RSt Carboxydotrophic microorganisms

Natural and anthropogenic processes generate carbon monoxide (CO). They
are responsible for a CO emission of 2500-2600 teragram (TQg) per year.

Most CO is emitted by natural processes including atmospheric CH,
oxidation, natural hydrocarbon oxidation, volcanic activity, production
by plants and photochemical degradation of organic matter in water, soill,
and marine sediments or from the enzymatic degradation of heme.

Anthropogenic processes such as incomplete combustion of fossil fuels

and various industrial processes are responsible for an annual release of
1200 Tg of CO to the atmosphere.

Kroneck et al., 2014
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Chemical and biological processes are responsible for CO removal. The
major part of CO in the atmosphere becomes oxidized to CO, by rapid
reaction with hydroxyl radicals in the troposphere (2000-2800 Tg/yr),
reducing the half-life of CO in the troposphere to a few months.

Biological processes are relevant to remove CO and keep it at low trace gas
concentrations. Microbes consume CO by using it as a source of carbon
and energy.

Soil and marine microbes reduce the global budget of CO by 20% per yeatr,
to which soil microbes contribute with 200-600 Tg of CO removal per year.

CO-oxidizing bacteria have a natural enrichment in the top layer of burning
charcoal piles from where several of these soil microbes have been isolated.
CO is also consumed by pathogenic Mycobacteria, like the tubercle bacillus
Mycobacterium tuberculosis, which can grow on CO as sole source of
carbon and energy.

Kroneck et al., 2014
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Carboxydotrophic microorganisms

Reaction equations and their standard Gibbs free energy (GO) for several modes of carboxydotrophic growth

Metabolism Reaction AGT (kJ)
Fermentativa
Hydrogenogenic CO0 4+ Hold — C0s + Hs -20
Mithanogenic 400 4+ 2Hs0 — CHy + 300 =210
Acatogenic 4 CO 4+ 2 HoO — CHaCOO~ + HY 4+ 200y 174
Sohventogenic (ethanc) 6 C0 + 3H0 — CeHsOH + 4 00 -224
Fespiratory
Oxygen 2CO4+ 02 — 2C02 514
Sulfate 4C0+ 5045 +HT — 4C00 + HS -23

Isolated microorganisms capable of conserving energy from the water—gas shift reaction

Spacies Origin Temperatura Carboxydotrophic Rafarance
optimum(°C)  generation time (h)
Mesophilic bactaria
Rhodospiriium rubrum Viarious environmants a0 5 (dark, acetata) Kerby et al., 1995
Rubmavax gelafinosa Lake zadiment M 6.7 [dark, trypticasa) Uffien, 1976; Maness et a.,
10 Qight, autotrophically) 2005
1.5 flight, malate)
Rhodopssudomanas palustrs Anasrobic wastewater sludge a0 2 (ight, autofrophically) Jung et al., 1999

digester

Diender et al., 2015



wniversitat
wien

Carboxydotrophic microorganisms

Isolated microorganisms capable of conserving energy from the water—gas shift reaction

Species Origin Tempearatura Carboxydotrophic Refarance
optimum (*C) generation tima (h)

Thermophilic bacteria

Caldanasrobactor subfarransus ssp. Submaring hot vant, Okinawa i 71 Sokolova et al., 2001;

pacificus Trough Fardoau ot al., 2004

Carboxydocalla sporoproducens Hot spring, Karymskoe Lake G0 1 Slepova et al., 2006

Carboxydocalls tharmoautotrophica Tarrestrial hot vant, Kamchatka &8 1.1 Sokolova et al., 2002
Peninsula

Carboxydotharmus iydrogoenoformsans Freshwater hydrotharmal spring, i 2 Svetlichny at al., 1991
Kurashir Island

Carboxydotharmus islandicus Hot spring, Hveragerdi G5 2 Movikoy of al., 2011

Carboxydothormus partings Wolcanic acidic hot spring, G5 1.5 Yonoda et al., 2012
Kyushu lsland

Carboxydotharmus sidarophius Hot spring, Kamchatka 65 9.3 Slepova et al., 2009
Peninsulza

Dictyogiomus carboxydivorans Hot spring, Kamchatka [+ 60 Kochetkova et al., 2011
Peninsula

Mooralls stamsi Digestar sludge 6o MN.D. Alves et al.,, 2013

Thermincola carboxydiphila Haot spring, Lake Baikal 55 1.3 Sokolova et al., 2005

Thermincols famacetica Hydrothermal spring, Kunashir &0 MN.D. Zavarzina et al., 2007
Island

Thermincola pofans Thermophilic microbial fusl cell 55 MN.D. Bymme-Bailkey et al., 2010

Tharmaofithobactar carboxydivorans Mud and water, Calcite Spring 73 1.3 Sokolova et al., 2007

Themmosinus carboxyaivorans Hot spring, Morris Basin &0 1.15 Sokolova et al., 2004a

Tharmoanaorobactar Gaothermal spring, Turkey 70 M.D. Halk et al., 2002

thermohydrosuifunicus ssp.

carbaxydovorans

Dasuifoformaculum carboxydivorans Papar mill wastewater sludge 55 MN.D. Parshina et al., 20050

Thermophilic archasa

ThermocoCous onnurineus Deap-sea hydrothomal vent 80 5 Hao ot al., 2006, 2012

Thermocuccus A4 Hydrotharmal wvent B2 5 Sokolova et al., 2004b

Thermofium carboxydifrophus Kamchatka hot springs a0 MN.D. Kochetkova et al., 2011

Diender et al., 2015
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Figure 1 The Wood-Ljungdahl pathway. ACS, acetyl-CoA synthase: CODH, Ni,Fe-containing
carbon monoxide dehydrogenase; CoFeSP, comrinoid iron-sulfur protein; MeTr, methyl-

tetrahydrofolate:corrinoid iron-sulfur protein methyltransferase. The figure is modified from
Ragsdale and Pierce [26].

Kroneck et al., 2014
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Figure 11 Subunit composition of NiFe-containing CODHs. Connected circles indicate
multiprotein complexes consisting of the comesponding subunits. Homology is indicated by
arrows. The figure was adapted from Lindahl [74]. Details are given in the text. Kroneck et al., 2014
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Figure 3 The structure of Cu,Mo-CODHs. (a) Overall structure of the dimer of trimers, (LMS),.
The L subunit of the right monomer is colored in cyan, the M subunit in orange, and the S subunit

in green. (b) Cofactors of one LMS monomer with shortest distance between the redox active sites
of the cofactors. (¢) Active site architecture including residues in the second coordination sphere

of the metals. Kroneck et al., 2014



et  Monofunctional Ni,Fe-containing CO dehydrogenases

Figure 5 Homodimeric structure of monofunctional CODH Il (a) Cartoon-representation of
dimeric Ni.Fe-CODH. The two subunits of CODH are shown with different colors, where one
subunit is highlighted in blue, green, and red for the N-terminal, middle and C-terminal domain,
respectively, and the other in grey. The metal clusters encountered are depicted as spheres (Fe is
colored in orange, 5 in yellow, Niincyan, and O in red). (b) Cluster arrangement in CODH. Cluster
D is connecting the two subunits covalently and is in electron transfer distance to clusters B and B”.
Cluster C/C’ 1s situated on the end of the electron transfer chain, in close distance to cluster B of the
opposing subunit. The distances between Fe atoms of individual clusters are given in Angstrom.

Kroneck et al., 2014
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Monofunctional Ni,Fe-containing CO dehydrogenases

Figure 8 Channels involved in substrate/product transfer in monofunctional CODH I,
Hydrophobic channels around cluster C have been calculated with the program Hollow [159]
and are shown as blue surface. Metal clusters are depicted as spheres and colored in cyan for Ni,
orange for Fe, and yellow for S. Water molecules are represented by red spheres. Charged and
hydrophilic residues form a water channel network. The electron transfer network from clusters
CeB’«Dis indicated by an arrow. The proton relay shuttle is compromised of histidine residues
Hos, Hoo, and H;pz, where the last residue has direct contact to the protein surface. The surface is
contoured in grey. Kroneck et al., 2014
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CODH dimer

Figure 12 The structure of bacterial CODH/ACS. (a) Cartoon representation of the overall
structure of the w,p, CODH/ACS complex from Moorella thermoacetica (PDB 10A0) [111].
Metal clusters are presented as balls and sticks and are labeled with A to D. CODH subunits are
colored in blue and red and ACS subunits are colored in yellow for the Ni-Ni-containing cluster A
(Ag) and green for the ZnNi-containing cluster A (A.). (b) Schematic representation of the gas
channel connecting the CODH/ACS active sites. (¢) Schematic representation of the Ni-Ni
containing cluster A, based on PDB 1RU3 [81]. Details are given in the text. Kroneck et al. 2014
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(A) C. hvdrogenoformans Z.-2901 (B) T onnurineus NA1

CO+ H,0 CO, +2H* H' Na' el
+H, - '0+H,0 CO,+2H* H' NG
| CC H-O ¢ = H * / ADP+P,| ATP
H* 2H* N , ~ oA
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Fig. 4. Srructural model of the CO-oxidizing, H2-forming enzyme complex in Carboxydo thermus hydrogenoformans (Hedderich, 2004) (A) and Thermococcus onnurineus NA1 (B) and the
proposed mechanism of coupling of CO oxidation with ATP synthesis.

H+

Rittmann et al., 2015
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FIGURE 4 | Carbon monoxide metabolism of Clostridium [fungdahilii.

