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The anaerobic oxidation of methane is important for mitigating emissions of this potent greenhouse gas to the
atmosphere and is mediated by anaerobic methanotrophic archaea. In a ‘Candidatus Methanoperedens BLZ2’
enrichment culture used in this study, methane is oxidized to CO2 with nitrate being the terminal electron
acceptor of an anaerobic respiratory chain. Energy conservation mechanisms of anaerobic methanotrophs have
mostly been studied at metagenomic level and hardly any protein data is available at this point. To close this gap,
we used complexome profiling to investigate the presence and subunit composition of protein complexes involved in energy conservation processes. All enzyme complexes and their subunit composition involved in reverse methanogenesis were identified. The membrane-bound enzymes of the respiratory chain, such as
F420H2:quinone oxidoreductase, membrane-bound heterodisulfide reductase, nitrate reductases and Rieske cytochrome bc1 complex were all detected. Additional or putative subunits such as an octaheme subunit as part of
the Rieske cytochrome bc1 complex were discovered that will be interesting targets for future studies.
Furthermore, several soluble proteins were identified, which are potentially involved in oxidation of reduced
ferredoxin produced during reverse methanogenesis leading to formation of small organic molecules. Taken
together these findings provide an updated, refined picture of the energy metabolism of the environmentally
important group of anaerobic methanotrophic archaea.

1. Introduction
Methane is the most abundant hydrocarbon in the atmosphere.
Yearly, an estimated 400 Tg of methane [1,2] are released to the atmosphere where it acts as potent greenhouse gas. While it is also
formed by abiotic processes, the bulk part of atmospheric methane is
produced by methanogenic archaea. Methane formation is counteracted
by atmospheric chemistry and methanotrophic microorganisms. These
microbes convert methane to carbon dioxide, which is a 34-times less

potent greenhouse gas on a 100-year time scale [3]. The conversion can
take place with oxygen or under anoxic conditions [4]. The anaerobic
oxidation of methane (AOM) is a microbial process catalyzed by
anaerobic methanotrophic archaea (ANME). It takes place in oxygenlimited ecosystems such as marine and freshwater sediments. Most
ANMEs use sulfate as terminal electron acceptor and need sulfate-reducing bacteria as syntrophic partners. Representatives of the ANME-2d
clade however, use nitrate as terminal electron acceptor [5] and have
accordingly been found in freshwater sediments, rice paddy fields and

Abbreviations: ANME, anaerobic methanotrophic archaea; AOM, anaerobic oxidation of methane; CoB-SH, coenzyme B; CODH/ACS, carbon monoxide dehydrogenase/acetyl-CoA synthase; CoM-SH, coenzyme M; CoM-S-S-CoB, heterodisulfide; Ech, energy conserving hydrogenase; Fdox/red, ferredoxinoxidized/reduced; Fdh,
formate dehydrogenase; Fpo, F420:phenazine oxidoreductase; Fqo, F420:quinone oxidoreductase; FrhB, F420-reducing hydrogenase; Ftr, formylmethanofuran-tetrahydromethanopterin formyltransferase; Fwd, formylmethanofuran dehydrogenase; H4MPT, tetrahydromethanopterin; HCO, heme copper oxidase; Hdr, heterodisulfide reductase; iBAQ, intensity based absolute quantification value; M, Methanothermobacter; Mch, N5,N10-methenyl-H4MPT cyclohydrolase; Mcr, methyl-CoM
reductase; Mer, 5,10-methylene H4MPT reductase; Mnh or Mrp, proton:sodium antiporter; MQ/MQH2, menaquinone/menaquinol; Mtd, F420H2 dependent methylene
H4MPT dehydrogenase; Mtr, membrane-bound methyltransferase; Mvh, methylviologen-reducing hydrogenase; PFOR, pyruvate:ferredoxin oxidoreductase; pmf,
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⁎
Corresponding author.
E-mail addresses: s.berger@science.ru.nl (S. Berger), m.jetten@science.ru.nl (M.S.M. Jetten), ulrich.brandt@radboudumc.nl (U. Brandt),
c.welte@science.ru.nl (C.U. Welte).
https://doi.org/10.1016/j.bbabio.2020.148308
Received 24 April 2020; Received in revised form 7 September 2020; Accepted 9 September 2020
Available online 28 September 2020
0005-2728/ © 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

BBA - Bioenergetics 1862 (2021) 148308

S. Berger, et al.

wastewater treatment plants [6,7] that do not contain substantial
amounts of sulfate but instead feature substantial nitrate concentrations. A syntrophic partner is not strictly needed, however, no axenic
cultures are available at this point.
The enrichment culture used in this study is derived from an anoxic
sediment [8] and contains approximately 30% ‘Candidatus (Ca.) Methanoperedens BLZ2’, as well as the bacterial anaerobic methanotroph
‘Ca. Methylomirabilis (M.) oxyfera’ and a side population of approximately 50 different bacterial species. Methane is the primary energy
source. It is converted to CO2 by ‘Ca. Methanoperedens BLZ2’ with
concomitant reduction of nitrate to nitrite. Nitrite is reduced to dinitrogen gas by ‘Ca. M. oxyfera’, which prevents the buildup of toxic
concentrations of nitrite. These complex interactions and other factors
such as slow growth of ANMEs, have impaired the generation of axenic
cultures.
Metagenomics and metatranscriptomics have greatly advanced our
understanding of ANME metabolism [7,9–14]. It is now widely accepted that methane oxidation in nitrate-dependent ANMEs proceeds
via the pathway of reverse methanogenesis and reducing equivalents
are oxidized by membrane-bound enzymes of a respiratory chain.
However, very little protein data is available at this point. Metaproteomic studies have shown the presence of key enzymes of reverse
methanogenesis such as methyl-CoM reductase in sulfate-dependent
ANMEs from marine environments [15–17].
In this study, we used a novel approach to characterize the complexome of the nitrate-dependent anaerobic methanotroph ‘Ca.
Methanoperedens BLZ2’. In contrast to classical proteomics, complexome profiling combines blue native (BN) gel electrophoresis and
liquid chromatography-mass spectrometry (LC-MS) identification,
which allows to study not only the presence and abundance but also the
subunit composition of protein complexes [18,19]. This high-resolution
method is based on the similarity of abundance patterns of the identified proteins that corresponds to their migration throughout the entire
gel lane. In recent years, complexome profiling has been shown to be a
very useful tool to identify novel subunits, isoforms and interactors
[20–22] as well as confirming unclear findings, such as predictions
from metagenomic and metatranscriptomic data [23–25]. The majority
of studies using this approach have been performed in eukaryotic
models, particularly exploring the mitochondrial complexome. Notably,
our study is one of the first that applies the method to archaea.
We were especially interested in proteins involved in central energy
metabolism, which include both membrane-bound and soluble enzymes. The reversal of the methanogenesis pathway produces reduced
carrier molecules, such as coenzyme M (CoM-SH), coenzyme B (CoBSH), F420H2, and Fdred. In order for methane oxidation to proceed, reduced carrier molecules have to be re-oxidized. According to the current biochemical model, this is achieved by different membrane-bound
enzyme complexes that are part of a respiratory chain generating an ion
gradient for ATP synthesis. These include a F420H2:quinone oxidoreductase (Fqo complex), the membrane-bound heterodisulfide reductase (HdrDE), a Rieske cytochrome bc1 complex (Rieske cyt bc1) and
potentially an Ech hydrogenase. The Ech hydrogenase potentially oxidizes Fdred produced during reverse methanogenesis. However, since
the residues coordinating the NiFe cofactor are not conserved, functionality of the Ech hydrogenase is questionable. Furthermore, two
nitrate reductase gene clusters were identified in the metagenome-assembled genome of ‘Ca. Methanoperedens BLZ2’ [10]. One cluster encodes subunits that resemble those of a bacterial Nar-type nitrate reductase, while the second has an unusual subunit composition
containing NarG and NarH but also subunit NapH of periplasmic nitrate
reductase and potentially heme copper oxidase subunits as membrane
anchor. This unusual structure made the complex especially interesting
to study. In addition to the complexome data, total rates of F420H2
oxidation as well as nitrate reduction were measured using membrane
fractions. This gives first insight into the respective activities being
present in our enrichment culture.

