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ABSTRACT
Methanogens live in a syntrophic consortium with bacteria, taking advantage of the
metabolic abilities of their syntrophic partners to overcome energetic barriers and break down
compounds that they cannot digest by themselves. Interspecies electron transfer, which is a
major type of microbial communication in syntrophic processes, improves methanogenesis and
anaerobic oxidization of methane (AOM) processes involved in syntrophic consortia. These
processes have a significant impact on the global carbon cycle. Most of essential enzymes
involved in methanogenesis are iron-sulfur proteins. Iron-sulfur clusters are one of the oldest and
most versatile cofactors present in all domains of life. To date, four different Fe-S cluster
assembly systems have been identified in bacteria (ISC, NIF, and SUF) and eukaryotes (ISC,
CIA, and SUF). However, little is known about the Fe-S cluster assembly system in archaea.
Only three proteins related to Fe-S cluster assembly are conserved in almost all sequenced
archaea: SufB, SufC, and the ApbC/Nbp35 homolog. The ancestral suf operon likely only
contains sufBC. Here, we provide the biochemical and spectroscopic characterizations of the
Methanococcus maripaludis (Mmp) SufB, SufC and ApbC proteins. Our major findings include:
(i) The SufB and SufC form a SufB2C2 complex in methanogens; (ii) The SufB2C2 is a functional
scaffold, which can assemble and transfer an [4Fe-4S] cluster; (iii) The [4Fe-4S] cluster of the
SufB2C2 complex is located on three highly conserved cysteine residues, Cys218, Cys237, and
Cys240, on SufC; (iv) The SufC has ATPase activity, which is not required for Fe-S cluster
assembly and transfer activities; (v) The archaeal Nbp35/ApbC homolog contains a [4Fe-4S]
cluster which can be transferred to activate aconitase; (vi) M. maripaludis shows no growth
defect when the archaeal Nbp35/ApbC gene is deleted. Together, our results suggest that the
SufB2C2 complex is a functional essential scaffold for Fe-S cluster biosynthesis in archaea and
that the archaeal Nbp35/ApbC homolog is a functional, but not essential scaffold/carrier protein
for Fe-S cluster maturation in M. maripaludis.

v

CHAPTER 1. INTRODUCTION
1.1. Iron-sulfur cluster structure, function and properties
Iron-sulfur (Fe-S) clusters are the most versatile, inorganic cofactors and are present in all
domains of life. They are found in a variety of metalloproteins involved in various fundamental
cellular processes including DNA replication and repair (2), respiration (3), photosynthesis (4),
and biosynthetic pathways (5). The most common function of Fe-S clusters is electron transfer
involved in redox reactions based on ability of Fe to switch between two oxidation states: +3 and
+2 (Figure 1) and the ability of Fe-S cluster to delocalize electron density both on Fe and S
atoms (Figure 1) (6-9). The localization and delocalization patterns of Fe-S clusters give them
different spin states and net oxidation states (10) (Figure 1). These properties can be studied
using electron paramagnetic resonance (EPR) spectroscopy (11).

Figure 1. Localization and delocalization of Fe-S clusters.
Red: localized Fe3+. Green: localized Fe2+. Yellow: delocalized Fe2.5+ Fe2.5+ pair. The
oxidation state and spin state (S) are labeled underneath each different Fe-S cluster.
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Fe-S clusters are also involved in catalysis. They can constitute the substrate binding sites of
many redox and non-redox enzymes, such as the [4Fe-4S] cluster in aconitase (12), the [Ni-4Fe5S] in CO dehydrogenase (13), and the [4Fe-4S] in sulfite reductase (14). Fe-S clusters also play
important structural and regulatory roles, like the Fe-S clusters in the DNA repair enzymes
endonuclease III (15) and MutY (16). Fe-S clusters are also involved in gene regulation, for
example, aconitase in Bacillus subtilis (17) and Escherichia coli (18). Fe-S clusters also function
as iron/sulfur storage, for instance, [2Fe-2S] cluster in biotin synthase donates sulfur for the
conversion of desthiobiotin to biotin (19), and dehydrogenase contains multiple [4Fe-4S] clusters
(20). Overall, Fe-S clusters are essential throughout biochemistry.
Fe-S clusters are formed from inorganic Fe2+ or Fe3+ and S2-. Because Fe-S clusters can
spontaneously assemble in the presence of high amounts of iron ions and sulfide that were
presumably abundant on the anoxic Earth, they are surmised to be one of most ancient cofactors
in living organisms (21,22). Three classes of Fe-S clusters are most common: [2Fe-2S], [3Fe4S], and [4Fe-4S] (Figure 2). The Fe centers are tetrahedral, and the sulfide groups are usually
two- or three-coordinate. The Fe-S clusters are bound to proteins usually by sulfur atoms on
cysteine residues. Other ligands are also found including nitrogen atom on arginine or histidine
(23) (24), oxygen atom on aspartate or tyrosine (25), water (26), and small molecules (27).
1.2. Iron-sulfur cluster biosynthesis
Fe-S clusters can be formed directly by chemical synthesis from high concentrations of
inorganic Fe ions and S ions in vitro (28), but it is impossible to form Fe-S cluster in this way in
vivo. Accumulation of Fe ions in vivo is toxic to the cell because it can cause Fenton reactions
(Figure 3) under aerobic conditions. HO· produced from the Fenton reaction can directly damage
most macromolecules. Because the low Fe availability and Fe toxicity in vivo, organisms use
different complex strategies to form Fe-S cluster to fulfill their needs.