FIGURE 2 | Carbon monoxide metabolism of Mooralla thermoacetica. . ) — e for 1 e e
. . . - - - cichiomednic comvarsion o acotal .ﬂ[ﬂig‘:ﬁli\'\'ls splaya:l
Stoichiomeric conversion of CO to acatate by M. thermoacatica is pathways of ethanol formation ars indcated by the dotted fine in red, and ars
disaplayed. Feactions marked biue indicate CO axidizing activity by CODH, not taken into accaunt for the energy yield dispiayed. Reactions marked biue
bifurcating reactions are marked purple. The EcH is assumed fo transport one indicate CO oxidizing activity by CODH, bifurcating reactions are marked

proton per hydrogen formed wheraas the ATPass is assumed to ganorate one purple. The RnF complex is assumed to transpart two protons per Fd
ATP per four protons transiocated. EcH, enargy converting hydrogenasa; oxidized whereas ifie ATPase s assumed 1o generate one ATP per four
protons franslocated. Bnf, RnF comiplaw; ATPasae, ATP synthase; Fd,

ATPasa, ATF synthase; Fd, ferredodn; THF, tetrahydrofolate. ferradoxin: THF, tefrahycrofolats.
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Diender et al., 2015
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FIGURE 2 | Carbon monoxide metabolism of Acotobactenium woodii. Acotogenic CO metabolizm of A woodii is displayed. (A) The proposed thoonodical
pathway and enargetic yield of CO conversion to acotate. Pathways prone to CO inhibiticn are shown in red. (B) Proposad metabolism and enargetic yvield of
acetogenic metabolism driven by CO co-fermented with formate. Reactions marked blue indicate CO oxidizing activity by CODH. The BnF complax is assumed to
transport two sodium ions per Fd oxidized whereas the ATPase is assumed to generate one ATP per four sodium ion translocated. Bnf, BnF complex; ATPase, ATP
synthase; Fd, fermedowdn; THF, tetrahydrofclate.

Diender et al., 2015



Methanogenesis

Dr. Simon K.-M. R. Rittmann



Methanogens

»are obligate anaerobic prokaryotes from the domain Archaea, exclusively belong
to the phylum Euryarchaeota (and possibly Bathyarchaeota, Lokiarchaeota);
produce methane as end product of their energy metabolism; use carbon substrates

such as C;-, C,- and methylated compounds

M. marburgensis M. barkeri M. solegelidi

© Simon K.-M. R. Rittmann £ y T

Wagner et al., 2007, IJSEM

4 * 24 ¢
Nomura et al., 2007, Advanced Powder Technology

Methanothermobacter marburgensis DSM 2133, phase
contrast micrograph (magnification x 1000)

The cell wall is composed of pseudomurein. Cell wall of Sarcina is composed of a S-layer lattice, but under special environmental conditions
Sarcina also form a methanochondoitin layer encapsulating an association of cells enabling

intercellular e transfer.
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Six classes of methanogens

Methanomicrobium mobile BPT (WP 042705994)
Methanogenium cariaci’ (WP 082396498)
ethanoplanus fmicola DSM 29797 (EHCI36918)
Methanolacinia petrolearia DSM 11 5717 (ADN36741)
Methanoculleus bouw sis MS2" (CCI36444 . .

‘.:.‘..:hanaspfrfﬁ%unga!er’]lg—‘l T £ABD41)554) Methanomicrobiales
ethanofollis Fminatans DSM 41407 (EJGDE4E686)

| L Methanosphaerula palustris E1-9¢' (ACL17594)
10 Methanolinea tarda NOB1T (AGIY02000001)
ggl L Methanoregula boonei 6ABT (ABS55100)
Methanocela paludicola SANAET (BAIE0588)

0.10

100

Methanomicrobia

Methanomethylovorans hollandica DSM 15978" (AGB49863)
Methanolobus tindarius DSM 22787 (ETAGB796)

Methanococcoides burtonii DSM 6242" (ABE53268)

ethanohalophius mahii DSM 521 o' (ADE36137)

[

Wethanohalobium evestigatum Z-7303" (ADI73798) Methanosarcinales
Methanosalsum zhifnas DSM 40177 (AEHBO719)
F Methanosarcina barkeri MST (AKB53094)
Methanosasta concilii GPS' (AEBBTHED)
Methanothermobacter thermautotrophicus Delta HT (AABB5653)

Methanobrevibacter ruminantium M1 (ADC4TT74)
ethanobacterium formicicum BRMS (AIS31752)

qg| Methanothermus fervidus DSM 20887 (ADP77583)

Methanothermobacteriales Methanobacteria

——— 'Candidatus Methanomethylophilus alvus’ Mx1201 (AGIB5144)
ag L Candidatus Methanoplasma termitum’ MpT1 (AIZ56101) Methanomassiliicoccales
‘Candidatus Methanomassilicoccus intestinalis’ Issoire-Mx1 (AGN26871)

Methanonatronarchaeum thermophilum AMET1" (1) (WP 086637808)
1DD| | Methanonatronarchaeum thermophifum AM ET1' (2) (WP 0DB6637809)
1

‘Methanonatronarchaeia’
'Candidatus Methanohalarchaeum thermophilum' HMET1 (OKY78426)

ethanothermobacter thermautotrophicus Delta HT (AABB5618)

_QJI_HE’Mefhanothermus fervidus DSM 2088 (ADP77533)

100

Thermoplasmata

100

Methanosphaera stadtmanae DSM 3091 T(ABC58731) Methykcoenzyme M reductase Il (MrtA)
_:Methemocafdococcus Jjannaschii DSM 26617 (AAB980E3)
a3 Methanotorris igneus Kol 5T (AEF98001) (1)

ﬂl_—Me!hanocafdommusjannaschﬁ DSM 28617 (AABO88S1)
ggf Methanotorris igneus Kol 57 (AEFRE774)(2)

Meth. call
100 EMerhanoma:us vannielif SBT (ABR54777) sthanococcales

Methanococcus maripaludis C7 (ABR54777)
b \ethanopyrus kandleri AV1 g’ (AAMOD1870)

929

Methanococo

Methanopyri
Fig. 3. Phylogeny of novel halo(alkali)philic methanogens from hypersaline lakes based on the 16S rRNA gene (a) and full amino acid

sequences of the a-subunit of methyl coenzyme M reductase (McrA or MrtA) (b). The trees were built with the PhyML program and the
approximate likelihood-ratio test for branches [33]. Bootstrap values above 70 % are shown at the nodes. Bar, 0.10 changes per position.

Sorokin et al., 2018
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Eight orders of methanogens

nanobacterales
nanocellales
nanococcales
nanomassiliicoccales
nanomicrobiales
nanonatronarchaeles
nanopyrales

nanosarcinales

Borrel et al.,2013, lino et al., 2013, Sorokin et al., 2018



W Methanogenesis — Global carbon cycle
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& Methanogenesis — Global carbon cycle

Anoxic environments CH, Atmosphere
Freshwater and marine sediments, A (1.8 ppm)
wetlands, swamps, intestinal
tracts of ruminants and termites,

0.4 Gt per year
hot springs, hydrothermal vents

Methanogenic archaea

with cytochromes Oxic

[NiFe] environments
Acetate Aerobic
Rat +H™ bacteria
ate-
limiting Propionate . | 0.6 Gl por yers
step Butyrate Acetogenic . pery
Biomass —» Monomers —= Lactate I:’_E"_E—t?"a d INiFe CO, + CHy==~ » CO,
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(~2% NPP) s Co Al An.?_lercrhlcd
2+ / i 1 archaea an
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Thauer et al. (2010) Ann. Rev. Biochem.



Sources of GHG emissions

Overall balance of human-induced biogenic GHGs (Pg CO, equiv. yr1)

. 1D, 7.4+1.5; BU, 7.5+1.7

__________ =

CH, source (Tg C yr)
TD, 325+39; BU, 326+43

Natural sources
(TD, 139+28; BU, 160+43)

Agriculture
% (TD*, 169+26; BU, 107+8)

)" Biomass burning
§ (TD, 17£8; BU, 15£5)

i Landfill and waste

[ll|_”l (BU, 45+3)

TD... top down, BU... bottom up

TD, 3.9+3.8; BU, 5.4x4.8 (CH, + N,O + CO,)

TD, 2.2+0.6; BU, 3.3+0.7

N,O source (Tg N yr)
TD, 12.6+0.7; BU, 15.2+1.0

Natural soll
(TD, 7.5+0.4; BU, 8.4+0.9)

Agriculture
(TD*, 4.4+0.6; BU, 4.9+0.3)

i‘ Biomass burning
1 (TD, 0.6+£0.1; BU, 0.6+0.2)

Human sewage
(BU, 0.3+0.01)

TD, -5.8+3.4; BU, -5.3z45| 1 O

CO, sink (Pg C yr)
1D, -1.6+0.9; BU, -1.5+1.2

GHG fluxes

Tian et al., 2016
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Methane emission Percentage
Sources (Tg of CH, per year) (%)
Natural sources Hydrates
Wetlands 92-237 15-40 2%
Termites 20 3 Termites 2
Ocean 10-15 23 " prass
Methane hydrates 5-10 1-2 6% Rice culture
Subtotal 127-282 2147 10%
Anthropogenic sources
Ruminants 80-115 13-19
Energy generation” 75-110 13-18 Landfills
Rice agriculture 25-100 7-17 7%
L?Lndﬁ]ls . 3573 6-12 ‘Waste treatment Bioms?if:)mning
Biomass burning 23-55 4-9 4%
Waste treatment 14-25 2—4 Nazaries et al., 2013
Subtotal 267478 45-80
Total sources 500-600
Source: Modified from Lowe? and Prather and Ehhalt.'* Rum | nants ’ ag r| cu |tu re an d fOSS | I
‘Estimates of the relative contribution of methane emission . .
from a source to the total global emissions of 600 Tg of CH, per fu el ex p | oltation are | arg e
year , » anthropogenic sources of methane
Methane deposits released by coal mining, petroleum . .
drilling, and petrochemical production. emissions

Liu and Whitman, 2008



e Bia Ruminants and methane

e Omasum (Blattermagen)

(Speiserohre)

Esophagus

ﬁl/ X /

\
°Rumen °Abomaeum G Reticulum
(Pansen) (Labmagen) (Netzmagen)

‘..

Rumen and reticulum are hydrolysis and fermentation chambers, anaerobic, 100-150 L, 200-250 liters CH, d (~ 3.4 mmol Lt h-1).



e Bia Ruminants and methane

1.0 T ' ' : . , '
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Figure 1 | Effect of RSO on methanogens in vivo. Relative abundances of transcripts from RCC (upper row) and from Methanobacteriales (bottom row)
from individual cows on control and rapeseed oil (RSO)-supplemented diets, respectively. Relative fraction of archaeal SSU ribo-tags affiliated to RCC and
Methanobacteriales is shown as % of total SSU reads, and fraction of mcrA, mcrB and mcrG transcripts detected for RCC and other methanogens (that is,
Methanobrevibacter ruminantium and Methanosphaera stadtmanae), shown as %o of all mRNA transcripts with a significant homologue in Genbank nr
(e-value <1e-5) for each sample. P-values <0.05 are considered representing significant effects of fat supplementation (*marked) using paired t-test.
The mcrG of RCC was trend-wise affected by fat supplementation (P<0.10). n.s,, not significant; suppl, supplement.