Besides membrane-bound enzymes, also soluble enzymes are
thought to play a role in the ‘Ca. Methanoperedens BLZ2’ metabolism.
The soluble heterodisulfide reductase (HdrABC) has been suggested to
interact with Fdred [9], and potentially replaces a dysfunctional Ech
hydrogenase. Additional candidates for enzymes oxidizing Fdred have
been identified in this study.
Using complexome profiling to study the ANME-2d archaeon ‘Ca.
Methanoperedens BLZ2’ most enzyme complexes that were expected
based on metagenomic studies were identified. Well-known complexes
such as Nar-type nitrate reductase, Rieske cyt bc1 complex, membranebound methyltransferase and membrane-bound heterodisulfide reductase contained additional subunits or isoforms of known subunits
that will be interesting targets for future studies. Furthermore, soluble
enzymes might play a more important role in ‘Ca. Methanoperedens
BLZ2’ metabolism than previously thought. This study advances our
understanding of the biochemistry of this environmentally important
group of microorganisms by providing insights into presence, subunit
composition and where applicable supercomplex formation of metabolically important proteins.
2. Materials and methods
2.1. Preparation of clear lysate, soluble and membrane fractions
Biomass highly enriched in ‘Ca. Methanoperedens BLZ2’ was cultivated in a 10 l sequencing batch reactor as described [26]. For complexome analysis, 60 ml reactor content was sampled in three biological
replicates. For enzyme activity assays, all steps were carried out under
anoxic conditions. 0.5 l reactor content were collected under Ar:CO2
95:5 in three biological replicates. Granular biomass was harvested by
centrifugation (10 min, 10,000 ×g, 4 °C) and for complexome analysis,
taken up in SET buffer (250 mM sucrose, 1 mM EDTA, 10 mM Tris-HCl,
pH 7.1) or, for enzyme activity assays, taken up in potassium phosphate
buffer (40 mM, pH 7, 5 mM DTT, resazurin 1 μg/ml). SET is a BN-PAGEcompatible buffer, which stabilizes protein complexes by providing
high viscosity with sucrose as well as inhibiting proteases by addition of
EDTA [27]. The granules were disrupted in a 15 ml glass homogenizer
and subsequent cell lysis was done by French pressure treatment
(AMINCO, Silver Spring, Maryland, USA, 3 passages at 1000 psi).
Afterwards, unlysed cells and cell debris were removed by centrifugation (10,000 ×g, 4 °C, 10 min) yielding a clear lysate. For complexome
analysis, the clear lysate was sampled and afterwards further separated
into soluble and membrane fraction by centrifugation (1.5 h at
100,000 ×g and 4 °C). A sample was taken from the soluble fraction.
The membrane fraction was washed by carefully resuspending in SET
buffer and harvested by centrifugation (1 h at 100,000 ×g and 4 °C).
After this second centrifugation step, membrane fractions were resuspended in SET buffer. For enzyme activity assays, the clear lysate
was separated into soluble and membrane fractions by applying the
same centrifugation steps. However, the soluble fraction was discarded
and, to wash the membrane fraction, potassium phosphate buffer was
used. After the second centrifugation step, the membrane fractions were
suspended in potassium phosphate buffer. Protein concentrations were
measured with the 2D Quant Kit (GE Healthcare, Little Chalfont, UK)
according to the manufacturer's instructions. All samples were shockfrozen in liquid nitrogen and stored at −80 °C until further use.
2.2. Native gel electrophoresis
Aliquots from clear lysate as well as the soluble and membrane
fraction were thawed on ice and the protein concentration was determined using the DC protein assay kit (Bio-Rad). Bovine serum albumin (BSA) was used as standard. For solubilization 500 μg protein of
clear lysate and membrane fractions were taken up in 1 ml SET buffer
and centrifuged at 100,000 ×g for 30 min. Supernatants were discarded and pellets kept on ice. For BN-PAGE, both clear lysate and
2
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membrane fraction pellets were further solubilized with 2.5 g n-dodecyl-β-D-maltoside (DDM) per g protein in 50 mM NaCl, 50 mM
imidazole-HCl, 2 mM 6-aminohexanoic acid, 1 mM EDTA, pH 7.0 [27].
The same buffer, but without the detergent was used for the soluble
fraction and all samples were centrifuged at 22,000 ×g for 20 min at
4 °C. Supernatants were recovered and the protein concentration was
determined again to compensate for losses, in particular due to the low
efficiency of archaeal membrane solubilization with DDM. Then, 100 μg
protein of each, solubilized membrane, clear lysate and detergent-free
soluble samples were supplemented with Coomassie-blue loading buffer
and separated in a (6–16% or 6–12%) polyacrylamide gradient gel as
described in Wittig et al. [27]. Each fraction was loaded in duplicates;
i.e. two independent biological replicates. After the run, the gel was
fixed overnight in 50% methanol, 10% acetic acid, 10 mM ammonium
acetate, then stained with 0.025% Coomassie blue G-250 (Serva G) in
10% acetic acid for 30 min, destained twice in 10% acetic acid (1 h
each) and kept in deionized water [28]. Once the gel recovered its full
size, a color picture was taken using a flatbed scanner (Image Scanner
III, GE, USA) and used as a template for the cutting procedure.

Castillo et al. [29].
2.5. Complexome profiling
MS raw data files from the 360 slices (6 lanes) were analyzed using
MaxQuant (v1.5.0.25) using the settings described in Huynen et al.
[30]. For protein identification, spectra were matched against a database containing annotated protein sequences from a ‘Ca. Methanoperedens BLZ2’ draft genome [10] and also the sequences of pig trypsin
and known contaminants, such as BSA and human keratins. Individual
protein abundance was determined by label-free quantification using
the obtained intensity based absolute quantification (iBAQ) values. The
latter were corrected for protein loading and MS sensitivity variations
using the sum of total iBAQ values from each sample. A list of proteins
that were detected with the corresponding iBAQ values is available in
Supplementary Table S1. For each protein, gel migration profiles were
generated and normalized to the maximum abundance through all
fractions analyzed. The migration patterns of the identified proteins
were hierarchically clustered by an average linkage algorithm with
centered Pearson correlation distance measures using Cluster 3.0 [31].
The resulting complexome profiles consisting of a list of proteins arranged according to the similarity of their migration patterns in BNPAGE were visualized as heatmaps representing the normalized abundance in each gel slice by a three-color gradient (black/yellow/red) and
processed in Microsoft Excel for further analysis. The mass calibration
for the 6–16% BN gel was performed using known apparent masses of
bovine heart mitochondrial complexes as standards: complex II
(123 kDa), complex IV (215 kDa), complex III dimer (490 kDa), complex V (700 kDa), complex I (1000 kDa) and oxoglutarate dehydrogenase (2500 kDa). Subunits potentially belonging to a complex of
interest but not previously described were analyzed in silico with regard to sequence similarity (NCBI blast), presence of proteins domains
(Interpro), signal peptides [32], cofactors (Prosite and manual inspection) and transmembrane helices [33].
Complexomics data are accessible in the CEDAR database under the
identifier
CRX21
(https://www3.cmbi.umcn.nl/cedar/browse/
experiments/CRX21).

2.3. In-gel tryptic digestion
Proteins were identified by MS after in-gel tryptic digestion following the procedure described in Heide et al. [18] with slight modifications. Briefly, each gel lane was cut into 60 even slices (~0.2 cm)
starting at the blue dye front (Fig. S4) or into 40 even slices (~0.2 cm)
in the range between 120 and 1100 kDa to gain better resolution (Fig.
S5). Gel slices were diced in smaller pieces and transferred into 96-well
filter plates (Millipore®, MABVN1250) adapted manually to 96-well
plates (MaxiSorp™ Nunc) as waste collectors. Gel pieces were incubated
with destaining solution (50% methanol, 50 mM ammonium hydrogen
carbonate (AHC)) under gentle agitation and changed until the blue dye
was removed completely. Removal of excess solution was done by
centrifugation (2500 ×g, 15 s). In the next step, gel pieces were incubated with 10 mM dithiothreitol in 50 mM AHC for 1 h. After removal of excess solution by centrifugation, 30 mM chloroacetamide in
50 mM AHC was added to each well and removed after 45 min. A
15 min incubation step with 50% methanol, 50 mM AHC was performed for gel pieces dehydration. Excess solution was removed and gel
pieces were dried at room temperature for ~45 min. Later, 20 μl of
5 ng μl−1 trypsin (sequencing grade, Promega®) in 50 mM AHC plus
1 mM CaCl2 were added to each well and incubated for 30 min at 4 °C.
50 μl of 50 mM AHC were further added to cover the gel pieces followed
by an overnight incubation at 37 °C for protein digestion. The peptidecontaining supernatants were collected by centrifugation (2500 ×g,
30 s) into a clean 96-well PCR plate (Axygen®). The gel pieces in the
filter plate were incubated once with 50 μl of 30% acetonitrile (ACN),
3% formic acid (FA) for 20 min to elute the remaining peptides by
centrifugation. The combined eluates were dried in a SpeedVac Concentrator Plus (Eppendorf) and peptides were finally resuspended in
20 μl of 5% ACN, 0.5% FA. All solutions for this procedure were prepared with MS/HPLC grade chemicals and water.

