g NaHCO3, 14 g NaCl,
0.5 g NH4Cl, 0.34 g KCl, 2.8 g MgCl2·6H2O, 3.5 g MgSO4·6H2O, 0.14 g CaCl2·2H2O, 0.07 g K2HPO4, 0.0095 g
FeSO4, 4.8 g NaCH3COO, 2 g Casamino Acids, 4 g peptone, 4 g tryptone, and 0.001 g resazurin were
added. Trace mineral and vitamin solutions were added to the medium as previously described (21). The
solution was boiled under a stream of N2-CO2 (80:20) before 0.5 g dithiothreitol was added as a reduc-
tant. Five milliliters of liquid McTry medium was aliquoted into Balch tubes in a Coy anaerobic chamber
(2% to 3% H2, 10% CO2, balance nitrogen in the atmosphere) before the headspace was vacuum
exchanged to H2-CO2 (80:20). Then, 0.1ml of a 0.5% (NH4)2S solution was added to all tubes immediately
prior to inoculation. For 1 liter of solid McTry medium, 15 g Noble agar was added and NaHCO3 was
reduced to 2 g · liter21. Plates were poured in the anaerobic chamber after autoclaving. For growth,
plates were incubated in an anaerobic incubation vessel with a reservoir containing 15 ml of 25% Na2S
as a sulfur source. For growth on formate (McTry-formate), the following modifications were made to
the McTry medium: the NaCl concentration was reduced to 2.92 g · liter21, and 41.8 g · liter21 3-(N-mor-
pholino)propanesulfonic acid (MOPS) (pH 7) and 13.6 g · liter21 sodium formate were added. Liquid cul-
tures in McTry-formate medium were pressurized with N2-CO2 (80:20) at 280 kPa followed by incubation
at 55°C. For selection of transformed M. thermophilus DSM 2373, neomycin (0.25mg · ml21) was used,
and for the counterselection against the merodiploid, 6-azauracil (0.2mg · ml21) was used.

For growth rate calculations, triplicate cultures were grown in reduced medium with either H2 or for-
mate as a sole electron donor. Growth was initiated with a 2% (vol/vol) inoculum from an overnight cul-
ture. Optical density at 600 nm (OD600) was monitored on a Genesys 30 visible spectrophotometer
(Thermo Scientific) blanked with an uninoculated tube of McTry or McTry-formate medium.

Plasmid construction. Plasmids and oligonucleotides used to construct the recombinant plasmids
are listed in Table 3. All PCRs were carried out using Phusion high-fidelity DNA polymerase (New
England Biolabs). All recombinant plasmids were generated by restriction cloning or Gibson assembly
(33) using enzymes/reagents from New England Biolabs. Recombinant plasmid transformation into
Escherichia coli and selection were performed as previously described (21). All constructs were sequence
verified by Sanger sequencing at the University of Minnesota Genomics Center (UMGC).

To generate M. thermophilus carrying a chromosomal copy of hdrB with a C-terminal histidine tag,
3,200-bp DNA fragments upstream and downstream of the stop codon of hdrB were PCR amplified with
primers encoding the histidine tag. Fragments were fused via fusion PCR, and the resulting 6,400-bp
fragment was digested with XbaI and NotI and ligated into XbaI/NotI-digested pCRuptneo_co-htk using
T4 DNA ligase. A 6,400-bp construct was used to ensure the resulting plasmid could integrate into the
M. thermophilus genome without interrupting expression of essential genes in the hdrB operon (Fig. 1).
The ligated plasmid was transferred to E. coli via electroporation and plated on lysogeny broth solidified
with 1.5% agar and ampicillin (50mg · ml21). Colonies were screed by PCR followed by restriction diges-
tion of the PCR product using HphI to identify mutants. The plasmid was transferred to M. thermophilus
via natural transformation. A similar approach was employed to generate an mvhA C-terminal His tag,
except the PCR to amplify regions flanking mvhA generated fused fragments of ;2,000 bp to ensure the
resulting plasmid could integrate into the M. thermophilus genome without interrupting expression of
genes in the mvhA operon (Fig. 1).

To generate the deletion constructs for fdhA1, fdhA2, and fdhA3, ;1,000-bp fragments flanking the
region of interest were PCR amplified, fused, and cloned into pCRuptneo_co-htk as described above.
After transformation into M. thermophilus, potential mutants were screened by PCR. To generate the
DfdhA1 DfdhA3 double deletion mutant, the construct for deletion of fdhA1 was introduced into the
DfdhA3 background, and mutants were selected.

Transformation of M. thermophilus DSM 2393. Cultures for transformation were inoculated and
transformed using a natural transformation method as described previously (21). Briefly, the cultures
were grown to an OD600 of 0.2 to 0.3. At this point, DNA was added anaerobically, tubes were repressur-
ized with H2-CO2, and cultures were incubated overnight to allow for plasmid uptake. After overnight
incubation, cultures were subinoculated and selected by growth in 5ml McTry containing neomycin;
this resulted in a merodiploid with the deletion plasmid integrated into the genome. Merodiploids were
resolved by growth without selection for 48 h to enable loss of the vector in a subset of the population,
10-fold serially diluted, plated onto solid McTry medium containing 6-azauracil, and incubated for 5 to
7 days. Multiple colonies were PCR screened for the mutation of interest. Mutants were verified to have
acquired neomycin sensitivity. For long-term storage, 3 ml of culture was mixed with 2 ml 50% glycerol
under an N2 atmosphere and stored at 280°C.