Figure 2. Three most popular different Fe-S cluster types.
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In general, the biosynthesis of Fe-S clusters requires two major steps: assembly and transfer
(Figure 4) (29,30). In the assembly step, a cysteine desulfurase (a pyridoxal-5’-phosphate (PLP)
dependent enzyme) derives S from L-cysteine (31). Cysteine is the common sulfur source for FeS cluster biosynthesis. The physiological Fe donor remains uncertain (32). Electron donors
facilitate Fe-S cluster assembly. A scaffold protein provides a molecular platform for Fe and S to
meet and form a cluster de novo (33,34). In the transfer step, the pre-formed cluster is delivered
to a specific target apo-form protein either directly from the scaffold―with the help of energy
dependent chaperones―or indirectly through Fe-S cluster carrier proteins (32).

Figure 3. Reactive oxygen species (ROS) generation.
These three reactions generate ROS which are labeled with yellow color. The
accumulation of Fe ions in cells can induce the Fenton reaction and thus produce
hydroxyl radical.

Figure 4. Fe-S cluster biosynthesis scheme in living organism.

3

The machineries for Fe-S cluster biosynthesis are diverse in different organisms and vary
depending on growth conditions. Four different systems have been identified in the three
domains of life: ISC (iron sulfur cluster), SUF (sulfur formation)), CIA (cytosolic iron-sulfur
assembly), and NIF (nitrogen fixation) systems (Figure 5). Many organisms have more than one
system. Bacteria have three known machineries: the NIF, ISC, and SUF systems (32,35,36). The
NIF system is specific to nitrogen fixation bacteria. The ISC and SUF systems are for Fe-S
cluster biosynthesis under normal and stress conditions (oxidative stress and iron limiting),
respectively. Eukaryotes have the ISC system in the mitochondrion (37) and the SUF system in
the plastid (38). Additionally, eukaryotes possess a CIA machinery essential for maturation of
Fe-S proteins in the cytosol and nucleus (39).

Figure 5. Examples of Fe-S cluster biosynthesis operons in NIF, ISC, and SUF operons
in bacteria.

1.3. Introduction of the NIF, ISC and CIA system
The NIF system is responsible for the specific maturation of nitrogenase in diazotrophic
bacteria (40,41), for instance, Azotobacter vinelandii, which is the first paradigm for biological
Fe-S cluster assembly. Nitrogenase is responsible for nitrogen fixation, which can reduce N2 to
NH3. Most biological nitrogen fixation is carried out by molybdenum nitrogenase (42).
Molybdenum nitrogenase consists of two proteins: NifDK and NifH (43). NifDK contains one
FeMo-cofactor and one [Fe8-S7] P-cluster (44). The FeMo-cofactor is a Mo-Fe7-S9-X cluster
(45), which is the most complex Fe-S cluster. The NifH homodimer has one [4Fe-4S] cluster at
the interface of the dimer (46). In the NIF system, NifS is a cysteine desulfurase and NifU is a
scaffold protein involved in Fe-S clusters biosynthesis for nitrogenase maturation (31).
In contrast with the specificity of the NIF system, the ISC system in bacteria and eukaryotic
mitochondria is a general pathway for Fe-S cluster biosynthesis. The nifU and nifS deletion strain
still can produce low levels of nitrogenase and support bacterial growth under nitrogen fixation
condition, which indicated that there were other housekeeping genes working redundantly with
the NIF system that weakly complement the function of NifU and NifS (40). Then nine genes
4