2.6. Enzyme activity assays
Enzyme activity assays for F420H2 oxidation were based on the
spectroscopic properties of F420, which has an absorption maximum at
420 nm wavelength. F420 isolated from Methanotorris igneus was chemically reduced with NaBH4 as described previously [35]. Methylviologen (MV, 30 mM)/metronidazole (MTZ, 50 mM) solution was used as
electron acceptor. The assay was performed at room temperature with
50 μg membrane protein, 66 μM F420H2 and 1 mM/1.6 mM MV/MTZ in
600 μl potassium phosphate buffer (40 mM, pH 7, 5 mM DTT, resazurin
1 μg/ml) under an N2 atmosphere and measured on a spectrophotometer (Cary 50 Scan spectrophotometer, Varian, Palo Alto, USA).
One unit is defined as turnover of one μmol of substrate per minute.
For enzyme activity assays with nitrate reductase, benzylviologen
(BV) was chemically reduced with Na-dithionite and used as electron
donor. Oxidation of BVred was followed photometrically at 575 nm
(Cary 50 Scan spectrophotometer, Varian, Palo Alto, USA). Assays were
conducted at room temperature in 600 μl potassium phosphate buffer
(40 mM, pH 7, 5 mM DTT, resazurin 1 μg/ml) under an N2 atmosphere
with 50 μg membrane protein, 1 mM BV and 1.5 mM NaNO3. One unit
is defined as turnover of one μmol of substrate per minute.

2.4. Mass spectrometry
Tryptic peptides were separated by reverse phase liquid chromatography and analyzed by tandem mass spectrometry in a Q-Exactive
Orbitrap Mass Spectrometer equipped with an Easy nLC1000 nano-flow
ultra-HPLC system (Thermo Fisher Scientific). In short, peptides were
separated using 100 μm ID × 15 cm length PicoTip™ EMITTER columns
(New Objective) filled with ReproSil-Pur C18-AQ reverse-phase beads
(3 μm, 120 Å) (Dr. Maisch GmbH, Germany) using linear gradients of
5%–35% ACN, 0.1% FA (30 min) at a flow rate of 300 nl min−1, followed by 35%–80% ACN, 0.1% FA (5 min) at 600 nl min−1 and a final
column wash with 80% ACN (5 min) at 600 nl min−1. All settings for
the mass spectrometer operation were the same as detailed in Guerrero-

3. Results and discussion
ANME archaea were discovered relatively recently [36] and an indepth biochemical characterization has been impeded by the availability of axenic cultures. In this study, an enrichment culture dominated by the ANME-2d archaeon ‘Ca. Methanoperedens BLZ2’ was
3
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investigated by complexome profiling. Additional information was derived from a metagenome-assembled genome [10]. As our culture is an
enrichment, the metagenome-assembled genome was also used as a
template to identify ‘Ca. Methanoperedens BLZ2’ proteins specifically.
Roughly 1900 proteins from 4041 putative open reading frames were
identified by LC-MS/MS, of which the central energy metabolism-related ones were analyzed in detail. The amount of proteins that were
detected was similar to an analysis of the bacterial anaerobic methanotroph ‘Ca. Methylomirabilis lanthanidiphila’ [25]. For an overview of
all proteins discussed here, see Supplementary Table S2 and for a list of
protein sequences Supplementary file S3.
3.1. Reverse methanogenesis
The first step of reverse methanogenesis is catalyzed by the soluble
methyl-CoM reductase (Mcr), converting methane and the heterodisulfide to reduced CoB-SH and methyl-CoM. Due to its low specific
activity the enzyme is very abundant in cells and constitutes up
to > 10% of all soluble proteins [15,37]. Mcr is composed of three
subunits αβγ (theoretical molecular mass 135 kDa), which have been
described to form a α2β2γ2 dimer in Methanothermobacter (M.) thermoautotrophicus [38–40]. All three subunits were identified in clear lysate,
membrane and soluble fractions. The highest abundance was detected
in the soluble fraction. All subunits were clearly co-migrating and it
thus could be confirmed that they are associated and forming a stable
complex (Fig. 1A). The apparent molecular mass of the most abundant
oligomer was ≈810 kDa, which would correspond to an α6β6γ6 subunit
composition. Compared to the M. thermoautotrophicus 300 kDa Mcr this
complex seems to be bigger in ‘Ca. Methanoperedens BLZ2’, so it would
be possible that methanotrophic Mcr enzymes have a different quaternary structure compared to their methanogenic counterparts. However, a 280 kDa complex was reported for the crystal structure of an
ANME-1 Mcr enzyme [41]. Therefore, the hexamer observed here could
be due to oligomerization due to preparatory conditions. The methyl
group of methyl-CoM is further transferred to tetrahydromethanopterin
(H4MPT). This step is catalyzed by a membrane-bound methyltransferase (Mtr) and, since the reaction is endergonic, it needs to be
driven by a sodium ion gradient. All Mtr subunits MtrA-H were identified in our dataset, predominantly in the membrane fraction (Fig. 1B).
The abundance profiles showed all these subunits to co-migrate in the
range of 650–950 kDa with a maximum averaged abundance at
≈900 kDa. It should be noted that the latter peak was only clear in one
of the replicates and this particular region of the gel was crowded with
other high abundance proteins, which made the mass assignment difficult. In order to increase the resolution, we separated membrane and
soluble fractions using a 6–12% polyacrylamide gradient gel and analyzed the region comprising 120–1100 kDa. Again, all Mtr subunits
were found migrating as described above. Nevertheless, the peptide
identification was more consistent for the two replicates and a better
protein separation helped to distinguish a broader peak of Mtr at
≈790 kDa, which with a calculated sum for the molecular mass for the
individual subunits of 195 kDa corresponds to a tetramer. A similar
quarternary structure has been described earlier [42]; thus making our
assumption reasonable and consistent. Interestingly, subunit MtrA
harboring the corrinoid cofactor, that is methylated and demethylated
to allow transfer of methyl groups [42], was present in a longer and a
shorter version. The longer version, MtrA_long, has a theoretical molecular mass of 25 kDa and was encoded in the same gene cluster as the
other Mtr genes. The shorter version, MtrA_short, with a theoretical
molecular mass of only 21 kDa was encoded in a different genomic
location but the protein clearly co-migrated with the rest of the complex. The motif for binding the corrinoid cofactor (HXXG) was conserved in the long version as well as in the truncated MtrA. It has been
observed earlier that the cofactor content of the M. thermoautotrophicus
Mtr correlated with subunit MtrA being present twice per monomer
[43]. This is in line with what was observed in our study and makes an

Fig. 1. Heatmaps showing abundance of subunits αβγ of methyl-CoM reductase
(Mcr) in the soluble fraction (panel A), all subunits of methyltransferase Mtr in
the membrane fraction (panel B) and subunits of formylmethanofuran dehydrogenase Fwd in the soluble fraction (panel C). Mcr subunits formed a complex
at ≈810 kDa, which corresponds to a hexamer, Mtr subunit MtrA was present
in a short and in a long version, both migrating with the other subunits at
≈790 kDa and subunits of Fwd co-migrated at 290 kDa, corresponding to a
dimer.