Poulsen et al., 2012
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TMA, Methanomassiliicoccales and health

Origin and fate of TMA
in the human gut, and
the Archaebiotics
concept. Gut microbiota
synthesis of TMA is
realized from TMAO |,
choline, PC and L-
carnitine. The TMA s
then absorbed and goes
to the liver, routes (A) or
(B). In the case of route
(A), a partial or total
defect in a flavin-
containing
monooxygenase 3 (FMO
3)-oxidation into TMAO
leads to increased level
and diffusion of TMA in
breath, urine and sweat.
When FMO 3 (liver
oxidation) is functional
(B), the increase of
TMAO in blood is
associated with
atherosclerosis.2,7,11
Therefore, converting
TMA directly in the gut
using Archaebiotics
belonging to the seventh
methanogenic order,
naturally-occurring in the
gut, route (C) should be
envisaged. Interestingly,
these archaea are only
able to perform
methanogenesis  using
methyl compounds (see
Fig. 2), because the two
other pathways are
absent (CO2 reduction
with H2 and aceticlastic
pathway): this would
increase the efficiency of
TMA conversion.
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Methane from coal

Methane from coal
Coal seams produce natural gas (methane) through the activity of microbial food
chains or the methanogen Methermicoccus discovered by Mayumi et al.

Abandoned coal mine

Soil layers

Coal seam

Miscellaneous
coal
compounds

Greenhouse effect CHy Potential
-~ coal-bed

methane
exploitation
Natural

gas

pipeline

Methoxylated
coal compounds

Methermi OH
Microbial food chain—— CH; <= il OQ/
HC

£
AT

Welte 2016



Methane from coal
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Methoxydotrophic methanogenesis from various MACs. (A) Methanogenesis from seven types of MACs by 10 type strains and one isolate belonging to the order
Methanosarcinales. Each MAC was supplied with methoxy groups to a final concentration of 30 mM. Methane produced was measured after incubation for 9 months. Data are
means of three individual incubations; error bars represent SD of these triplicates. (B) Substrate ranges of Methermicoccus shengliensis strains AmaM and ZC-1 for 40 types
of MACs; an asterisk designates MACs analyzed for the media with coal samples. For each substrate, the average amount of methane produced (n = 3) is expressed by one

of four ranges. Detailed methane production data are shown in table S1.

Mayumi et al., 2016



HlisEiel Methane from coal

Methane (pmol'g-coal)
il
W

Inoculation

i
Inoculation | + -

¥
.I_
1 |
.I_
+
i
1
+
|
||
a1BNSqNs Op :+ -

B
Substrates (umolig-coal) L-A L-B L-C 5A 5-B B-A B-B
3-methoxy-benzoate| 0.02 0.08 012 0.14 0.09 0.07 MD
4-methoxy-benzoate | 0.02 016 0.22 0.29 0.07 0.02 ND
3, 4-dimethoxy-benzoate MD 0.01 0.03 TR MD ND MD
3,5-dimethoxy-benzoate ND TH ND TR ND ND ND
Methanol| 0.40 201 1.60 ND ND ND o | L | -

- ig. 2. Methanogenesis from coal samples by

Dlﬁmi::m::g ?‘-l:]q g:: Eﬁ E:q‘ll:}ﬂ mg Eg HE Methermiopcms sﬁmgifgngfs ..AmaM. .(A}.Methane

: - production in a medium with lignite, subbituminous coal,

Trimethylamine ND ND ND ND ND ND ND or bituminous coal. Information for each coal sample is

Total 0.58 2.51 2.16 0.56 0.16 0.09 MND shown in fig. S2. A small amount of methane inthe media

without substrate was detected as a result of carryover
from methanol-grown preculture. Data are means of three
individual incubations; error bars represent SD of these
triplicates. +, inoculated: —, not inoculated. (B) MACs, meth-
anol, and methylamines detected in the media with coal
samples before inoculation of M. shengliensis AmaM. The
GC-MS analyses were performed in duplicate; average
concentrations are shown. ND, not detected: TR, detected
but below the range of concentration for which the cali-

Mayumi et al., 2016 bration curve could be applied.



Methane from coal
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Fig. 3. Methanogenesis from 2-methoxy-benzoate
by Methermicoccus shengliensis AmaM. All symbols
represent means of three individual incubations; error

bars represent SD of these triplicates. Mayumi et al., 2016



e Methane from coal

A [*C]methanol or 2-["*C]methoxy-benzoate labelled B [**C]bicarbonate labelled
£, 3 15
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Fig. 4. Stable isotope tracer experiments to elucidate the mode of metabolism in methoxydotrophic
methanogenesis. (A) Carbon isotopic relationship between methane produced by M. shengliensis AmahM
and either methanol or the methoxy group of 2-methoxy-benzoate added to the media. The slopes of the
regression lines show the efficiency of carbonincorporation from each substrate into methane. (B) Carbon
isotopic relationship between methane produced from either methanal or 2-methoxy-benzoate and carbon
dioxide. The slopes of the regression lines show the efficiency of carbon incorporation from carbon dioxide into
methane. Each symbol represents one of three individual incubations. Mayumi et al., 2016



wer Methanogenesis — Thawing permafrost

a Palsa Bog Fen b

frozen thawing thawed Bog Fen

N Candidatus

'M. stordalenmirensis
B Methanobacterium sp.
|| Methanosaeta sp.
| Methanoregula sp.
| Methanosarcina sp.

| Other Archaea
c 100 ® < 12
o

7] ) ™ [ ] Ea
2w 2o i !
82 g ® 1 ® o
gsg I LI E
SES ° g
58 = 50 ° 6 %
oH ® =
88 o o e =
§% e ° e ° :

= &
SEE 0 - ** o £
< 2 _;L @ ° o - s

E |
Py e
$2 | 5 ale
0! cnmm ) ¢ w D © o ©
< Q < < <
Aug/Sept 2010 June 2011 July 2011 Aug 2011 Oct 2011

Figure 1| Seasonal abundance of Candidatus 'M. stordalenmirensis' along a thaw gradient. (a) Schematic of the sampling sites at Stordalen Mire,
Sweden; the white area indicates permafrost, hashed area indicates the active layer and blue area indicates water. Boxes denote coring sites and
coloured dots represent the sampling site and depth: intact (brown), thawing (green) and thawed (blue), and thick, thin and no borders representing
deep, middle and surface, respectively. (b) Relative abundance of dominant methanogens in the bog and fen sites, compared with the total number
of archaeal sequences. (¢) Relative abundance of ‘M. stordalenmirensis’ in microbial communities between 2010 and 2011. Coloured dots represent
sampling site and depth: intact (brown), thawing (green) and thawed (blue), and thick, thin and no borders representing deep, middle and surface,
respectively. Arrow indicates the two samples used for metagenomic sequencing. Histograms indicate associated methane flux for each site
averaged across the week before cores were taken (2010 and June 2011 represent a 10 year flux average’, July-October 2011 measured in situ).
All error bars represent s.e.

Mondav et al. (2014) Nature Communications
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e Other wetlands
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Figure 3 | Global distribution of Candidatus ‘M. stordalenmirensis'-like sequences. Each dot represents an instance where one or more published SSU
rRNA gene sequences with >97% identity to ‘M. stordalenmirensis’ was observed. Dots are colour coded according to ecosystem type, and the star
indicates Stordalen Mire. Purple shading indicates permafrost distribution and classification. This figure was drawn using the R°® package ‘maps’ version
2.2-6 (http://cran.r-project.org/web/packages/maps/) then modified with Gimp (gimp.org) and Inkscape (inkscape.org). Overlayed permafrost

distribution was derived from http://svs.gsfc.nasa.gov/goto?3511 (NASA/Goddard Space Flight Center Scientific Visualization Studio, National Snow and
Ice Data Center, World Data Center for Glaciology).

Mondav et al., 2014



wet Methanogenesis — psychrophilic strains

Table 1. Summary of currently known psychrophilic strains and their main temperature and

pH features.
Strain Temp. [C] pH Ref.
min. opt max min. opt. max.
Methanospirillum psychrodurum 4 25 32 6.5 7 8 [92]
Methanosarcina baltica 3 21 28 6.3 7.2 7.5 [32]
Methanosarcina lacustris 1 25 35 45 7 8.5 [93]
Methanolobus psychrophilus 0 18 25 6 7-7.2 8 [94]
Methanogenium marinum 5 25 25 5.5 6—6.6 7.7 [95]
Methanogenium frigidum 0 15 17 6.3 7.5-7.9 8 [33]
Methanohalobium evestigatum 50 na.l na n.a. 7.4 n.a. [96]
Methanogenium cariaci 15 20-25 35 6 6.8-7.2 7.5 [97]
Methanogenium boonei 5 194 25.6 6.4 n.a. 7.8 [98]
Methanoculleus marisnigri 15 20-25 48 6 6.2-6.6 7.6 [99]
Methanoculleus chikugoensis 15 25 40 6.7  6.7-7.2 8 [100]
Methanococcoides alaskense 2.3 23.6 28.4 6.3 n.a. 7.5 [101]
Methanococcoides burtonii 1.7 234 29.5 6.8 n.a. 8.2 [102]
Methanospirillum stamsii 5 20-30 37 6.0 7.0-75 10 [31]
Methanosarcina soligelidi 0 28 54 4.8 7.8 9.9 [34]
Candidatus “Methanoflorens stordalenmirensis”  n.a. n.a. n.a. n.a. n.a. n.a. [36]

I hot available. Taubner et al., 2015



Methanogenesis — growth rate
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A plot of specific growth rates (u) of four methanogenic strains Taubner et al., 2015
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grsitat Methanogenesis — 4 pathways
CO,-type pathway
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Thermodynamically, two reactions are exergonic and, hence, involved in energy conservation:
1)The methyl transfer from H,MPT to CoM by methyl-tetrahydromethanopterin:CoM methyltransferase (Mtr)
2)The reduction of the CoM-S-S-CoB heterodisulfide by heterodisulfide reductase (Hdr)