from A. vinelandii, cysE2, iscR, iscS, iscU, iscA, hscB, hscA, fdx, and orf3, were found to likely
have some function related to Fe-S cluster biosynthesis. IscS was found to be a cysteine
desulfurase, which directly interacts with and donates sulfur to IscU for Fe-S cluster assembly
(47). IscU was found to be a scaffold that has the ability to assemble both [2Fe-2S]2+ and [4Fe4S]2+ clusters (48). However, inactivation of iscS or iscU is lethal in A. vinelandii when A.
vinelandii grows under nitrogen-fixing conditions (49) but not in E. coli. This indicated there
was another Fe-S cluster biosynthesis system beside ISC system in E. coli, which was the third
found SUF system.
The fourth found Fe-S cluster system is the CIA system essential for the maturation of Fe-S
clusters in the cytosol and nucleus of eukaryotes (50). The CIA system depends on the function
of the mitochondrial core ISC assembly and export systems that provide the sulfur source (51).
The NADPH–Tah18–Dre2 electron transfer chain is also required (51-53). Nbp35 (Nucleotide
Binding Protein) and Cfd1 (Cytosolic Fe-S cluster Deficient 1) are homologous. The Nbp35Cfd1 complex with a [4Fe-4S] cluster bridging the heterodimer is the scaffold required for the
CIA system in yeast (50,54,55). Besides the Nbp35-Cfd1 scaffold, the CIA system also needs
carrier Nar1 (56,57) and the CIA targeting complex consisting of Cia1, Cia2, and Mms19 (5860) to transfer the bridging [4Fe-4S] clusters to apo-form proteins.
1.4. Introduction of the SUF system
The SUF system is widely distributed in all three domains of life (61). The suf operon is
diverse in different species, containing two to more than six different genes that encode protein
functions such as cysteine desulfurase (SufS and SufE), scaffold (SufU, SufBCD), and carrier
(SufA, HscA/B) (Figure 6).
The sufA, sufB, sufC, sufD, sufS, sufE genes were first suggested to form an operon in E. coli
(62). The SUF operon was found to have the ability to complement the function of the ISC
system in the E. coli mutant, YT1014 (61). YT1014, in which the entire isc operon has been
deleted, was reported to have poor growth and exhibited a significant lower activity of Fe-S
proteins compared with wild-type cells. The suppression mutants showed high overexpression
of suf operon. All six suf genes, sufA, sufB, sufC, sufD, sufS, and sufE, were essential for the
viability of the suppression mutants.
In the SUF system in E. coli, SufS and SufE work as a cysteine desulfurase to donate sulfur
to the scaffold to assemble Fe-S clusters. The SufS-SufE complex is the first example of a twocomponent cysteine desulfurase. SufS is the NifS/IscS homolog, eliminating sulfur from cysteine
and selenium from selenocysteine (63). It has high specificity to selenocysteine and low cysteine
desulfurase activity (64). The conserved cysteine residue of SufS, Cys364, was essential for its
cysteine desulfurase function. The crystal structure of SufS from E. coli indicated that this
essential cysteine was too far away from the PLP-cysteine site, which make it difficult to form a
persulfide (65). Thus, the cysteine desulfurase activity of SufS is much lower than IscS or NifS.
5

SufE, an oxidoreductase, was shown to bind SufS tightly to form a 1:1 complex. It can
drastically stimulate the cysteine desulfurase activity of SufS by 50-fold while SufE alone has no
cysteine desulfurase activity (66,67). The conserved cysteine residue of SufE, Cys51, was crucial
for its stimulation function (66). The mechanism of the SufSE complex starts with forming a
persulfide on Cys364 of SufS (Figure 7). The sulfur is then transferred to Cys51 of SufE,
forming a persulfide on SufE (67,68). The cysteine desulfurase activity of the SufSE complex is
further enhanced by the SufBCD complex (68).