Immobilized metal affinity chromatography. Cell pellets of M. thermophilus wild type, MvhA-His,
and HdrB-His were used for protein purification with all procedures performed anaerobically in a room
temperature Coy anaerobic chamber (2 to 3% H2, balance N2 in the atmosphere). Two 200-ml cultures of
each strain were grown in 1-liter anaerobic Schott bottles with an H2-CO2 (80:20) headspace pressurized
to 138 kPa. Upon reaching an OD600 of ;0.2, cultures were pooled and cells were anaerobically har-
vested by centrifugation at 4,000� g for 10 min. The cell pellet was resuspended in 3ml binding buffer
(containing 100mM NaCl, 12.5mM MgCl2, 25mM HEPES [pH 7.5], 10mM imidazole, 0.5mM dithionite,
and 20mM flavin adenine dinucleotide), and then 2ml 50% glycerol was added. Samples were stored at
280°C for up to 4weeks before use.

For protein purification, the frozen cell pellet was brought into a Coy anaerobic chamber (2 to 3% H2
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atmosphere, balance N2), thawed on ice, and transferred to a 15-ml conical tube. Additional binding
buffer was added to the sample until the volume reached 6ml. The suspension was sonicated using a
QSonica model XL-2000 sonicator at a setting of 4 for ;3 s, followed by a 10-s rest on ice for a total of
10 pulses. Debris was removed by centrifugation at 16,000� g for 10 min. The supernatant was added
to nickel-chelating resin (G-Biosciences) and allowed to bind for 1 h at room temperature with gentle
mixing by inverting the tube every 10 min. The cell lysate-resin suspension was poured into a disposable
gravity flow column (Thermo Scientific), and the flowthrough was collected. The column was washed
three times with 5ml binding buffer followed by three washes with 5ml wash buffer (same components
as binding buffer except with 30mM imidazole). Finally, proteins were eluted with 2.5ml elution buffer
(same components as binding buffer except with 300mM imidazole). The eluate was concentrated using
a Vivaspin 500 column (3-kDa molecular weight cutoff) by centrifuging for 20 min at 13,000 rpm.

Proteins were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
and stained with Coomassie blue. Samples were also analyzed by mass spectrometry. The concentrated
eluate for MvhA-His and HdrB-His samples was biochemically assayed to determine the specific enzyme
activity with either H2 or formate as the electron donor.

Mass spectrometry analysis of WT, MvhA-His, and HdrB-His copurified proteins. Each concen-
trated protein sample (10ml) of two biological replicates for WT and MvhA-His as well as three biological
replicates from HdrB-His was mixed with 10ml of 4� SDS load buffer and heated for 10min at 95°C. The
samples were loaded on a 10% Bio-Rad Criterion Tris-HCl gel and run at 25mA constant current for
35min. The gel was stained with Thermo Scientific’s Imperial Protein stain. Stained gel regions for each
sample were excised and proteolytically digested with trypsin as previously described (34), except that
iodoacetamide was used instead of methyl methanethiosulfonate during the reduction and alkylation
step of the digestion. Extracted peptides were dried in vacuo and then cleaned with a C18 stage tip (35).

The dried peptide pellets were resuspended in load solvent (97.99:2:0.01, water/acetonitrile/formic
acid), and approximately 0.2 to 0.5mg of material was loaded on the LTQ Orbitrap Velos mass spectrom-
eter (Thermo Scientific) as previously described (36) with the following revisions: the liquid chromatogra-
phy (LC) gradient was 2% to 5% B solvent from 0 to 2 min and 5% to 30% B solvent from 2 to 67 min
with a flow rate of 330 nl/min; lock mass was not invoked; MS1 survey scan was 380 to 1,800 m/z;
dynamic exclusion list size was 200, duration was 45 s, and window was 615 ppm; the top 12 most
intense ions were selected for MS2 fragmentation; and MS1 maximum injection time (IT) was 150 ms
while MS2 maximum IT was 200 ms.

The tandem mass spectrometry (MS/MS) data were analyzed using Sequest (37) (version ISE
1.1.0.189, �64 in Proteome Discoverer 2.4.0.305; Thermo Fisher Scientific, San Jose, CA, USA). Sequest
was set up to search the Methanoculleus thermophilus (taxon identifier [ID] 2200) reference sequence
protein database downloaded from NCBI on 21 December 2019 after concatenation of the common lab
contaminants' protein sequences from https://www.thegpm.org/crap/. The total number of protein
sequences was 2,256. The search parameters included trypsin enzyme with full specificity, fragment ion
mass tolerance of 0.1 Da, precursor ion tolerance of 20 ppm, carbamidomethyl cysteine as a fixed amino
acid modification, acetylation of protein N terminus, and protein N-terminal loss of methionine or acety-
lated methionine, oxidation of methionine, pyroglutamic acid modification of glutamine, and asparagine
deamidation as variable modifications.