even better fit with the observed apparent molecular mass. A number of
single-subunit enzymes catalyze the following steps of reverse methanogenesis [44]: from methyl-H4MPT, methylene-H4MPT is formed with
concomitant reduction of F420. The respective enzyme, Mer (5,10-methylene H4MPT reductase), has been identified as well as Mtd (F420H2
dependent methylene H4MPT dehydrogenase) forming methenylH4MPT and F420H2 in the next step. Mch (N5,N10-methenyl-H4MPT
cyclohydrolase) incorporating a water molecule and generating formylH4MPT was present as well as Ftr (Formylmethanofuran-tetrahydromethanopterin formyltransferase), exchanging H4MPT for methanofuran.
The enzyme catalyzing the last step of reverse methanogenesis is
formylmethanofuran dehydrogenase, existing in two isoforms containing either tungsten (Fwd) or molybdenum (Fmd). Subunits FwdA-D
4
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have been shown to form a functional enzyme in M. thermoautotrophicus
[45]. Genes fwdEFG are part of the same transcription unit; however the
role of the corresponding proteins is not entirely clear. In our metagenome-assembled genome subunits FwdA-D were encoded in the same
gene cluster, while additional genes encoding FmdB-D were scattered
across the genome. Presence of fwd/fmdEFG could not be unequivocally
demonstrated. It has been shown in M. thermoautotrophicus that genes
encoding Fwd are constitutively expressed, while production of Fmd is
induced by the presence of molybdenum [46]. Tungstate and molybdate were part of the culture medium; however, Fwd was the
dominant of the two isoforms in the ‘Ca. Methanoperedens BLZ2’ proteome. Subunits FwdA-D were clearly identified at the protein level.
The theoretical mass of the four-subunit complex is 149 kDa. The
highest abundance of those subunits was observed at ≈290 kDa, which
corresponds to a dimeric arrangement (Fig. 1C). In summary, we demonstrated that a complete pathway of reverse methanogenesis is
present in an ANME archaeon not only by genomic prediction but also
at the protein level.
3.2. Membrane-bound enzymes of the respiratory chain: heterodisulfide
reductase and Rieske cyt bc1 complex
Several enzymes are proposed to be part of the ‘Ca.
Methanoperedens BLZ2’ respiratory chain, which oxidize CoM-SH, CoBSH, F420H2 and Fdred generated during reverse methanogenesis. The
membrane-bound heterodisulfide reductase (Hdr) is well characterized
in the methanogens Methanosarcina (M.) barkeri and M. thermophila and
consists of subunits HdrD and HdrE [47–50]. Electrons are transferred
from the membrane-bound electron carrier methanophenazine to the
heterodisulfide (CoM-S-S-CoB) via HdrDE. While HdrE oxidizes methanophenazine, HdrD reduces the heterodisulfide to form CoM-SH and
CoB-SH [48]. In ‘Ca. Methanoperedens BLZ2’ the membrane-integral
electron carrier is menaquinone rather than methanophenazine [9].
Furthermore, the reaction is running in reverse, which means CoM-SH
and CoB-SH are oxidized and heterodisulfide is generated via HdrD
while HdrE transfers electrons to menaquinone. Since this reaction is
exergonic, it contributes to the build-up of proton motive force (pmf).
Both subunits HdrD and HdrE were identified (Fig. 2).
Surprisingly, two HdrD isoenzymes were detected, one with a predicted molecular mass of 52.6 kDa (HdrD_long) and a slightly smaller
50.6 kDa variant (HdrD_short) lacking 25 amino acids at the C-terminus. At this point, the implications of a truncated C-terminus in
HdrD_short are not known, but should be of interest for follow-up
studies. HdrE (30.1 kDa) potentially binds to Hdr_long or Hdr_short,
forming heteromonomers with a predicted molecular mass of 80.7 or
82.7 kDa. All subunits were present at higher molecular masses. A peak
at ≈160 kDa corresponds to an assembly of HdrD2E2. Peaks at even
higher molecular masses (≈250, ≈420 and ≈560 kDa) could represent
heterotrimers, heteropentamers or heteroheptamers. Alternatively, instead of a multimer of only Hdr subunits, other proteins could associate
and contribute to the formation of a supercomplex. Intriguingly, for
≈250 kDa and more this seemed to be the case, as Hdr subunits show a
similar migration profile with subunits of the Rieske cyt bc1 complex
(Fig. 2). Prokaryotic Rieske cyt bc1 complexes have three core subunits,
which are cytochrome c1, cytochrome b and the Rieske protein. In the
‘Ca. Methanoperedens BLZ2’ metagenome, five genes were identified
that potentially form a transcriptional unit. The first gene of the cluster
encoded the cytochrome c1. It was followed by a gene encoding a
protein with a theoretical molecular mass of 10.3 kDa, no predicted
cofactors, two predicted transmembrane helices and unknown function
(BLZ2_214_0007, see Supplementary Table S2). The next gene in the
cluster encoded the Rieske protein, and the last two genes encoded
cytochrome b. Splitting of the gene encoding cytochrome b was observed earlier in Cyanobacteria, Bacilli and Heliobacteria, where the
protein product of the larger of the two fragments binds the heme b
cofactors [51]. All proteins together have a theoretical molecular mass

Fig. 2. Membrane-bound heterodisulfide reductase subunits HdrD_long,
HdrD_short and HdrE are present in the membrane fraction at ≈160, ≈250,
≈420 and ≈560 kDa. All subunits of the Rieske cyt bc1 complex were detected,
except for cyt c1. Supercomplexes of Rieske and HdrDE were formed at molecular masses of ≈250, ≈420 and ≈560 kDa, as visualized in heatmap and peak
plot. Additionally, a multiheme cytochrome with unknown function showed a
similar migration pattern.

of 84 kDa. All subunits except for cytochrome c1 could be detected in
our analysis, and were clearly co-migrating (Fig. 2). As described previously [18], several small and/or core subunits could escape the MS
identification due to their high hydrophobicity and lack of trypsin
cleavage sites. The highest abundance was detected at ≈250 kDa,
which could correspond to a trimer of all subunits. However, Rieske cyt
bc1 complexes are usually dimeric [52]. Therefore, the observed molecular masses could instead be explained by the co-migration of the
latter with the Hdr subunits.
A molecular mass of ≈250 kDa fits well with a supercomplex
consisting of a Rieske cyt bc1 dimer (theoretical molecular mass
168 kDa) and HdrDE (theoretical molecular mass 80.7 or 82.7 kDa).
There was, however, another hypothetical protein with a migration
pattern very similar to those of Rieske and Hdr subunits
(BLZ2_218_0101, see Supplementary Table S2). It featured a molecular
mass of 47 kDa, eight CXXCH heme c binding motifs and an N-terminal
Sec signal peptide.
Due to the presence of heme binding motifs, this protein is potentially involved in electron transfer reactions. Biochemical studies are
needed for further investigation. However, instead of a supercomplex of
Rieske cyt bc1 subunits and Hdr subunits, the peak at ≈250 kDa could
5
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represent a Rieske cyt bc1 dimer (168 kDa) containing two copies of the
co-migrating octaheme cytochrome (94 kDa). Finally, the peak identified at ≈420 kDa could represent a supercomplex of the Rieske cyt bc1
dimer including two copies of the octaheme (theoretical molecular
mass 262 kDa) as well as two copies each of HdrD and HdrE (theoretical
molecular mass 163.4 kDa). Further studies are needed to investigate
the potential role of the octaheme cytochrome in the ‘Ca.
Methanoperedens BLZ2’ Rieske cyt bc1 complex. The physiological role
of supercomplexes is not fully established at this point, it is however
possible that the ‘Ca. Methanoperedens BLZ2’ supercomplex consisting
of Rieske cyt bc1 complex and Hdr enables efficient turnover of menaquinol produced by Hdr and oxidized by the Rieske cyt bc1 complex.
The electron acceptor of a ‘Ca. Methanoperedens BLZ2’ Hdr-Rieske cyt
bc1 supercomplex is proposed to be a small, soluble cytochrome c, able
to transfer electrons to nitrate reductase (see chapter 3.5).
Versatile subunit composition of Rieske cytbc1 complexes has previously been shown in other organisms. A similar operon structure as
found in ‘Ca. Methanoperedens BLZ2’ has been described for Thermus
thermophilus [53]. A small hydrophobic protein with no predicted cofactors is encoded in between the cytochrome c1 and the Rieske protein,
which is likely the result of a gene splitting or fusion event. A small
hydrophobic subunit in addition to the core subunits has also been
reported from Rhodobacter sphaeroides and Rhodobacter capsulatus [54].
Rieske cyt bc1 complexes with additional multiheme cytochrome subunits have been identified in the anammox bacterium Kuenenia stuttgartiensis [23]. A complexome profiling analysis revealed that three
Rieske cyt bc1 complexes were present in Kuenenia stuttgartiensis. The
most abundant complex contained a hexaheme and an octaheme subunit in addition to the three core subunits. The function of these additional subunits is not clear at this point. Rieske cyt bc1 complexes are
well-studied in eukaryotes such as yeast. They differ from prokaryotic
complexes as they contain seven non-catalytic subunits [55] that are
not necessarily found in prokaryotes. Indeed, no protein could be
identified that co-migrated with subunits of the ‘Ca. Methanoperedens
BLZ2’ Rieske cyt bc1 complex and shared significant sequence similarity
with the non-catalytic subunits found in eukaryotes.
The formation of supercomplexes containing the Rieske cyt bc1
complex is well supported for the eukaryotic respiratory chain of mitochondria [56]. Supercomplexes have also been reported from bacteria
and archaea. The formation of a supercomplex containing the Rieske
cyt bc1 complex and cytochrome c oxidase has been described in the
archaeon Sulfolobus sp. Strain 7 [57]. Furthermore, there are numerous
examples of supercomplex formation in bacteria and yeast [58–70].
Still, establishing the abundance and physiological role of supercomplexes in vivo requires thorough investigation.