Figure 6. Diverse SUF operon examples in three life domains, archaea (pink box), and
bacteria (green box). Gene homologs are labeled as same color in different organisms to
reflect their homology.
SufB, SufC, and SufD in E. coli form a SufBC2D complex, which was suggested to be a
FADH2-dependent scaffold assembled a [4Fe-4S] cluster de novo (69,70). The crystal structure
of the SufBC2D complex from E. coli has been solved, (PDB ID 5WAF) (71). SufB in E. coli
was proposed to be an Fe-S scaffold protein (72) and a [4Fe-4S] cluster was observed in
reconstituted SufB (73). SufE interacts with SufB to donate sulfur only when SufC is bound on
SufB (73). SufBC254 is likely involved in S transfer (74). SufD was proposed to escort iron entry
into the scaffold complex (75). SufB and SufD are homologs, and both bind one SufC to form a
SufBC2D complex (Figure 7) (70). SufBC405, SufBE434, and SufDH360 have been proposed to be
the Fe-S cluster binding sites (71,76).
Moreover, SufC is an ATPase of the ABC superfamily. Unlike typical membrane associated
ABC ATPases, whose main functions are to export or import ions, pigments, or virulence factors
across biological membranes, SufC was found in the cytoplasm (77). It has all three conserved
motifs of typical ATP-hydrolyzing domains of ABC ATPases, Walker A and B motifs as well as
an ATP binding cassette (ABC signature) (78). The crystal structure of SufC indicated that the
6

unique Q-loop structure on its surface is probably the binding site for SufB or SufD (78). Its
ATPase activity is required for in vivo cluster assembly (75,77) and has been proposed to drive a
conformational change of the SufBC2D complex in E. coli (71). The proposed model suggested:
(i) SufC dimerized upon binding to ATP, which induced the conformational change of the
SufBD heterodimer interface; (ii) with the exposure of Fe-S cluster binding ligands on the
SufBD heterodimer, a Fe-S cluster can be assembled on SufBC2D scaffold (Figure 7) (74). The
ATPase activity of SufC can be enhanced by interacting either with SufB or SufD separately or
with SufBC2D complex (79,80).

Figure 7. The mechanism of Fe-S cluster assembly by SUF system.
In the resting state, SufB and SufD form a heterodimer and both bind one SufC. Upon ATP
binding, SufC forms a homodimer, which induces a conformational change in the SufBC2D
scaffold. Cysteine desulfurase activity of SufSE complex generates a persulfide on Cys364 of
SufS, which is then transferred to Cys51 of SufE and then to Cys254 of SufB. With the
donation of Fe ions from iron donor and electrons from FADH2, the Fe-S cluster can be
coordinated on SufBC405, SufBE434, and SufDH360. Upon SufSE dissociating from SufBC2D
scaffold, carriers such as SufA, bind on SufB. The assembled cluster will be transferred to
apo-form Fe-S proteins. The SufBC2D scaffold will restore to its rest form.
SufA is a homolog of IscA, which is involved in Fe-S cluster formation and repair in the ISC
system. SufA either acts as a cluster carrier that delivers intact Fe-S clusters to target apo-form
proteins (81) or as a Fe donor for cluster assembly (82,83). SufA was suggested to be a Fe-S
7

cluster carrier. The Fe-S cluster is transferred unidirectionally from scaffold to carrier as seen
with the scaffold IscU and the carrier IscA (84). It was found that SufA can interact
with SufBC2D to accept Fe-S clusters and then transfer the clusters to other apo-form proteins
(69,81); SufBC2D can enhance Fe-S cluster formation on SufA; the Fe-S cluster can transfer
from SufBC2D to SufA, but not in the reverse direction (69).
The ISC system is the housekeeping system, while only SUF system in E. coli is active under
oxidative stress and iron-limiting conditions (Figure 8). In E. coli, the isc operon,
iscRSUAhscBAfdx, is under control of the Fe-S cluster-containing transcription factor IscR (85).
Only holo-form IscR, with a [2Fe-2S] cluster, is the active repressor of the isc operon (85-87).
Under normal aerobic condition, the demand for Fe–S clusters is high. Apo-IscR is dominant
because IscR must compete with other Fe-S proteins in acquiring Fe–S clusters from the Isc
pathway, which results in low level of holo-IscR and less repression of isc operon. Therefore, isc
transcription increases to meet the demand (87).