Thauer et al., 2008; Borrel et al., 2013



CWEset Methanogenesis — Gibbs free energy

Reaction AG®" * (k]/mol CH,) Organisms
I. CO,-type
4H, +CO;, -> CH,; +2H,0O —135 Most methanogens
4 HCOOH - CH, + 3 CO, 4+ 2 H,O —130 Many hydrogenotrophic methanogens
CO; 4+ 4 1sopropanol — CH, 4 4 acetone + 2 H,O —37 Some hydrogenotrophic methanogens
4 CO + 2H,0 - CH, + 3 CO, —196 Methanothermobacter and Methanosarcina
II. Methylated C1 compounds
4 CH;OH — 3 CH, + CO, + 2 H,O —105 Methanosarcina and other methylotrophic
methanogens
CH;0OH 4+ H, - CH, + H,O —113 Methanomacrococcus blatticola and Methanosphaera
2 (CH3);-S+ 2 H,O - 3CH, + CO5 4+ 2 HyS —49 Some methylotrophic methanogens
4 CH;-NH, + 2 H,O — 3 CH, + CO, + 4 NH; —75 Some methylotrophic methanogens
2 (CHs),-NH + 2 H,O — 3 CH, + CO, + 2 NH; —73 Some methylotrophic methanogens
4 (CH3);-N + 6 H,O — 9 CH, 4+ 3 CO,; + 4 NH; —74 Some methylotrophic methanogens
4 CH;NH,;Cl + 2 H,O — 3 CH, + CO, + 4 NH,CI —74 Some methylotrophic methanogens
III. Acetate
CH;COOH — CH, + CO, —33 Methanosarcina and Methanosaeta

SOURCE: Modified from Hedderich and Whitman' and Zinder.*?

“The standard changes in free energies were calculated from the free energy of formation of the most abundant ionic species at

pH 7. For mstance, CO, is HCO;~ + H* and HCOOH is HCOO~ + H*.

Liu &Whitman 2008
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Carboxydotrophic methanogens

Methanogenic archaea capable of metabolizing CO

Species Mative physiology  Experimental Inhibitory Products from Generation time Rafarence
procedure usaed levels® co on CO {h)

Mesophilic

Mathanobrovibacior Hydrogenotrophic Enzyme assay M.D. M. M.0. Hammeal ot al., 19684

Methanosancing Acoiiclastic Cultivation/enzyme =150 kPa Methane, acetate, ~20 Rother and Metcalf,

acativorans C24 assay formate 2004:; Oolgaschiager
and Rother, 2009

Mathanosancing Acoiiclastic Cultivation/enzyme =100 kPa Hydrogen, Methane  ~B5 CO'Brien ot al., 1984;

barkan assay Bott et al., 19686

Meathanobactenium Hydrogenotrophic Cultivation M.D. M. Mo growih Kluywer and Schinallen,

formicicum 1847

Mathanossata concili Acoliclastic Erzyme assay M.D. M. Mo growih Jotten et al., 1989

Thermophilic

Mathanotharmobactar Hydrogenotrophic Culiivation/enzymea 50 kKPa Mothane, hydrogeon ~200 Daniels o al., 1977;

thermoautotrophicus as=ay Wassarfallen ot al.,
2000

Mathanosancing Acoliclastic Cultivation =2 kPa Hydrogen, Methane  MN.D. Zinder and Anguish,

thermophila 1842

Mathanothnx sp. Acoiiclastic Cultivation =2 kPa Methana Mo growih Zinder and Anguish,

Sirain CALS-1 1842

Archasogiobus Sulfate reducer Cultivation =136 kPa Acoiate, formats ~10 Henstra et al., 20073

fuigidus>

Mot detarmined parameaters are markad N.D.
AFonward armows () indicate inhibitory levels have not been reached: numbers displayed are the maximal level fested. Reverse amows (<) indicate the fesfed level was

the highast tasted and the inhibitory concantrafion lias balow this ovall

B Archasoglobus fulgidus is not capable of genarating methane, but is displayed here due to its capacily to generale acetate and formate from CO, fike M. acetivorans.

Diender et al., 2015



ngrsitat Carboxydotrophic methanogens

xNa“fxH* CHO-HyMFT
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CH=H,MPT A
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CHy=H,MPT

F420H;

xMa®/xH*

FIGURE 5 | Carbon monoxide metabolism of hydrogenotrophic methanogens. CO driven mathanogenesis with hydrogen as an intermediate is displayed.
xH* or xMNat indicate translocation of an undefined number of protons or sodium ions, respectivedy. Peactions ane not displayed stoichiomatrically. EcH, snergy
comerting hydroganase; Wi, mathyl-Hy MPT:HS-CoM methyitransforase; ATPase, ATP synthase; Fd, feredoxing MF, methanofuran; HaMPT,

tetrahydromethanoptern; HS-CoM, coenzyme M; H3-CoB, coenzyme B.

Diender et al., 2015



ngrsitat Carboxydotrophic methanogens

Fig. 6 The Methanosarcina barkeri o,¢, CdhAE component.a Side as spheres, with iron atoms in purple, nickel atoms in blue, and the
view shown as ribbons with the a-subunits colored in cyan and green remaining atoms in CPK. b Side view of the metal clusters. By
and the e-subunits in tan and orange. Metal cluster atoms are shown permission (Gong et al. 2008)

Ferry, 2010



Wohprsitat Carboxydotrophic methanogens
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Fig. 7 Proposed coupling of the CO and H,O species in the C cluster of the Methanosarcina barkeri CAdhAE component

Ferry, 2010
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Carboxydotrophic methanogens
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of CO to acetate and
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Ferry, 2010



wer e Methanogens with & without cytochromes

Reaction
number

1

[T = = I = T o B LT I

10
11
12
13

14
15

16

Equation

4H,+CO,—-CH,+2H,0

CO,+MFR+Fd_*+2H*= CHO-MFR+Fd_ +H,0O

CHO-MFR + H MPT = CHO-H_MPT + MFR
CHO-H,MPT + H* = CH=H MPT*+ H,O
CH=HMPT*+F_H =CH=HMPT+F,_ +H
CH,=H,MPT+F_ H =CH -HMPT+F_

410 2

CH,-H MPT + HS-CoM= CH -S-CoM + H MPT

CH,-5-CoM +HS-CoB=CH, + CoM-5-5-CoB
H,+Fd_=F redz‘+2 H*

H+F, =F, H (x2)

410 2

H,+MP=MPH,

MPH, + CoM-5-5-CoB=MP + H5-CoM + H5-CoB

ADP + Pi =ATP + HEO

2 H* (outside) + 1 Na* (inside) = 2 H* (inside) + 1 Na* (outside)
2H, +CoM-5-5-CoB +Fd_ = HS-CoM +HS-CoB+Fd_* + 2 H*

CH,OH + HS-CoM = CH,-S-CoM + H,0

AG” (k] per mole)

-131

—30 (coupled with 2 Na* translocations)
-30

+16 (coupled to 2 H*, or possibly 2 Na*,
translocations)

-11
—50 (coupled with 2 H* translocations)
—5 (coupled with 2 H* translocations)

—32 (coupled to 4 H*, or possibly 4 Na*,
translocations)

0
-39
-175

F 5 coenzyme F,, ; Fd, ferredoxin; H4MPT, tetrahydrosarcinapterin; HS-CoB, coenzyme B; H5-CoM, coenzyme M; MFR, methanofuran;
MP, methanophenazine.

Thauer et al., 2008
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M. barkeri
(with cytochromes)

4H, + COmp-(CH, + 2 H,0 —500 mV €o,

» Fd_,

—_— @ 2
H, + Fd,,
EchA—F
Methanogens with cytochromes —4l4 mV CHO-MFR
» Contain methanophenazine (a functional menaquinone analogue). 3
* Growth onH, and CO, is restricted to some Methanosarcina species; most can grow on

acetate, methanol and methylamines and cannot grow on formate?®. 4
* Threshold H, partial pressure is generally >10 Pa.
* GrowthyieldsonH, and CO, of up to 7 g per mole of methane.

14 .
* Doubling times are generally >10 hours. H1 T F41-:}H1 ; z
* No hyperthermophilic species. 1Ma*
Figure 2 | The coupling sites that are proposed to be involved in energy + = CH1=H4 MPT
conservation in Methanosarcina barkeri growing on CO, and H,. The numbersin H. =——sF_H
bold correspond to the reaction numbers in BOX 1. The first and last steps are ! 10 4002 '3
chemiosmotically coupled. The ATP gain (moles of ATP per mole of methane) is assumed v
to be 1.5. The redox potentials are standard potentials at pH 7.0 (E%). The E¥ of ferredoxin AG"=—30 er mole
was set at—500 mV, which is the E” of the CO /CHO-MFR couple (discussed in the main CH},‘Hq MPT
text). C units and the cytochrome b subunits VhoC and HdrE are highlighted in red.