Fig. 3. Fqo with 13 subunits including F420H2-oxidizing subunit FqoF is
forming a membrane-integral complex that migrated at ≈550, ≈700 and
≈900 kDa. Subunit J2 could not be detected.

methanogenic Fpo complex, its function has not yet been elucidated. In
our complexome dataset 13 out of 14 subunits were detected, only
subunit J2 was missing, probably due to high hydrophobicity and small
size (Fig. 3). FqoF clearly associated with the other subunits. Subunit
FqoO (predicted molecular mass 13.2 kDa), was most abundant at
≈23 kDa, but also associated with the rest of the complex.
All subunits of the Fqo complex together have a theoretical molecular mass of 431 kDa. All subunits were present at ≈550 kDa.
Additionally, the whole complex was also observed in two more fractions at higher apparent molecular masses: ≈700 and ≈900 kDa.
Hence, Fqo was migrating at higher apparent molecular mass than
expected. It is possible that lipids adhering to protein subunits caused a
small shift in molecular mass. No co-migrating proteins could be
identified with certainty. However, additional, not identified proteins
might still be the reason for occurrence of the larger complexes that
were observed.
Membrane fractions derived from the enrichment culture were
tested for F420H2 oxidation activity. Using MV/MTZ as electron acceptor, a specific activity of 154 ± 124 mU/mg (average ± standard
deviation; three independent membrane preparations) was measured.
The high standard deviation indicates that the composition of the enrichment culture and/or the activity of the anaerobic methanotroph
varied across time. Controls showed no chemical reaction of F420H2 and
MV/MTZ. A slight background reaction occurred when only MV/MTZ
was omitted, likely due to small amounts of O2. Hence, F420H2-oxidizing enzymes such as Fqo were present and active. In an axenic culture of M. mazei, similar rates of 130 mU/mg have been reported for
F420H2:heterodisulfide oxidoreductase activity [34,35]. F420 is rather
specific for methanogenic and methanotrophic archaea, however it also
occurs in certain bacterial species [74]. Due to the complexity of our
enrichment we cannot say with certainty that all F420H2 oxidation activity can be attributed to Fqo. The result however gives an indication

3.3. Membrane-bound enzymes of the respiratory chain: F420:quinone
oxidoreductase
Besides CoM-SH, CoB-SH also F420H2 is produced during reverse
methanogenesis. The F420:quinone oxidoreductase (Fqo) first identified
in Archaeoglobus fulgidus is proposed to oxidize F420H2, transfer electrons to menaquinone and form a proton gradient in the process
[71,72]. In ‘Ca. Methanoperedens BLZ2’ it was encoded by 14 genes, of
which 12 are homologous to subunits of complex I, hence, the two
complexes also share structural similarities with a membrane-integral, a
membrane-associated, and soluble subunits being present.
Subunits FqoAHJ1J2KLMN make up the membrane-integral part,
while FqoBCDI form the membrane-associated module. The soluble
subunit FqoF is not homologous to any of the complex I subunits, but is
a functional analogue of NuoF, since it interacts with F420H2 and acts as
electron input module. The fqoF gene was not part of the fqo gene
cluster. A similar genomic organization has previously been observed in
the M. mazei F420:phenazine oxidoreductase (Fpo), where the FpoF
protein is still part of the complex [73]. Finally, subunit FqoO also does
not have a counterpart in complex I. While it can be found in the
6
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that Fqo is not only present but also active in our culture.

that can potentially fulfil this role.

3.4. Membrane-bound enzymes of the respiratory chain: Ech hydrogenase

3.5. Membrane-bound enzymes of the respiratory chain: nitrate reductases

While F420H2 and CoM-SH and CoB-SH derived from reverse methanogenesis are oxidized by Fqo and Hdr, respectively, the question
remains, how Fdred is oxidized. In order to couple oxidation of Fdred to
the generation of an ion gradient, a membrane-bound enzyme is
needed. A potential candidate is the Ech hydrogenase that has been
shown to oxidize Fdred and contribute to the generation of an ion gradient in M. mazei [75]. Ech is a NiFe hydrogenase that belongs to the
distinct group of energy conserving hydrogenases within the family of
NiFe hydrogenases. Except for the conserved residues coordinating the
active site, little sequence similarity is shared with other NiFe hydrogenases, but instead Ech hydrogenases are more similar to complex I of
the respiratory chain [76]. They usually consist of membrane-integral
subunits EchA and EchB and membrane-associated subunits EchCDEF.
EchC represents the hydrogenase hydrogenasesmall subunit and EchE
contains the [NiFe] center, which is characteristic for NiFe hydrogenases large subunits, and additionally three FeS clusters. Genes encoding all subunits EchABCDEF were identified in the ‘Ca. Methanoperedens BLZ2’ metagenome-assembled genome. The gene encoding
EchD was fused with the gene encoding EchE as has been described
before for the homologues of echE and echD in the Escherichia coli hyc
operon [77]. However, transcriptome studies showed only very low
transcript abundance [9]. Furthermore, analysis of the EchED protein
sequence showed that the NiFe binding motif CXXC [78] in the Nterminal and C-terminal region was missing. Similarly, no FeS clusters
were predicted. It is therefore doubtful, that the ‘Ca. Methanoperedens
BLZ2’ Ech hydrogenase is functional.
Still, subunits EchA, EchC and EchDE were identified in our proteome dataset. Migration patterns were rather complex but showed
highest abundance at ≈340 kDa (Fig. 4). With a theoretical molecular
mass of 150 kDa for a monomer of these three subunits, the observed
peak could correspond to a dimer of those subunits. A complex including also EchB and EchF has a theoretical molecular mass of 227 kDa
(monomer) and no corresponding peak was identified. Ech subunits
were also migrating at higher molecular masses and additional peaks
could be observed at ≈700 and ≈900 kDa. At this point due to the
complexity of our enrichment culture it is not possible to demonstrate
that Fdred dependent H2 evolution can be attributed to the ‘Ca. Methanoperedens BLZ2’ Ech. However, the role of Ech in the energy metabolism of ‘Ca. Methanoperedens BLZ2’ will be an interesting target for
future studies. If Ech is indeed not capable to oxidize Fdred, soluble
enzymes (see Sections 3.7 and 3.8) have been identified in this dataset