Scaffold (version 4.9; Proteome Software Inc., Portland, OR) was used to validate MS/MS-based pep-
tide and protein identifications. Peptide identifications were accepted if they could be established at
greater than 91.0% probability to achieve a false-discovery rate (FDR) of less than 1.0% by the Scaffold
Local FDR algorithm. Protein identifications were accepted if they could be established at greater than
53.0% probability to achieve an FDR of less than 1.0% and contained at least 2 identified peptides.
Protein identity probabilities were assigned by the Protein Prophet algorithm (38). Proteins that con-
tained similar peptides and could not be differentiated based on MS/MS analysis alone were grouped to
satisfy the principles of parsimony. Proteins sharing significant peptide evidence were grouped into
clusters.

The resulting MS/MS data from Scaffold were analyzed using R (version 3.6.2) (39). The total spectral
counts (SC) corresponding to each protein were normalized by multiplying each protein total SC by its
protein identity probability and dividing by the whole total spectral counts of the respective sample,
which was then divided by 1,000, resulting in a counts per thousand (CPT) ratio for each protein acces-
sion number. Proteins with a maximum CPT value of less than 20 across samples were removed from
the analysis. Significant differences of mean CPT values (P , 0.05) were assessed using a two-sample t
test comparing HdrB-His to the combined MvhA-His and WT-His samples. Data from mass spectrometry
experiments can be found in Table S1 in the supplemental material.

In vitro flavin-based electron bifurcation assay. The flavin-based electron bifurcation assay was
carried out in 0.7-ml UV quartz semi-micro cuvettes with a screw cap (FireflySci). All reagents used were
anaerobically prepared. The assay mixture consisted of 1.6 M potassium phosphate (pH 7), 180mM met-
ronidazole, 144mM CoB-S-S-CoM, 1 to 3mg protein from concentrated His tag elution fractions, and
30mM formate. CoB-S-S-CoM was synthesized by the Good Manufacturing Practices Services Core at the
Institute for Therapeutics Discovery and Development at the University of Minnesota. Initially, potassium
phosphate buffer (pH 7), metronidazole, and protein sample were added to the cuvette (0.5-ml volume)
inside a Coy anaerobic chamber (2% to 3% H2, balance N2 in the atmosphere). The cuvette was sealed
with the supplied screw cap fitted with a butyl rubber stopper. The cuvette headspace was flushed with
H2 gas mix (0.8 atm) and pressurized to 140 kPa (6, 15). The assay was carried out in a preheated (55°C)
Cary 3500 UV-visible (UV-Vis) spectrophotometer (Agilent). The cuvette was allowed to equilibrate for 10
min before the assay was started. The reaction proceeded for ;2 min to establish a baseline reading;
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then CoB-S-S-CoM was added using a Hamilton syringe, and data were collected for ;4 min (H2 as an
electron donor). Finally, sodium formate was added using a Hamilton syringe, and data were collected
for ;14 min. Absorbance was measured at 320 nm. The specific activity of metronidazole reduction was
calculated from the first ;10% of the reaction curve as follows. The rate of absorbance change (Abs
min21) was divided by the extinction coefficient of metronidazole at 320 nm (« = 9,300 M21 cm21). The
resulting value was multiplied by 0.0005 liters and divided by the amount of protein in the sample (milli-
grams) to obtain the specific activity in micromoles per minute per milligram.

Formate hydrogenlyase activity assay. M. thermophilus was grown to an OD600 of 0.1 to 0.2 and
anaerobically harvested by centrifugation at 2,500� g for 10 min. The cell pellet was washed once with
5ml of assay buffer (50mM morpholinepropanesulfonic acid [MOPS] [pH 7.0], 250mM NaCl, 20mM KCl,
20mM MgCl2, 1mM CaCl2, 5mM dithiothreitol [DTT], and 1mM bromoethanesulfonate) and resus-
pended in the same volume of assay buffer. The tubes containing the cell suspension were flushed with
N2-CO2 (80:20) for 20min to remove residual H2 from the headspace. At time zero, a sample was taken
from each tube, and the assay was initiated by addition of 140 kPa H2-CO2 (80:20) or N2-CO2 (80:20).
Samples were incubated at 55°C with shaking at 250 rpm. At 15, 30, 60, 90, and 120 min, 100 ml of liquid
was sampled from each tube and centrifuged to remove the cells. The supernatant was analyzed with
the EnzymeChrome formate assay kit (BioAssay System) according to the manufacturer’s instructions.

Data accessibility. Spectral data for mass spectrometry experiments has been archived and are
freely available at the Data Repository for University of Minnesota (DRUM) (https://doi.org/10.13020/
g0xp-gf10).

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, XLSX file, 0.1 MB.
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