Fd, ferredoxin; H,MPT, tetrahydrosarcinapterin; HS-CoB, coenzyme B; HS-CoM, -
coenzyme M; MER, methanofuran. 7 -
MtrA—H

o] (CH.S-CoM

H, » HS-CoM + HS-CoB [ADP]
4—;@ (2 8 13 | = [4H]
CoM-S-5-CoB AA
VhoACG- ATPase
HdrDE CH,

Thauer et al., 2008
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Acetoclastic methanogens

cell membrane

ATP CoA-SH
Ack Pta
CH,CO0™ — CH,COPO,2 CHSCOSCOA
Fd, THMPT
HCOS' ADP HPO,2 cdh CoM-SH

MA1011-16 Mtr

CH,-THMPT

Ca CoA-SH

,_.-———--‘.\
ASS60-65 MA0269-76 )—» Na+
CO,« J CHy-S-CoM ——
Ma-Rnf
/"'_‘\ Fd CoB-SH — THMPT
Na+H+ +—
MA4546-47
Hr = ~ > CH,
CoM-S-5-CoB
ADP + HPO,2 H+ ATP
CoM-SH + CoB-SH Y‘*\{‘
Na* MA4152-60 ) At
| ¢ T AW
Mrp MAdEﬁ%
T
Fig. 5 Pathway for the conversion of acetate to methane by anhydrase, Ma-Rnf M. acetivorans Rnf, MP methanophenazine, Hdr-
Methanosarcina acetivorans. Ack Acetate kinase, Pta phosphotransa- DE heterodisulfide reductase, Mrp multiple resistance/pH regulation
cetylase, CoA-SH coenzyme A, THMPT tetrahydromethanopterin, Fd, Na'/H" antiporter, Afp H -transporting ATP synthase. Carbon transfer
reduced ferredoxin, Fd, oxidized ferredoxin, Cdh CO dehydrogenase/ reactions are catalyzed by the enzymes shown in blue. Electron

acetyl-CoA synthase, CoM-SH coenzyme M, Mfr methyl-THMPT: transfer reactions are catalyzed by enzymes shown in green. By

CoM-SH methyltransferase, CoB-SH coenzyme B, Cam carbonic permission (Li et al. 2006) Ferry, 2010



A) 2 H* 2H" H, H* 2 Na® 3-4 H*/Na*
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Hdr MPh  Vho |  Ech Mtr CM
N\ AT AN
Hs 2H*
CoM-S8-8-Cog  HS-CoM Fdox Fdyeq

ATP  ADP+P;

HS-CoB CH3-8-CoM oy 1, sPT /vl\
P& CH,

CH4-S-CoM + HS-CoB

B)
2H* 3 Na* 2 Na* 3-4 H/Na™
T T T out
Hdr MPh Rnf Mtr CM

F 3

in
7\ v TN /I\ AA,
CoM-8-S-CoB  HS-CoM Fdox  Fdreg

HS-CoB CHy-S-CoM oy -H sPT m
PVCH4

ATP  ADP+P,

CH,-S-CoM + HS-CoB
Fig. 4. Process of ion translocation during acetate utilization. { A) Ms. mazei, ( B) Ms. acetivorans. The scheme gives an overview of ion translocation events and does not indicate the mech-
anism of ion translocation. Vho, Mp h-red ucing hydrogenase; Ech, Ech hyd rogenase; Rnf, Rnf complex; Hdr, heterodisulfide reductase; M, methyl-H,SPT-coenzyme M methyltransferase;
Ayfp, ATP synthase; CM, cytoplasmic membrane, Welte & Deppenmeier, 2014



iRt Methanogens with cytochromes

Formyl-MFR
48F‘Tj H,SPT
MFR K MFR
Methenyl-HsSPT
Methanosarcina

F42DH'-' j K F42EIH2
Dt
ATP ADP CoA P, co, Fazo Fazo
Hac—{ A2 e ‘<3 L.Z. o Methylene-H,SPT
red
k Fd,, F42|:|H2j F420H2> H,
0 H,SPTCoA F,y Fa20
>H3c_4< NN Methyl-H,SPT

ATP  AMP S-CoA
° CoA PP Hs-r:omj
Hsc*/( M / H,SPT vy %, methanol
o CH,-S-CoM - methylamine
HS-CoB lf"‘ methylthiol
Methanosaeta
CoM-S—S—Cij |

CH,

Fig. 2. Pathways of methanogenesis. Carbon fluxes through the three pathways of methanogenesis in Methanosarcing and Methanosaeta strains. Red arrows indicates aceticlastic
methanogenesis with the different acetate activation mechanisms in Methanosarcing and Methanosaeta. Blue arrows indicate reactions of methylotrophic methanogens, Green arrows
indicate the pathway of hydrogenotrop hic methanogenesis by a subgroup of Methanosarcina strains, e g. Ms. mazei. Welte & Deppenmeier, 2014
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A
) 2H 2H" 2H" H, H* 2 Na* 3-4 H*/Na*
A
T T S T | | out
Fpo MPh Hdr MPh Vho Ech Mitr CM
FpoF A in
~ 7\ " @ - /l\ iAo
CoM-S-S-CoB  HS-CoM ox  Fieg
FazoHz  Fug HS-CoB CH-S-CoM - cH, H,sPT
P' CH, ATP  ADP +P,
CH3-S-CoM + HS-CoB
B)

2H 2 H* H, H 2 Na* 3-4 H*/Na*

f " | t out

Hdr MPh Vho Ech Mtr CM
-“—
/\1 m . AA, in
M2 kg Foy |
CoM-S-S-CoB HS-CoM ox red CHoS.CoM
HS-CoB 372"~ OM  CHg-H,SPT /l\

P’ CH, ATP ADP + P,

CH,-S-CoM + H5-CoB

Fig. 3. All ion-translocating e nzymes of Ms. mazei in action. (A) methylotrophic methanogenesis, { B) hydrogenotrop hic methanogenesis. The scheme gives an overview of ion translocation
events and does not indicate the mechanism of ion ranslocation. Vho, Mph-reducing hydrogenase; Ech, Ech hydrogenase; Hdr, heterod isulfide reductase. Fpo, FizoH: dehydrogenase;
FpoF, input module of the Fpo complex; Mtr, methyl-H,5PT-coenzyme M methyliransferase; A,Aq, ATP synthase; CM, cytoplasmic membrane, Please note that in Ms acetivorans Vho

and Ech are replaced by the Na™-translocating Rnf complex Welte & Deppenmeier, 2014



Methanogens with cytochromes

|2e 2 H
VhoG H*
out 0 out
Y )
VhoC
1 \ Mph EchA | EchB
Mphred
) \ a /
n EchD EchC in
2 H* EchE
EchF

2H* H-?
Fdred Fdox

Fig. 5. Structure of hydrogenases. Schematic overview of subunits and prosthetic groups found in the Mph-reducing hydrogenase Vho (A) and Ech hydrogenase (B). Red colour indicates
the initial oxidizing subunit, blue colour indicates membrane integral subunits.
Welte & Deppenmeier, 2014
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3 Na*

T

RnfG MAO0658

out
f_y v - w b
E Mph
E RnfA | RnfD | RnfE
= Mphred
A {1\,' A 4
RnfB RnfC in
_/
|
Fd., Fd,

Fig. 6. Rnfcomplex. Tentative model of the Rnf complex of Ms. acetivorans. The additional
small hyd rophobic subunit { MADGE5) is indicated as part of the membrane module.
The multi-heme cytochrome ¢ is termed MAOG58. The exact topology of the subunits,
the electron flow and the sodium ion translocation mechanism have not been dete rmined
in the methanogenic enzyme. Red colour indicates the initial oxidizing subunit, blue
colour indicates membrane integral subunits. Welte & Deppenmeier, 2014



Methanogens with cytochromes
H*+? H+? H*?

out

In

Fig 7. Tentative model of the FipHz dehydrogenase. The figure indicates the subunit arrangement, prosthetic groups and the electron flow. Predicted discontinuous TM helices in
FpoHLMN are shown as light blue boxes. Putative helix HL is indicated by a dark blue box. Question marks indicate that the exact site of H™ translocation is not known. The predicted
discontinuous TM helix of Fpol is marked by X because it might be inactive. The function of the hydrophilic subunit FpoO is not known. Therefore, its properties are not discussed. Red

colour indicates the initial oxidizing subunit, blue colour indicates membrane integral subunits. Welte & Deppenmeier, 2014
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Methanogens with cytochromes

3H" 2H" 2 Na™ 3-4 H'/Na™

T T T Dut

Fpo MPh Hdr Mtr CM
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/TN /‘\ /\ AA, in

Fd Fd )
red 0x HS-CoM
CoM-S-S-CoB
HS-CoB CHy-S-CoM CHgH,SPT m
"/' CH, ATP ADP + P,

CH5;-5-CoM + HS-CoB
MM 2486 122 EKLAE...... EVD I E G ER . & . o ittt ittt it e et e s s s nneassaeaeensenneennnaa 136
MALISOO 122 EKLAE...... AT NI 0 - 13e
Mbar A3407 122 KLAR...... T I T 136
Mthe 1054 122 RIAVEEFEDEEVAELE QAEEEEFEAAMMAARERAMAE . . ... . . .. AEGEENEAETEPSEGEGER| 180
Mcon 3064 126 PFPLATERFEAEKEVADLE IAAERALRAREEARAREDAAD NCGDEEPAEEGANAEEEEAVAKPAEGGAS| 193
Mhar 1414 122 DIAVGLYSDDELAELLAE FAFEREEEREAAEAARAREEEARKAANECDEGEGERAREEEEAR. . . .| 185

Fig. 10. Process of energy conservation in Methanosaeta species. [ A) Model of electron transport and ion translocation during aceticlastic growth of Mt thermophila. Fpo, F.ppH; dehydroge-
nase without input module FpoF; Hdr, heterodisulfide reductase; Mtr, methyl-H,SPT-coenzyme M methyltransferase; AjAq, ATP synthase. (B) Alignment of Fpol homologues of different
methanoge nic archaea. Fpol of Methanosaeta sp. contain a C-terminal extension with an accumulation of basic lysine residues. MM_2486, Ms. mazei NP_634510.1 (the comesponding
zene in the database contains a wrong start codon. In the alignment, the correct start amino acid further downstream was chosen); MA1500, Ms. acetivorans NP_516434.1; Mbar_A3407,
Ms. barkeri YP_306860.1; Mthe_1054, Mt thermophila YP_8434781; Mcon_3064, Mt concilii YP_004385202.1; Mhar_1414, Mt harundinacea YP_005920401.1.