Dissimilatory nitrate reductases form an essential part of the ‘Ca.
Methanoperedens BLZ2’ respiratory chain, since nitrate is the terminal
electron acceptor [8,9,12]. Among nitrate reducers, ‘Ca. Methanoperedens BLZ2’ is an interesting case since two narG genes have been
identified in a metagenome-assembled genome [10]. NarG harbors a
molybdenum cofactor, which is the active site of nitrate reduction. It
can be oriented towards the cytoplasm (nNar), which is often encountered in bacteria, or towards the pseudoperiplasm (pNar, mostly
archaea). In pNar nitrate reductases, usually a TAT signal peptide is
present in NarG.
One narG gene (218_0094, see Supplementary Table S2) was part of
a gene cluster hinting to an unusual subunit composition and is described in more detail below. The other narG gene (218_0033, see
Supplementary) was part of a cluster that also encoded NarHIJ, NarJ
being a chaperone responsible for correct insertion of the molybdenum
cofactor into NarG. NarG forms a heterodimeric complex with membrane-associated subunit NarH and membrane-integral subunit NarI.
NarI serves as membrane anchor and is able to oxidize quinones.
No signal peptide could be identified in NarG, hinting to localization
on the cytoplasmic side of the membrane. Subunits NarGHI (theoretical
molecular mass 222 kDa) co-migrated with another protein
(BLZ2_218_0032, see Supplementary Table S2) with a theoretical molecular mass of 31 kDa. Moreover, this protein was encoded in the same
gene cluster as also narGHIJ. NarGHI and the hypothetical protein together migrated at ≈250 kDa, fitting with the theoretical molecular
mass of 253 kDa (Fig. 5). All proteins were most abundant in a fraction
migrating at ≈550 kDa, corresponding to a dimeric arrangement.
The hypothetical protein does not have an annotated function and
the closest hits in the NCBI database are around 40% identical including
cytochromes from different bacteria such as Chloroflexi,
Dehaloccocoidales and Geobacter metallireducens. A Sec signal peptide
was identified and two transmembrane helices were predicted, located
at the N- and at the C-terminus, with the soluble part of the protein
facing the pseudoperiplasm. Two CXXCH heme binding motifs in the
pseudoperiplasmic part of the protein hint to a role in electron transfer.
A similar nitrate reductase subunit composition was observed in the
hyperthermophilic bacterium Thermus thermophilus [79]. A Nar type
nitrate reductase was described with an additional diheme cytochrome
c subunit termed NarC, which served as functional bypass for the Rieske
cyt bc1 complex. Additionally, nitrate reductases containing additional
cytochrome b subunits have been described in archaea, such as Haloarcula marismortui and Haloferax mediterranei [80,81]. Importantly,
while NarI is known to oxidize menaquinone, it has been speculated

Fig. 5. Subunits NarGHI of nitrate reductase were co-migrating with a diheme
cytochrome. A fraction at ≈250 kDa correlated with a monomer containing the
four subunits. The highest abundance was detected in a fraction migrating at
≈550 kDa.

Fig. 4. Subunits EchC, EchED and EchA of Ech hydrogenase. Subunits EchB and
EchF could not be detected. Subunits EchACED were migrating at ≈340, ≈700
and ≈900 kDa.
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that the electron donor to the ‘Ca. Methanoperedens BLZ2’ Nar is rather
pseudoperiplasmic cytochrome c, which is reduced by the Rieske cyt bc1
complex [9]. An additional cytochrome subunit further strengthens this
hypothesis.
The second narG gene (218_0094) identified in ‘Ca.
Methanoperedens BLZ2’ was part of a bigger cluster. A TAT signal
peptide was identified at the N- terminus of NarG, hinting to a pNar
conformation with the active site of nitrate reduction potentially located towards the pseudoperiplasm. Other genes encoded next to narG
comprised narHJ as well as genes encoding heme copper oxidase subunits, subunit napH of periplasmic dissimilatory nitrate reductase and a
gene encoding the Orf7 protein, which was suggested to interact with
NarGH in Haloferax mediterranei [80]. It was speculated that NapH together with heme copper oxidase subunits forms a menaquinone-oxidizing membrane anchor for pseudoperiplasmic subunits NarGH together with Orf7 [9] (Fig. 6).
In this complexome dataset it could be confirmed that NapH associated with the heme copper oxidase subunits and together they were
found in the membrane fraction at ≈100 kDa (theoretical molecular
mass 85 kDa). Likewise, NarGH and Orf7 associated with each other
and were found at ≈210 kDa (theoretical molecular mass 207 kDa) in
the membrane fraction (Fig. 6). All subunits were detected migrating
together at ≈320 kDa with low abundance. This fits with a monomeric
complex containing all subunits, indicating that indeed two nitrate reductase enzymes were present in ‘Ca. Methanoperedens BLZ2’, one of
which had an unusual subunit composition.
While the electron acceptor of both enzymes is most probably nitrate, the electron donor is not entirely clear. It has been proposed that
in ‘Ca. Methanoperedens BLZ2’ nitrate reductase accepts electrons from
cytochrome c, reduced by the Rieske cyt bc1 complex [9]. Due to the
presence of proteins similar to subunits of heme copper oxidase, this
might be the case. Heme copper oxidases, however, bind cytochrome c
via the conserved subunit I. Both proteins that can be found as part of
the ‘Ca. Methanoperedens BLZ2’ unusual nitrate reductase are homologous to subunit II that has not been reported to bind cytochrome c.
Hence, it is more likely that the ‘Ca. Methanoperedens BLZ2’ unusual
nitrate reductase uses menaquinone as electron donor.
As nitrate is the terminal electron acceptor of the ‘Ca.
Methanoperedens BLZ2’ respiratory chain, nitrate reductase activity is

expected in membrane fractions derived from reactor biomass. We
could indeed detect nitrate reductase activity, however it has to be
taken into consideration that many other members of the microbial
community also contain nitrate reductase, thereby making unclear
which part of the measured activity, or if any at all, can be attributed to
‘Ca. Methanoperedens BLZ2’. Hence, the presence of nitrate reductases
in membrane fractions from our enrichment culture was confirmed.
3.6. ATP synthase and formation of ion gradients
Enzymes described in Sections 3.2 to 3.5 that are part of the respiratory chain generate an ion gradient that is used by the ATP synthase to produce ATP. The archaeal A1Ao ATP synthase consists of nine
subunits, some of which are present at more than one copy per
monomer. Generally, the stoichiometry is A3B3CDE2FH2IKx [82]. Subunits AhaA and AhaB catalyze ATP production in the soluble part of the
enzyme, whereas AhaC, AhaD and AhaF are part of the central stalk.
The two peripheral stalks that stabilize subunits AhaAB against rotation
are made of subunits AhaE and AhaH. Subunits AhaI and AhaK form the
membrane-integral part, where protons or sodium ions bind, causing
rotation. The binding site for the different coupling ions is located in
subunit AhaK. The coupling ion of the ‘Ca. Methanoperedens BLZ2’ ATP
synthase is probably Na+ as the conserved sodium binding motif Q/E…
E T/S [82] was present as E39…E67 S68. The 8.3 kDa AhaK subunit is
similar to other bacterial and archaeal AhaK subunits in terms of molecular mass [83–86]. The number of AhaK subunits with similar molecular masses mostly varies between 10 and 15 copies per ATP synthase complex [87–93]. An ATP synthase monomer with 10 AhaK
subunits has a theoretical molecular mass of 640.9 kDa compared to
682.4 kDa with 15 AhaK subunits. All ATP synthase subunits were
detected at protein level (Fig. 7). At low apparent molecular masses
precursor forms/degradation products were identified. Despite the
presence of soluble subunits, masses were matching better with the
calibration for membrane proteins. This was probably due to the fact
that membrane-bound subunits AtpI, and in most cases also AtpK, were
part of the different sub-assemblies, keeping proteins bound to the
membrane. Membrane-bound subunits AtpKI were migrating together
at ≈130 kDa, a fraction also containing AtpC was migrating at
≈180 kDa, AtpICFK were identified at ≈290 kDa and AtpABDFI at
≈450 kDa. All subunits were migrating together at ≈900 kDa. Hence,
the full complex appeared to be bigger than the theoretical molecular
mass even when assuming the maximum number of AhaK subunits.
While ATP synthases in eukaryotes have been described to form dimers,
this has not been observed in prokaryotes [94–96]. No other proteins
were identified that showed migration patterns similar to ATP synthase
subunits.
Membrane-bound enzymes that are capable to produce an ion gradient include the Fqo complex, the membrane-bound Hdr, the Rieske
cyt bc1 complex and potentially Ech hydrogenase. Likewise, one or both
nitrate reductases could contribute to the generation of pmf. This can
occur via a redox loop, where pmf is built by separation of electrons and
protons across the cytoplasmic membrane [97]. A redox loop would be
possible if the Nar type nitrate reductase oxidizes menaquinone via
NarI, protons are released towards the pseudoperiplasm and electrons
travel to the cytoplasmic side via NarG. If the electron donor is not
menaquinone but pseudoperiplasmic cytochrome c, no pmf would be
generated. This also holds true for the unusual nitrate reductase. In this
case, it is however questionable, whether a redox loop would be possible, since the site of nitrate reduction is probably facing the pseudoperiplasm. Still, a redox loop might occur, as a similar pmf generating
setting was recently described for the QrcABCD complex of the sulfate
reducer Desulfovibrio vulgaris [98].
The coupling ions of Fqo, Hdr and Ech have been identified as
protons in M. mazei [75,99,100]. As the ATP synthase possesses a Na+
binding motif, the question arises if a proton gradient is being produced
that needs to be converted to a sodium ion gradient. Moreover, the