Figure 8. Genetic regulation of isc and suf operons under normal and oxidative stress or ironlimiting conditions.
Left panel: normal condition; right panel: oxidative stress and iron-limiting conditions. Upper
panel: suf operon; lower panel: isc operon. RNA Pol: RNA polymerase.

Under oxidative stress and iron-limiting conditions, the isc operon is upregulated to fulfill the
increased demand for Fe-S clusters because Fe-S clusters are sensitive to ROS. The dominant
apo-IscR will relieve isc repression and induce its transcription with the increasing demand for
8

Fe-S cluster. However, the high amount of apo-form Fur (ferric uptake regulator, the iron
sensing regulator) stimulates the formation of a small non-coding RNA, RyhB (88). RyhB binds
on iscS on the iscRSUA polycistronic mRNA, which leads to the degradation of the iscSUA
mRNA and apo-IscR formation. Therefore, IscS, IscU and IscA are not expressed under the
oxidative stress and iron-limiting conditions (Figure 8).
The suf operon, sufABCDSE, is repressed by holo-form Fur (Figure 8). Under normal
conditions, Fur is present as Fur-Fe2+ and binds between -32 and -3 nucleotides upstream of the
SufA promoter and thus inhibits binding of RNA polymerase (89,90). Under iron-limiting or
oxidative stress, Fur without Fe ions are dominant, which will release the regulator from the
binding site of the SufA promoter and de-repressed suf operon transcription (89,91). Three other
factors, OxyR, IHF (integration host factor), and IscR also regulate suf operon transcription
through the binding of the oxidant-responsive elements (ORE-I, II, III) in the upstream of the
SufA promoter, respectively (90,92). ORE-I, II, III are located from -236 to -197, from -156 to 127, and from -56 to -35 nucleotides from the transcriptional start site, respectively (92). OxyR
was suggested to activate suf operon transcription by contacting RNA polymerase at the sufA
promoter through a loop formation facilitated by IHF under oxidative strsess (90,92). Apo-IscR
was found to activate suf operon transcription (90). Regulation by OxyR/IHF and IscR work
independently (90).
1.5. The phylogeny and ecology of methanogens
Methanogens are obligate anaerobes and belong to the archaeal domain of life. Methanogens
were found in eight orders of the Euryarchaeota phylum (93): Methanococcales,
Methanobacteriales, Methanosarcinales, Methanomicrobiales, Methanopyrales (94-96),
Methanocellales (97), Methanonatronarchaeales (98), Methanomassiliicoccales (which was
named as ‘Methanoplasmatales’ before) (99,100). Beside the Euryarchaeota phylum, new
methanogens were found in the Bathyarchaeota (101) and Verstraetearchaeota (which was
named as ‘Candidatus Methanohydrogenales’) phylums (102). Methanogens are likely one of
the most ancient forms of life with isotopic evidence indicating biological methane production or
methanogenesis about 3.46 billion years ago (103).
Methanogens are found in wide a variety of environments (104). Methanococcales have all
been isolated from marine environments. Methanobacteriales, Methanomicrobiales, and
Methanosarcinales were found in anaerobic habitats such as marine and freshwater sediments,
soils, animal gut tracts, and anaerobic digestors. Methanopyrus kandleri, the only species within
the order of Methanopyrales, was found only in hydrothermal vents. Methanocella paludicola,
which belongs to the order of Methanocellales, was isolated from rice field soil in Japan (105).
Methanonatronarchaeales were found in hypersaline lakes at moderate thermophilic conditions
(98). Methanomassiliicoccales were found in human and animal gastro-intestinal tracts and
wetlands (106). Bathyarchaeota were found in deep-ocean and freshwater sediments (101).
9