Welte & Deppenmeier, 2014



CoM-SH + CoB-SH e HdrD in
CoB-S-S-CoM

Fig. 9. Simplified scheme of the HdrDE-type heterod isulfide reductase. Direct involvement of electron transport was demonstrated for the low-spin heme (heme by;) but not for the high-
spin heme { heme by,.). The high potential FeS cluster ( [4FedS]y) was also demonstrated to be involved in electron transport whereas the other, low potential FeS duster ([4FedS],) is
involved in the stabilization of the thiyl intermediate that is formed during catalysis. For more details, see text. Blue colour indicates the membrane integral cytochrome b subunit

Welte & Deppenmeier, 2014



H, uptake in methanogenic archaea

Anoxic environments CH, Atmosphere
Freshwater and marine sediments, A (1.8 ppm])
wetlands, swamps, intestinal
tracts of ruminants and termites,
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hot springs, hydrothermal vents
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with cytochromes Oxic

[NiF=] environments
Acetate” Aerobic
Rat +H™ bacteria
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1 1 *
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Thauer et al. 2010
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The metal sites of the three types of hydrogenases involved in interspecies hydrogen transfer (see Figure 2)
have unusual structural features in common, such as intrinsic CO ligands. Despite this fact, [NiFe]-
hydrogenases (5-8), [FeFe]-hydrogenases (9-11), and [Fe|-hydrogenase (12-14) are not phylogenetically

related at the level of their primary structure or at the level of the enzymes involved in their active-site

biosynthesis (12). Abbreviation: GMP, guanylyl rest.

Thauer et al. 2010



hprsitat H, uptake in methanogenic archaea

I v \ \

E'=-300mV
AuH*/Na* 2 (PH, =10 Pa)

2H

E'=-500 mV
(Fdox/Fdred <0.01)

2_
Cytoplasmic Fdred

membrane
+ g

Figure 4

Schematic representation of the structure and function of the energy-
converting [NiFe|-hydrogenases EchA-F, EhaA-T, EhbA-Q, and MbhA-N
found in methanogenic archaea. The energy-converting hydrogenase EchA-F
is composed only of the six conserved core subunits, which are highlighted in
color. The energy-converting hydrogenases EhaA-T, EhbA-Q), and MbhA-N
also contain several hydrophobic and hydrophilic subunits of unknown
function. These subunits are symbolized by areas with dashed boundaries.
Abbreviation: Fd, ferredoxin with two [4Fe4S]-clusters. Thauer et al. 2010



R H, uptake in methanogenic archaea
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The structures and functions of (b) the VhtACG complex. The Vht complex is found only in methanogens with cytochromes.

Thauer et al. 2010
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The structures and functions of (c) the FrhABG complex.

Thauer et al. 2010
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H, uptake in methanogenic archaea

a b
Biosynthesis Biosynthesis
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====3% Diffusion

The proposed function and localization within the cell of the [NiFe]-hydrogenases involved in methanogenesis from H2 and CO2 are shown for

methanogens (a) with cytochromes and (b) without cytochromes

Thauer et al. 2010



Methanogens without cytochromes

Methanobacteriales

Methanococcales
Methanopyrales —500 mV co,
Methanomicrobiales Fd -
Il with h red
(all without cytochromes) A 2
4H, + €O [CH, + 2H,0 Fd.;
) H, + Fdg, CHO-MFR
Fd g™ 3
Eha and/or ¥
Ehb complex 4
¥
Figure 5| The coupling sites that are proposed to be involved in energy CH=H.MPT*
conservation in methanogens without cytochromes growing on CO, and H,. -
The numbers in bold corr.espond to the react.l'on nu.rnbers in BOX 1 ..The firstand last HE—F F42{!-H2 —_ 14
steps are coupled by flavin-based electron bifurcation. The ATP gain (moles of ATP per 10 5
mole of methane) is assumed to be 0.5. The redox potentials are standard potentials at q.-/ =
pH 7.0. The E” of ferredoxin was set at—500 mV, which is the E” of the CO,/CHO-MFR N Y
couple (discussed in the main text). The reaction that is catalysed by the cytoplasmic le CH1=H4M PT
MvhADG-HdrABC complex (reaction 15) is delineated by a thicker grey arrow. C, units
are highlighted in red. Fd, ferredoxin; H MPT, tetrahydromethanopterin; H5-CoB, Hz—.’ F41:_'|H]
coenzyme B; HS-CoM, coenzyme M; MFR, methanofuran. + - 10
CH,-H, MPT
7 -
MtrA—H
CH,-5-CoM
Methanogens without cytochromes 3
* Do not contain methanophenazine. |—4.|4 mV | |—]4D mV |
* Can grow on H, and CO_, except for Methanosphaera stadtmanae; cannot grow on 4 n - HS-CoB
acetate or methylamines and many can grow on formate®. 2 8 13 |4 Na*
* Threshold H, partial pressure is generally <10 Pa. CoM-5-5-CoB #]ﬁ{}
* Growthyields on H and CO, of up to 3 g per mole of methane.
: : MvhADG- CH, ATPase

* Doubling times can be as low as 1 hour.

HdrABC

* Many hyperthermophilic species.

Thauer et al., 2008



D migrstat Methanogens without cytochromes

MvhADG-HdrABC
complex

HdrA

CoM-S-5-CoB

Fd redz_

HdrB

Figure 4| Proposed scheme for the reduction of
CoM-5-5-CoB with H, that is catalysed by the
hydrogenase (MvhADG)-heterodisulphide reductase
(HdrABC) complex in methanogens without
cytochromes. The enzyme complex is proposed to couple
the endergonic reduction of ferredoxin with H, to the
exergonic reduction of CoM-5-5-CoBwith H, by flavin-
based electron dismutation that involves the FAD in HdrA.
The redox potentials are standard potentials at pH 7.0 (E”). The
E" of ferredoxin was set at =500 mV, which is the £% of
the CO,/CHO-MEFR couple (discussed in the main text).
The sequence of HdrB contains ten conserved cysteines

that are organized into two so-called CCG domains
(CX,, ., CCX, . CXXC).The carboxy-terminal CCG domain

is in:rlc:-i\ied ingéaﬁunusual [4 Fe—4 §] cluster formation and the
amino-terminal domain is involved in zinc binding. The zinc
in HdrB is ligated by three sulphurs and one histidine
nitrogen, as revealed by Zn-K-edge X-ray absorption
spectroscopy®. The *4C" in HdrA represents a conserved
sequence motif that contains four cysteines, and in HdrA

from Methanococcus spp., one of the four cysteinesis a

+2 H* HS-CoM + HS-CoB selenocysteine. Fd, ferredoxin; HS-CoB, coenzyme B;

HS-CoM, coenzyme M.

Thauer et al., 2008



2H,
E'=-300mV
(pH, = 10 Pa)
4 H*

MvhG

Figure 4 | Proposed scheme for the reduction of
CoM-5-5-CoB with H, that is catalysed by the
hydrogenase (MvhADG)-heterodisulphide reductase
(HdrABC) complex in methanogens without
cytochromes. The enzyme complex is proposed to couple
the endergonic reduction of ferredoxinwithH, to the
exergonic reduction of CoM-5-5-CoBwith H, by flavin-
based electron dismutation that involves the FAD in HdrA.

The redox potentials are standard potentials at pH 7.0 (). The

E” of ferredoxin was set at =500 mV, which is the E* of
the CO,/CHO-MFR couple (discussed in the main text).
The sequence of HdrB contains ten conserved cysteines
that are organized into two so-called CCG domains

(CX,, ,,CCX,, ,,CXXC). The carboxy-terminal CCG domain
isinvolved in an unusual [4 Fe—4 S] cluster formation and the
amino-terminal domain is involved in zinc binding. The zinc
in HdrB is ligated by three sulphurs and one histidine
nitrogen, as revealed by Zn-K-edge X-ray absorption
spectroscopy®. The “4C’ in HdrA represents a conserved
sequence motif that contains four cysteines, and in HdrA
from Methanococcus spp., one of the four cysteinesis a
selenocysteine. Fd, ferredoxin; HS-CoB, coenzyme B;

HS-CoM, coenzyme M.

MvhD

F E'~-500 mV

d
MvhA X (Fd_/Fd _,<001)

Fdredz-
FAD

2 [4Fe4S]  [4Fe4S]
4Cys [4Fe4S]  HdrC
2 [4Fe4S]

HdrA [4Fe4S] B
Zn

7 O\

CoM-S-S-CoB + 2 H* CoM-SH + CoB-SH
E,' =-140 mV

The structures and functions of (a) the MVvhADG/HdrABC complex.
The Mvh/Hdr complex is found mainly in methanogens without
cytochromes, The stoichiometry of the MvhADG/HdArABC-
catalyzed reaction has not yet been ascertained.

Thauer et al., 2008, 2010



Methanogens — e bifurcation

co,
Methanofuran Ferredoxin, 4
(i
Ferredoxin,
Formyl-methanofuran
1
|
|
1
v
CH3'HdM PT
r- HSCoM
CH,;-SCoM
HSCoB
CH,-SCoM
Reductase
CoM-5-5-CoB

FIGURE 5 | Electron bifurcation in Methanogenesis. H5-CoB or HS-HTE
coenzyme B; H3-CoM, coenzyme M; CoM-5-5-CoB, heterodisulfide of
coenzyme M and coenzyme B. Heterodisulfide reductase (Hdr) utilizes
bifurcated energy electrons for two purposes: (i) converting Col-5-5-CoB 1o

Hdr

Low potential

Formate
electrons
E%'= =520 mV Formate
2e- dehydrogenase

\

CoM-S-5-CoB

Reductase [po— _414 mV H,
(Bifurcation

Center) % Hydrogenase
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electrons
E'=-140 mV

HS-CoM and HS-CoB, using high potential electrons; and (i) reducing a low
potential ferredoxin using low potential electrons, which is energetically
suitable for the highly endergonic reduction of CO» and generation of
formyl-MF (Thauer et al., 2008; Thauer, 2012; Costa and Leigh, 2014).