Fig. 6. Subunits HCOIIa and b, NapH and Orf7, NarH and NarG potentially
forming a nitrate reductase. Interaction of soluble and membrane-bound subunits among each other could be observed. All subunits were migrating together
with low abundance at ≈320 kDa, indicating the presence of a monomeric
complex containing all subunits.
8
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CoB-SH, F420H2 and Fdred. CoM-SH, CoB-SH and F420H2 are re-oxidized
by membrane-bound heterodisulfide reductase and Fqo complex. It is
questionable whether there is a membrane-bound enzyme able to reoxidize Fdred. This could instead be achieved by soluble enzymes. In our
‘Ca. Methanoperedens BLZ2’ complexome several soluble enzymes have
been identified that are potentially involved in oxidation of Fdred.
Among them are soluble heterodisulfide reductase complex (Hdr),
formate dehydrogenase (Fdh) and carbon monoxide dehydrogenase/
acetyl-CoA synthase (CODH/ACS).
Soluble heterodisulfide reductases have been studied in methanogens, where they perform the biochemical trick of electron bifurcation
[104]. By coupling the exergonic reduction of the heterodisulfide with
the endergonic reduction of Fdox, methanogenic archaea achieve production of Fdred with hydrogen, which would otherwise not be thermodynamically feasible. Subunits HdrABC are part of the methanogenic
enzyme, which is forming a complex with methylviologen-reducing
hydrogenase subunits MvhADG. The ‘Ca. Methanoperedens BLZ2’ soluble heterodisulfide reductase has been hypothesized to be a confurcating enzyme, oxidizing Fdred, CoM-SH, CoB-SH and transferring
electrons to F420 [9]. With Fqo oxidizing F420H2, electrons from reduced
ferredoxin would eventually end up being channeled into the respiratory chain and contribute to the formation of a pmf. Two gene
clusters encoding Hdr subunits have been identified. The overall
structure of both clusters was hdrCBA3mvhDhdrA(mvhD). In this study,
we were interested to find out, whether all subunits were present at
protein level and how they interacted, as this has implications for the
substrates that can be used. It is known from methanogens that subunits
HdrBC interact with CoM-SH and CoB-SH and HdrA interacts with Fd
[105]. MvhD is not a catalytic subunit but most likely involved in
electron transfer [105,106]. Subunit hdrA was encoded in both clusters
in a shorter version (2031 and 2010 bp respectively) and a longer
version (both 3060 bp). The longer version is a fusion of hdrA and the
gene encoding subunit mvhD of the methyl-viologen reducing hydrogenase (Mvh). Fusions of hdrA and mvhD (hdrA2) have already been
observed [105,106], however in ‘Ca. Methanoperedens BLZ2’ there is
an extra extension, which is the beginning of hdrA at the end of the
gene, referred to as hdrA3 in this paper. Importantly, this adds another
FAD binding site to the protein. Finally, in order to be able to bind F420
it is hypothesized that the ‘Ca. Methanoperedens BLZ2’ HdrABC subunits form a complex with FrhB [9], the F420 binding subunit of the
F420-reducing hydrogenase. A gene encoding FrhB was identified in a
different genomic region and the corresponding protein might interact
with the rest of the Hdr complex.
In an earlier study, transcriptome analysis showed a high level of
transcription for one of the hdr gene clusters, while the other was
transcribed to a lesser extent [9]. All subunits encoded in the highly
transcribed cluster were detected, however co-migration of all subunits
was not observed, indicating that interactions were not stable under our
experimental conditions. All subunits encoded in the little transcribed
cluster were detected (excluding the second MvhD subunit), co-migrating at a high molecular mass of ≈2300 kDa (Fig. 8). This also included subunit FrhB. The theoretical molecular mass of such a complex
is 317 kDa. Interestingly, Fdh and CODH/ACS were co-migrating, likely
causing the shift to a high molecular mass. It has been reported that
soluble heterodisulfide reductase can form supercomplexes with other
enzyme complexes in the methanogen Methanococcus maripaludis
[107–109]. The biggest supercomplex that has been described contained soluble heterodisulfide reductase, F420-non reducing hydrogenase, formylmethanofuran dehydrogenase and formate dehydrogenase [107,108]. Another indication that there is interaction
between Hdr and Fdh is that FdhA and FdhB were encoded downstream
of both hdr gene clusters. Fdhs catalyze the reversible oxidation of
formate to CO2 with different electron acceptors. They are a highly
diverse group of proteins concerning cofactor content and cellular localization. For both FdhAB proteins present in ‘Ca. Methanoperedens
BLZ2’ FeS clusters and a molybdopterin cofactor were predicted for

Fig. 7. ATP synthase – while all subunits co-migrated at ≈900 kDa, precursor
forms or degradation products were present at lower molecular masses.

membrane-bound methyltransferase Mtr depends on a sodium ion
gradient to catalyze the transfer of methyl groups during reverse methanogenesis [101–103]. In methanogens often proton:sodium antiporters such as Mrp or Mnh are found that exchange protons for sodium
ions. In ‘Ca. Methanoperedens BLZ2’ no such antiporter was identified
in the metagenome-assembled genome or proteome. It might however
still be present as it is important not only to fuel ATP synthase but also
for pH regulation. Additionally, a membrane-bound pyrophosphatase
was identified, which was annotated as sodium-translocating pyrophosphatase [10]. This single subunit enzyme is able to hydrolyze
pyrophosphate generated in a number of biosynthetic reactions such as
DNA and protein biosynthesis and since the hydrolysis is exergonic, it
can be coupled to the translocation of sodium ions.
3.7. Soluble heterodisulfide reductase complexes, formate dehydrogenases
and CODH/ACS
Energy conservation is one of the main tasks every cell needs to
fulfil. Respiratory chains are a widespread mechanism that generates
ATP via ion gradients used by ATP synthase. Since these gradients are
established across the cytoplasmic membrane, membrane-bound enzymes are involved in the process. However, while ion gradients are a
prerequisite for ATP synthesis, enzymes of the respiratory chain also
serve to re-oxidize the reduced electron carrier molecules. During reverse methanogenesis, electrons are transferred to generate CoM-SH,
9
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FdhAB and HdrA were co-migrating with the other Hdr subunits
including FrhB as well as CODH/ACS. CODH/ACS can convert CO2, a
carrier-bound methyl group and CoA to acetyl-CoA and vice versa.
Production of acetyl-CoA depends on the input of electrons from Fdred.
Hence, CODH/ACS is another candidate for oxidation of Fdred produced
during reverse methanogenesis. Acetyl-CoA could be further converted
to acetate and ATP by the action of an acetyl-CoA synthetase enzyme,
offering another possible route to generate ATP.
The five subunits of CODH/ACS αβγδε were encoded in two
genomic locations, with subunits αβε responsible for ACS and CODH
activity encoded in the same genomic location, whereas subunits γδ
responsible for methyltransferase activity were encoded together in
another location. At protein level all subunits αβγδε were detected at
≈270 kDa matching the theoretical molecular mass of a monomer
(259 kDa). At ≈750 kDa subunits αε were detected, co-migrating with
FdhAB and HdrA, supporting the idea of an early assembly stage of a
bigger complex. Finally, all subunits were detected at ≈2300 kDa. If
the large supercomplex described above represents a physiological state
of the different enzymes involved, it could function as a Fdred distribution hub. Electrons could travel from Fdred to biosynthesis via
acetyl-CoA, to energy metabolism via F420H2, or disposed of via formation of acetate or formate.
3.8. Pyruvate ferredoxin oxidoreductase
A final candidate that can accept electrons from Fdred is the pyruvate:ferredoxin oxidoreductase (PFOR). PFOR catalyzes the reversible
conversion of acetyl-CoA together with CO2 and Fdred to pyruvate and
Fdox. Pyruvate can be further converted via glucose into glycogen,
which is used as a storage compound [110]. All four subunits αβγδ
(theoretical molecular mass 104 kDa) were identified and shown to
form a complex with a size of ≈230 kDa (Fig. 9). This corresponds to a
dimer, in accordance with what has been described before [111]. No
supercomplexes involving PFOR have been observed.
Altogether, a number of soluble enzymes have been identified that
potentially oxidize Fdred. Products of those reactions such as formate,
acetate, pyruvate and glycogen/should be measurable in cultures. It has
indeed been shown that ‘Ca. Methanoperedens’ is able to form acetate
and glycogen [110]. Up to 1.6 mM acetate were measured in a nitratelimited culture. The proposed mechanism was degradation of glycogen
and polyhydroxyalkanoate, which was also detected in ‘Ca. Methanoperedens’ cells. However, the mechanism of acetate production was not
investigated in detail and it is therefore still possible that acetate is
(partly) produced via CODH/ACS directly from reverse methanogenesis
and not from storage compounds.
Fig. 8. All subunits of the soluble Hdr, Fdh and CODH/ACS were detected.
Subunits of CODH/ACS migrated as monomer at ≈270 kDa, Fdh migrated together with HdrA at ≈750 kDa, all proteins migrated together to form a large
complex at ≈2300 kDa.