Verstraetearchaeota were found in wetlands, sediments, soils and hydrocarbon-rich
environments (102).
Methanogens can be divided into two clusters. The Class I methanogens include
Methanobacteriales, Methanococcales and Methanopyrales, while the Class II comprises
Methanocellales, Methanomicrobiales and Methanosarcinales (107). Some methanogens
actively produce methane in oxygenated soils (108-110) although most of them are sensitive to
oxygen (111-113). Through analyzing functional genes relevant to ROS production, O2/ROS
elimination and self-repairing systems of six well-established methanogen orders, enrichment of
antioxidant features in the Class II was found compared to the Class I (111). The Class II
methanogens use cysteine as a sulfur source while Class I methanogens use sulfide. This choice
is consistent with the aerobic environments inhabited by Class II methanogens because sulfide is
mostly depleted under oxidative conditions (111,114). Moreover, two types of carriers, A-type
carriers (for example, SufA and IscA) and ApbC, were found in the Class II methanogens
compared to only one carrier (ApbC) in the Class I methanogens for Fe-S clusters assembly.
1.6. Methanogens produce methane as the primary product of catabolism through
methanogenesis pathway
Methanogens produce methane as the primary product of catabolism through methanogenesis
that provides energy for their growth. Three methanogenesis pathways were found and vary in
the substrates used (Figure 9) (104). Although three different methanogenesis pathways use
different substrates, all of them contain three common steps: the transfer of the methyl group to
coenzyme M; the reduction of methyl-coenzyme M with coenzyme B; and the recycling of the
heterodisulfide bond from CoM-S-S-CoB.
Aceticlastic methanogenesis uses acetate as the substrate (115). This pathway produces
around two-thirds of the total biologically produced methane. Only two genera, Methanosarcina
and Methanosaeta, are aceticlastic methanogens.
Hydrogenotrophic methanogenesis uses H2 and CO2 as substrates. This pathway produces
around one-third of the total biologically produced methane. Obligate hydrogenotrophic
methanogens include Methanobacteriales, Methanococcales, Methanomicrobiales,
Methanocellales, Methanopyrales, and Methanosarcinales (116). Some hydrogenotrophic
methanogens can also use formate as a substrate. Formate will first be oxidized to CO2 by
formate dehydrogenase before entering the pathway. Hydrogenotrophic methanogens, such as
Methanothermobacter thermoautotrophicus and Methanosarcina barkeri, can also oxidize CO to
CO2 using CO dehydrogenase (CODH) and the CO2 enters the hydrogenotrophic
methanogenesis (117). As the most widespread pathway in methanogens (118), it has been
suggested to represent the ancestral form of methane production (119).
Methanomassiliicoccales, Bathyarchaeota, Verstraetearchaeota, together with some
Methanobacteriales and Methanosarcinales, were found to produce methane by a
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methylotrophic pathway (116). They can use C1 compounds and methylated organic compounds
as substrates such as methanol, monomethylamine, dimethylamine, trimethylamine,
tetramethylammonium, methanethiol and dimethyl-sulfide. This pathway only produces minor
methane yields compared with other two pathways. Methylotrophic methanogenesis is usually
considered to be the dominant pathway in hypersaline habitats (120,121). Methylotrophic
methanogenesis was first suggested to evolve independently as non-euryarchaeal methanogens
only can use the methylotrophic pathway (122,123). Recently, hydrogenotrophic methanogenesis
was found in archaeal phylum Verstraetearchaeota, which reveals the shared ancestry of all
methanogens (116).

Figure 9. Three methanogenesis pathways.
Green arrows: aceticlastic methanogensis. Blue arrows: hydrogenotrophic
methanogenesis. Red arrows: methylotrophic methanogenesis. Grey arrows indicate
their common steps. Abbreviation: MFR, methanofuran; HS-CoM, coenzyme M; HSCoB, coenzyme B; Fdred, reduced ferredoxin; Fdox, oxidized ferredoxin; CODH/ACS,
carbon monoxide dehydrogenase/acetylCoA synthase/decarbonlyase complex; CH3-R,
methylated compounds.
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1.7. Methanogens obtain most of their energy through methanogenesis
In aerobic respiration, an organic energy source such as glucose is oxidized to CO2 through
glycolysis and the citrate cycle, and O2 is reduced to H2O. In this process, 1 mole of glucose can
produce 32 moles of ATP when glucose is oxidized to CO2 completely. However, the energy
yield of methanogenesis is less than 2 ATP per methane produced (93).
Methanogens can be divided into two groups: methanogens with cytochromes and
methanogens without cytochromes (118). Methanogens with cytochromes all belong to the
Methanosarcinales order, which has a broad substrate spectrum. For example, Methanosarcina
barkeri can use all the methanogenic substrates except formate (124). Methanogens without