Purwatini et al., 2014
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H, + Na™ translocation

CO, + MFR

CH, Fd(ox)

Eha
CoM-S-S-CoB Fd(red)
Formyl-MFR HMPT
Mer .
HS-CoB . Ftr MFR
Formate
Cco,
CH,-CoM H, Formyl-HMPT
4 Fdi;/ Fa20 e
. Mtr[MN—HS-CoM Mch
Na" e— Fy20H, H,0
translocation
CH,-H,MPT F o, H, Methenyl-H MPT
F,0H, Xu;’Frc

20 Mer
F420H 2 F H
420432

Fig. 1. The methanogenic pathway. Eha, energy-converting hydrogenase
A; Fdh, formate dehydrogenase; Fru and Frc, Fgpo-reducing hydrogenases;
Ftr, formyl-MFR:H4MPT formyltransferase; Fwd, formyl-MFR dehydrogenase;
Hdr, heterodisulfide reductase; Hmd, H,-dependent methylene-H;MPT de-
hydrogenase; Mch, methenyl-H;MPT cyclohydrolase; Mcr, methyl-CoM re-
ductase; Mer, methylene-H4sMPT reductase; Mtd, Fs20-dependent methylene-
HsMPT dehydrogenase; Mtr, methyl-H;MPT-CoM methyltransferase; Vhu

and Vhc, Fgyp-nonreducing (Hdr-associated) hydrogenases. Lie et al. 2012
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FdhB FwdABCDF
CO, + MFR
Formic acid 8
CO, + 2¢- formyl-MFR
¢ flow
2H*+ 2e-
H,
CoM + CoB
CoM-S-S-CoB
VhuG

FIG 5 Protein interactions in the Hdr supercomplex. Formate dehydrogenase (FdhAB) and hydrogenase (VhuAGU) compete for binding to VhuD. VhuA and
Vhull are drawn together, since they form the catalytic site of H, oxidation (30, 31). Electrons flow to HdrA, where their path is bifurcated to both FwdABCDF
and HdrBC. Black double arrows indicate known interactions between subcomplexes. The dashed line between HdrA and Fwd signifies a hypothesized site of
interaction between these subcomplexes. Reactions catalyzed by the individual enzymes are shown. The model only shows one of each enzyme, despite the fact
that two of each are in the M. maripaludis genome (8). This reflects that, for the most part, the alternative forms are not expressed under the growth conditions
used. HdrA, Vhu, and Fwd (as well as Fru) contain selenocysteine. M. maripaludis also encodes cysteine-containing versions, but these are repressed by selenium
(19, 32). Additionally, Fwd contains tungsten, and its paralog, the molybdenum-containing formylmethanofuran dehydrogenase Fmd, requires high molybde-
num for expression (33). In the case of Fdh, the genes for the alternative form of the enzyme are only expressed when cells are grown with limiting concentrations
of formate in the absence of H, (20). Analysis of the M. maripaludis proteome verifies that only one form of these enzymes is highly expressed under our culture
conditions (28, 34). Costa et al., 2013(c)
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Methanogens without cytochromes
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]
CH,NHCH

_

HMPT

MFR

Purines

H

Wolfe cycle of CO; reduction to methane with 4 H; in hydrogenotrophic methanogenic ar-
F H chaea. Orange arrows indicate biosynthetic reactions that remove intermediates (thickness of the ar-

420 "2 rows reflects the quantitative importance), the green arrow illustrates the anaplerotic reaction
catalyzed by EhaA-T, and yellow highlighting represents the electron-bifurcating reaction. Reactions f
and j are catalyzed by membrane-associated enzyme complexes. All other reactions are catalyzed by
cytoplasmic enzymes. Fa20, coenzyme Fazo; *Fd, specific ferredoxin; H4MPT, tetrahydromethanopterin;
MFR, methanofuran; ApNa*, electrochemical sodium ion potential. Enzymes: a, formylmethanofuran
dehydrogenase; b, formylmethanofuran/H4MPT formyltransferase; ¢, methenyl-HsMPT cyclohydrolase;
d, methylene-H;MPT dehydrogenase; e, methylene-H;MPT reductase; f, methyl-H;MPT/coenzyme M

Thymidylate
Coenzyme A

methyltransferase; g, methyl-coenzyme M reductase; h, electron-bifurcating hydrogenase-heterodisulfide
reductase complex; i, Fazo-reducing hydrogenase; j, energy-converting hydrogenase catalyzing the so-
dium motive force-driven reduction of ferredoxin with H,. With Methanothermobacter marburgensis,
it has been shown that one of the two C; carbons in purines is derived from formate (C-2) and the other

is derived from formyl-H,MPT/methenyl-H,MPT (C-8) (25). Thauer 2012
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M.stadtmanae
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CH,OH + H,=»|CH, + H,O

»Fd_ +H
— @ o 2 CH3DH
b Fdreq =500 mV/
complex ‘ 16
L )
) CH,-5-CoM
o

B
:ZZ

414 mV]| | [-140 mV|

HS-CoB
2H=— 15 1s Y |<{dNa]
CoM-5-5-CoB «———]  [ATR]«"AA,
MvhADG— €Y ATPase
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Figure 6 | Proposed energy conservation by the Ehb complex in Methanosphaera
stadtmanae growing on methanol and H,. The numbers in bold correspond to the
reaction numbers in BOX 1.Reactions 9 and 15 are coupled by flavin-based electron
bifurcation. The redox potentials are standard potentials at pH 7.0 (E). The E” of
ferredoxin was set at—500 mV (discussed in the main text). The scheme can explain the

described effects of dicyclohexylcarbodiimide, protonophores and sodium ionophores
at high and low sodium ion concentrations® if the presence of an active electrogenic
Na*/2 H* antiporter is taken into account. The reaction that is catalysed by the
cytoplasmic MvhADG-HdrABC complex (reaction 15) is delineated by a thicker grey
arrow. C_ units are highlighted in red. Fd, ferredoxin; H5-CoB, coenzyme B; HS-CoM,

coenzyme M. Thauer et al., 2008
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Metabolism of methanogens — Ca. M. termitum

Mmc. luminyensis Ca. Mp. termitum
25| A 1B
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15 ] B Mathanol + H,
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5
©
o
=
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=& Monomethylamine + H,
= Dimethylamine + H,
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4
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Time (days)
FIG 3 Time course of methane accumulation in the culture headspace of Methanomassiliicoccus luminyensis (A and C) and “Ca. Methanoplasma termitum” (B
and D) incubated in bicarbonate-buffered medium supplemented with H, (ca. 50 kPa), methanol (50 mM), or acetate (30 mM) (A and B) or H, combined with
different methylamines (10 mM) (C and D). To avoid a transfer of residual methanol with the inoculum, the precultures were grown under methanol limitation.
The values are means of three replicate cultures; standard deviations are shown only if they are larger than the symbols.
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Metabolism of methanogens — Ca. M. termitum

/ 2 CH,OH
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+ HdrD 2 CoB-S-S-CoM 4—/

b
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FIG 2 Energy metabolism of “Ca. Methanoplasma termitum” and other members of the order Methanomassiliicoccales. Black arrows indicate reactions whose
enzymes are encoded in all genomes; red arrows indicate the proposed reaction of the heterodisulfide reductase (HdrD) coupled to the Fpo-like complex (Fig.
6). Blue-green arrows indicate that the enzymes are not present in “Ca. Methanoplasma termitum” but are present in the genomes indicated by colored dots
(blue, Methanomassiliicoccus luminyensis; green, “Ca. Methanomassiliicoccus intestinalis,” red, “Ca. Methanomethylophilus alvus”). Abbreviations: Mta, meth-
anol:CoM methyltransferase; Mvh, non-F , -reducing hydrogenase; Hdr, heterodisulfide reductase; Mcr, methyl-CoM reductase; Fpo-like, F,, H,-dehydroge-
nase-like complex; MtbA, methylcobamide:CoM methyltransferase; Mtm, monomethylamine methyltransferase; Mtb, dimethylamine methyltransferase; Mtt,
trimethylamine methyltransferase; Aha, A A, -ATP synthase.

CH,-CoM -

Lang et al., 2015



Metabolism of methanogens — Ca. M. termitum

Methanosarcina (Fpo) Escherichia coli (Nuo)
:

"
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FIG 6 Redox processes catalyzed by the 11-subunit core complexes and their /_\

specific electron-transferring modules in Methanosarcing mazei (Fpo) and

Escherichin coli (Nuo) and hypothetical processes and potential interaction F42°H2 F420
partners of the Fpo-like complexes in Methanosaeta thermophila (59) and NADH + H* NAD*
Methanomassiliicoccales (this study). The common core complex of 11 sub-

units is shown in gray, and specific subunits of the different complexes are

indicated by different colors. In all cases, the complex serves as a redox-driven

proton pump. For further explanations, see the text. F,,,, coenzyme F,,; Fd,

ferredoxin; MP, methanophenazine; UQ, ubiquinone.

Methanosaeta (Fpo-like) Methanomassiliicoccales (Fpo-like)

Lang et al., 2015 CoB-S-S-CoM HSCoB + HSCoM
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Candidatus phylum Barthyarchaeota
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MCG-B

Napoli mud voleano sediment, Eastern Mediterranean, AY 592499
methane hydrate sediment, Mackenzie Delta, AB109878
oil polluted marine water, Santa Barbara Channel, COP3-100437692
estuary sediment, Pearl River, EU559699

sediment, Lake Gniffy, U59986
marine sediment, South China Sea, fosmid, HQ214612
oil polluted marine water, Santa Barbara Channel, COP3-100521021

MCG-A

subseafloor sediment core from 242 mbsf, Lomonosov Ridge, EU915228
tropical marine sediment, Arabian Sea coast, JQ258183

biomat 30m deep in cenote, La Palita, F1901936

e

marine sediment, Indian Ocean, HQ700684
deep anoxic aquifer, Australia, CX=10, BA1
hydrothermal fluid, Southern Mariana Trough, AB213058

—
i

stuary sediment, Pearl River, fosmid, KF439061

subseafloor sediment, Sea of Okhotsk, AB094513
mangrove sediment, Jiulongjiang Estuary, cosmid, KF439060
subseafloor sediment, Peru Margin, AB177017

MCG-G

biomat in the sediment of cenote, La Palita, FI901723

wall biomat sample at 17m depth, El Zacaton, FI484638
deep anoxic aquifer, Australia, CX-10, BA2

Fig. 1. Phylogenetic trees showing the placement of the BAl, BA2, and E09
genomes in the archaeal phylum Bathyarchaeota. (A) Maximum-likelihood
tree of 295 archaea, inferred from a concatenated alignment of 144 proteins
and rooted with the DPANN (Diapherotrites Parvarchaeota Aenigmarchaeota
Nanoarchaeota Nanohaloarchaeota) superphyla (27). Supportvalues are shown
with white (=80%) and black (=90%) circles and indicate the minimum support
under nonparametric bootstrapping, gene jackknifing, and taxon jackknifing
(supplementary materials). (B) Maximum-likelihood 165 rRNA gene tree

showing the placement of bathyarchaeotal representatives relative to environ-
mental sequences, including genes recovered from Coal Oil Point. Thaumarch-
aeota and Aigarchaeota 165 rRNA sequences from reference genomes were
used as an outgroup. Bathyarchaeota (formerly MCG) groups are based on
the classification in (9). Nonparametric support values are shown with white
(=80%) and black (=90%) circles. Environmental context and genomes or
National Center for Biotechnalogy Information accession numbers are given.
Scale bars indicate expected number of substitutions per site.