FdhA and FeS clusters for FdhB. No signal peptides or transmembrane
helices were predicted, suggesting a localization in the cytoplasm. Due
to sequence similarity of FdhB with FrhB, ‘Ca. Methanoperedens' FdhB
subunits potentially bind F420. This is similar to the Methanobacterium
formicicum Fdh, which has been demonstrated to reduce F420 upon
oxidation of formate. Formate could therefore be another electron sink
for Fdred/F420H2 oxidation in ‘Ca. Methanoperedens BLZ2’, coupling the
reduction of CO2 to the oxidation of reduced cofactors. The theoretical
molecular mass of both Fdh enzymes was 94 kDa. They migrated at
≈750 kDa and FdhAB encoded downstream of the less transcribed hdr
gene cluster was present also at ≈2300 kDa (Fig. 8). Interestingly, at
≈750 kDa co-migration of FdhAB from both gene clusters with HdrA
from both gene clusters could be observed. Clearly, HdrA3 was not comigrating.

Fig. 9. The four PFOR subunits were migrating together at ≈230 kDa, corresponding to a dimer.
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Fig. 10. ‘Ca. Methanoperedens BLZ2’ metabolic scheme based on complexome data. Methane is oxidized to CO2, generating reducing equivalents. Those are oxidized
by membrane-bound enzymes of the respiratory chain, leading to formation of pmf. Soluble enzymes might be involved in the re-oxidation of Fdred. Subunit J2 of Fqo
and cyt c1 of the Rieske cyt bc1 complex were present only at metagenome level. Subunits MtrA and HdrD were present in a long (l) and in a short version (s).
Additional subunits that are not yet analyzed in detail are represented with their most important characteristics (diheme, octaheme) or identifier (214_0007).

3.9. Nrf-type nitrite reductase, hydrogenase maturation proteins and
cytochromes

4. Conclusions
In the current metabolic model energy conservation in ‘Ca.
Methanoperedens BLZ2’ relies on several membrane-bound enzymes
contributing to the formation of a proton gradient that can be used for
ATP synthesis. With the results of this study this picture can be updated
and refined (Fig. 10). It could be confirmed that methane is converted
to CO2 in the reverse methanogenesis pathway. The second step of this
pathway is catalyzed by the membrane-bound methyltransferase Mtr.
An additional subunit was identified for Mtr, which was a truncated
version of MtrA, carrying the corrinoid cofactor. The effects of the
presence of two MtrA subunits will be an interesting target for future
studies. To fuel the step catalyzed by Mtr, a sodium ion gradient needs
to be provided. This can be achieved by a membrane-bound pyrophosphatase, making a sodium proton antiporter, as present in many methanogens, unnecessary. The reverse methanogenesis pathway generates F420H2, CoM-SH, CoB-SH and Fdred. Those have to be re-oxidized
preferably by membrane-bound enzymes of the respiratory chain. CoMSH and CoB-SH can be oxidized the membrane-bound Hdr. Subunit
HdrD was detected in a longer and a shorter version, both forming a
complex with HdrE. The role of a second HdrD subunit is an interesting
target for future studies. HdrDE were identified as potential interaction
partners of the Rieske cyt bc1 complex, which might serve efficient
exchange of menaquinone/menaquinol.
The Rieske cyt bc1 complex itself was co-migrating with a novel

While many proteins and protein complexes could be clearly identified, some questions remain. An enrichment culture of ‘Ca.
Methanoperedens BLZ2’ has been reported to produce low levels of
ammonium [112] and a Nrf-type nitrite reductase converting nitrite to
ammonium was identified in the corresponding metagenome-assembled
genome. The corresponding proteins were not present in our dataset.
However, identification could have been hindered by low abundance
due to high specific activity of the enzyme. Therefore, the Nrf protein
could still be present and active in ‘Ca. Methanoperedens BLZ2’. Generally, ANME-2d archaea contain an unusually high number of cytochromes [113] and indeed heme biogenesis proteins and some cytochromes could be identified. The number of cytochromes detected at
protein level was however not unusually high, which is likely an underestimation of their importance for ‘Ca. Methanoperedens BLZ2’
metabolism.
No hydrogenases except for Ech could be identified. Still, hydrogenase maturation proteins HypA and HypB were present. Together
with HypCDEF and endopeptidases cleaving off a C-terminal extension
from the hydrogenase large subunit, Hyp proteins are involved in the
assembly of the NiFe cofactor of NiFe hydrogenases. HypB however
shares sequence similarities with the CODH auxiliary protein CooC and
CooJ and might therefore have been misannotated.
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octaheme protein, which might be an additional subunit in ‘Ca.
Methanoperedens BLZ2’. Another enzyme complex oxidizing reduced
carrier molecules and transferring electrons to menaquinone was the
Fqo complex, for which all subunits expect one were identified.
Furthermore, it seems that ‘Ca. Methanoperedens BLZ2’ is using two
nitrate reductases simultaneously. For the nitrate reductase with an
unusual subunit composition derived from metagenomic data it could
be established here that the proteins potentially involved are abundant
in ‘Ca. Methanoperedens BLZ2’ cells and also co-migrate. The electron
donor to this nitrate reductase is probably menaquinol via subunit
NapH. The other nitrate reductase resembled bacterial Nar type reductases. A diheme candidate subunit was identified that might be involved in electron transfer reactions during nitrate reduction. It remains
to be resolved whether the electron donor to Nar is menaquinol or rather cytochrome c. It is conceivable that redox fine-tuning is achieved
by having two nitrate reductases with one oxidizing cytochrome c and
the other menaquinol.
No membrane-bound enzyme oxidizing Fdred could be identified
with certainty. The Ech hydrogenase is a candidate, however residues
coordinating the active site are not conserved, which makes functionality questionable. Instead, soluble enzymes able to interact with Fdred
have been identified such as soluble Hdr, Fdh, CODH/ACS and PFOR.
The soluble Hdr is thought to be a confurcating enzyme transferring
electrons from CoM-SH and CoB-SH and Fdred to F420. Interaction of the
subunits involved were weak but formation of a supercomplex also
containing Fdh and CODH/ACS could be shown. Soluble enzymes oxidizing Fdred could produce small organic acids such as formate, acetate
and pyruvate that could be stored in the form of glycogen or excreted
into the surrounding medium. The production of such a large number of
reduced compounds resembles fermentative metabolism in contrast to
‘Ca. Methanoperedens BLZ2’ possessing a respiratory chain and conserving energy via oxidative phosphorylation. Therefore, it has to be
confirmed in future studies whether the metabolites mentioned above
are indeed produced and excreted by ‘Ca. Methanoperedens BLZ2’ cells.
In summary, with the new technique of complexome profiling, hypotheses about the ‘Ca. Methanoperedens BLZ2’ energy metabolism
could be corroborated and new discoveries were made. We do not yet
fully understand the fascinating energy metabolism of this anaerobic
methane oxidizer and the quest for answers about the role of additional
subunits of important membrane enzymes or the physiological role of
soluble enzymes continues.
Supplementary data to this article can be found online at https://
doi.org/10.1016/j.bbabio.2020.148308.
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