Evans et al. 2015
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Fig. 3. Maximum-likelihood trees of McrA. (A) Placement of nearly full-length McrA protein sequences (=400 amino acids) identified within the Surat
Basin and Coal Oil Point metagenomes, inrelation to 153 proteins obtained from GenBank. Lineages were collapsed (depicted as wedges) and labeled according
to the lowest common ancestor of all taxa in the lineage. (B) Maximum-likelihood tree of nearly full-length and partial McrA sequences identified within the

Surat Basin and Coal Oil Point metagenomes. Nonparametric support values are shown with white (=80%) and black (=90%) circles. Information about the
Surat Basin wells is given in fig. S1. SBC, Santa Barbara Channel.

Evans et al. (2015) Science
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Fig. 2. Key metabolic pathways in the BAl and BA2 genomes. Genes and pathways found in both BAl and BA2 (black), only found in BA1 (blue), only
found in BAZ2 (orange), or missing from both genomes (gray) are indicated. Genes associated with the pathways highlighted in this figure are presented in
tables S9 (BA1) and S10 (BA2). In the BA1 genome, *mtrH genes are adjacent to corrinoid proteins. A bathyarchaeotal contig containing mcrCD genes
was identified in the metagenome, which probably belongs to the BAl genome (supplementary text). EMP/ED, Embden-Meyerhof-Parnas/Entner—Doudoroff
pathway; TCA, tricarboxcylic acid. Evans et al..

2015
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V4; formation water from a coal bed methane well CD-8 (Surat Basin)
k4 V5; formation water from a coal bed methane well PK-28 (Surat Basin)
MRA1E, Niibori petroleum reservoir, TMCG
PNG_Kap3_AB3, Zavarzin thermal spring, TMCG
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pJP9E; hot spring sediment from Obsidian Pool in Yellowstone MP, TMCG
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Figure 1| Phylogenetic trees showing the placement of the Verstraetearchaeota mcrA and 165 rRNA genes. a, McrA protein tree showing monophyletic clustering
of the divergent McrA sequences from V1-V4 (red) outside known euryarchaeotal and bathyarchaeotal methanogenic lineages. b, 165 rRNA gene tree showing the
placement of V1-V5 (bolded) with environmental sequences classified as the Terrestrial Miscellaneous Crenarchaeota Group (TMCG), using the Bathyarchaeota 165
rRNA sequences as the outgroup. Bootstrap values were calculated via non-parametric bootstrapping with 100 replicates, and are represented by circles.

Vanvonterghem et al., 2016
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Candidatus phylum Verstraetearchaeota

Oligo-
peptide
Paptide/MiZ* ...
Branched-chain
b amino acids
II
Peptides
Peptidases
Lysme
.-'-\mmc:- acids
NiT,-“TauT .
Amlno acid Amino-
P}rrolysme utlllzatlc:n tronsferases
2-keto acids
Ribose .‘
Kar @
®w e
e g 02
nu Vi -
V4 -
~ Aldehydes
MO?'MOJ'--’
88 ewip/up
Acetate
Me* cora

Fe ;I
complex
Fa2+ feo i

L 1 1 W
03-
Ca?*
Cc-"mu?‘

Vanvonterghem et al., 2016

Methylamines

Methanethiol
Co CoM-HS

mitm/bytBC
mtbA

M-HS
Starch/glycogen

i mtsA

miad
Malt 1
altose/glucose Methanol —~ > CHy-S-CoM
CoM-HS
morABG
Glucose M

Ribosa — PRPP
o,

d

N,

; Furine
Glycerate-3P 4—-4 Ribulose \ Pyrimidine
rbc 1,5-biphosphate % " 7
- ', Histidine
e J—" rbi i \ Muclectide
Ribose \ salvage
PEP 1,5-biphosphate | way
Adenlnekj\ /@08 apt
ampp
P~ AMP
Pyruvate

Citrate

e
parABDC—
Fd Oxaloacetate

Acet\,rl Co&

Methanogenesm
H*f Na
Lactate
[ella ]
Pyruvate hl:l'rD H*/Na*
,.- CoB HS
/ CoM-HS
CoB-Hs |
CoM-55-CoB {
Fd
ethane hdrABC v
mvhADGE
CoB-Hs
. ADP+P,
CoM-Hs 2H; 4H '
H* VAA-fype
ATF synthase
ATP
Proposed metabolism of the
Glutamine Verstraetearchaeota.

Glutamate e

Malate (TCA oycle
e " Isocitrata
' \ 1@ gdh
ADP Fumarate
Glutamate 2-Oxoglutarate
sdh Aspartate /‘F )
ATP . Succinate _ e
L-argino- =% Succinyl-
succinate e §e CoA
Citruline
Arginine
Ormithine
Urea
pit

P

I N <GB N

+

a, Pathways for methylotrophic methanogenesis,
hydrogen cycling and suggested energy
conservation mechanisms. The first mechanism is
shown in blue and entails heterodisulfide reduction
by HArABC-MvhABDG coupled to ferredoxin
reoxidation by an Fpo-like (dark blue) or Ehb (light
blue) complex. The second mechanism involves
HdrD coupled directly to the Fpo-like complex (light
green), and the third possibility links HdrD to an
FAD hydrogenase (dark green).

b, Other metabolic pathways including potential
sugar and amino acid

utilization, an incomplete TCA cycle and a
nucleotide salvage pathway. Black arrows indicate
genes that were found in all near-complete
Verstraetearchaeota

genomes (V1-V4), and grey arrows represent
genes that are present in only a subset of the
genomes (coloured circles indicate in which subset
of genomes

they are found). Dashed light grey arrows show
parts of a pathway that are missing in all genomes.



Candidatus phylum Methanofastidiosa
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Candidatus Methanofastidiosa
Candidatus Methanofastidiosum methylthiophilus

WSAZ2 (a) catabolism and (b) anabolism. (a) WSA2 has genes for H2 oxidation through electron-bifurcating hydrogenase (HdrABC-MvhDGA) and H2 cycling
by energy-converting hydrogenase (EhbA-Q); CO oxidation by carbon monoxide dehydrogenase (CODH); and methylated thiol reduction and methanogenesis
by methylated thiol Coenzyme M methyltransferase corrinoid fusion protein (MtsA) and methyl coenzyme M reductase (McrABG). The proton motive force (or
cation gradient) generated by Ehb can support ATP production by ATP synthase. (b) Malonate decarboxylase and acetyl-CoA synthetase can convert malonate
and acetate into acetyl-CoA for downstream co-assimilation with CO2 (bolded) through pyruvate:ferredoxin oxidoreductase, pyruvate carboxylase and
tricarboxylic acid (TCA) cycle. As identified for other heterotrophic methanogens, WSA2 does not encode the glyoxylate shunt for acetate assimilation (gray with
dotted line). The methylmalonyl-CoA pathway can facilitate co-assimilation of propionate and CO2 also into the TCA cycle. WSA2 can use key TCA cycle
intermediates (pink) as building blocks for biosynthesis.
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Methanogenesis — cofactors
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Rrstat Methyl-coenzyme M reductase
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Reaction catalyzed by methyl-coenzyme M reductase (MCR) from
Methanothermobacter marburgensis. The highest specific rate of
methyl-coenzyme M reduction reported for the purified nickel
enzyme is 100 U/mg protein (1 U = 1 pmol/min) [25]. The rate for the
back reaction (1 mU/mg protein) was estimated using the Haldane
equation (see teXt)' Shima & Thauer, 2005 Ermler et al., 1997

mcrA/mrtA isoenzymes are used as molecular marker for
detection of methanogens!
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Fig. 5. Hydrogen
bonding interactions
among MCR active
site residues. Red
sticks indicate hydrogen
bonds at 25°C. The
dashed line indicates
the weak hydrogen
bond between Ser’™
and Tyr*= above 30°C.
Residues are numbered
according to MCR from
Methanothermobacter
marburgensis. See also
table S1

Wongnate et al., 2016
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MCRed1 Attack & MCR,,4 MCRox1 Transfer
- EPR-active EPR-active

EPR-active Heterolytic
Cleavage
Initial steps in three mechanisms of MCR catalysis. Mechanism | involves nucleophilic attack of Ni(l)-MCRredl1 on the methyl group of methyl-SCoM to generate a methyl-

Ni(lll) intermediate (34). This mechanism is similar to that of B12-dependent methyltransferases (48), which generate a methyl-cob(lll) alamin intermediate. In mechanism II, Ni(l)
attack on the sulfur atom of methyl-SCoM promotes the homolytic cleavage of the methyl-sulfur bond to produce a methyl radical (*CH3) and a Ni(ll)-thiolate. Mechanism Il

involves nucleophilic attack of Ni(l) on the sulfur of methyl-SCoM to form a highly reactive methyl anion and Ni(lll)-SCoM (MCRox1).
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) In the first step, Ni(l) attack

COM on the sulfur of methyl-
” COM SCoM leads to homolytic
CH / cleavage of the C-S bond
3 S and generation of a methyl

radical and a Ni(ll)-thiolate

(MCRox1-silent). Next, H-

’ N | ] atom  abstraction  from

CoBSH generates methane

HomOIytic and the CoBS-e radical,

which in the third step
MCRred1 Cleavage MCRox1-siIent combines with the Ni-
bound thiolate of CoM to
generate the Ni(ll)-disulfide
anion radical. Then, one-
electron transfer to Ni(ll)
generates MCRredl and

C H H -atom the heterodisulfide
4 AbStraCtion (CoBSSCoM) product,

COBSSCOM COBSH which dissociatgs .Ieading
methyl-SCoM methyl-SCaM and CaBSH
and initiation of the next

catalytic cycle.
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