Figure 10. Methanogenesis pathway of methanogen without cytochromes (M. maripaludis).
As shown in the electron bifurcation (red arrow), electrons from 2 mol H2 are split between
reducing ferredoxin and regenerating coenzymes B and M. Reduced ferredoxin from this
reaction links it to CO2 reduction, the first step in the pathway. Enzymes showed in light
pink and orange are suggested to be Fe-S proteins. ATPase is shown in yellow color.
Na+/H+ antiporter is shown in green color.
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cytochromes include the Methanobacteriales, Methanococcales, Methanomicrobiales, and
Methanopyrales orders. These four orders are all hydrogenotrophic methanogens. The
methanogenesis of methanogens with and without cytochromes are described in Figure 10 and
Figure 11.
ATP generation of methanogens without cytochromes, such as M. maripaludis, is driven by
sodium motive force (Figure 10). One mole of methane is assumed to produce 0.5 moles of ATP
in methanogens without cytochromes (118). All methanogens were shown to be sodium ion
dependent. The sodium ion dependent step is methyl transfer from N5methyltetrahydromethanopterin to coenzyme M, which is catalyzed by a Na+-translocating
membrane-associated methyltransferase (Mtr) (125). The methyl group transfer step is driven by
pumping out the sodium ions. This step is coupled with generation of a sodium motive force,

Figure 11. Methanogenesis pathway of methanogen with cytochromes (M. barkeri).
Enzymes showed in light pink and orange are suggested to be Fe-S proteins. ATPase is
shown in yellow color. Na+/H+ antiporter is shown in green color.

13

which will be recovered by oxidization of low-potential ferredoxin in the first step of
hydrogenotrophic methanogenesis (Figure 10). The sodium motive force can drive ATP
generation by A1A0-ATP synthase (118). Na+/H+ antiporters were suggested to be involved in
maintain pH homeostasis (118).
Heterodisulfide reductase in methanogens without cytochromes is the cytoplasmic [NiFe]
hydrogenase (MvhADG) and heterodisulphide reductase (HdrABC) complex, which is a flavinbased electron bifurcation system found in most hydrogenotrophic methanogens (Figure 10)
(126,127). The reduction of the heterodisulfide (E0′ equals –140 mV) by H2 oxidization (E0′
equals –414 mV) is coupled with the reduction of ferredoxin (E0′ equals –500 mV). The reduced
ferredoxin is required for CO2 reduction in the first step of hydrogenotrophic methanogenesis.
Although this step has no ATP produced, energy is saved by avoiding consuming sodium motive
force for the ferredoxin reduction (93). Probably because the coupling of ferredoxin and CoM-SS-CoB reduction with H2 is not always tight as expected, methanogens without cytochromes
yield less ATP than methanogens with cytochromes (118).
ATP generation of methanogens with cytochromes, such as M. barkeri, is driven by proton
motive force (Figure 11). One mole of methane is assumed to produce 1.5 moles of ATP in
methanogens with cytochromes (118). All methanogens can recycle heterodisulfide, CoM-S-SCoM, back to CoM-SH and CoM-SH by heterodisulfide reductase, which is the major energy
conserving step in methanogenesis (93). Heterodisulfide reductase in methanogens with
cytochromes is the membrane methanophenazine-reducing [NiFe] hydrogenase (VhoACG) and
methanophenazine-dependent heterodisulphide reductase (HdrDE) complex. The reduction of
the heterodisulfide involves an ion-translocating electron transport chain containing cytochrome
b subunit VhoC and the membrane-permeable electron carrier methanophenazine. The
heterodisulfide reductase receives electrons from reduced methanophenazine, which is coupled
to the translocation of protons across the membrane (128). Thus, the proton motive force is built
up. Moreover, the sodium ion pumped outside the membrane by Mtr can also be translocated by
Na+/H+ antiporter Nha in M. barkeri to build up proton motive force (118,129). The reduction of
ferredoxin (E0′ equals –500 mV) by H2 (E0′ equals –414 mV) requires reverse electron flow. The
proton motive force can drive the reduction of ferredoxin by H2 and ATP generation (118).
1.8. Direct interspecies electron transfer between methanogens and syntrophic bacteria
helps degrade complex compounds.
Anaerobes usually obtain their energy through degradation of complex compounds, e.g.
protein, cellulose. Around 2% of net primary production is fermented in anoxic environments
(113). Biopolymers are first hydrolyzed by heterotrophic anaerobes to monomers, such as sugars,
amino acids, purines, pyrimidines, fatty acids and glycerol. Fermentative bacteria convert these
organic compounds to short chain alcohols, simple fatty acids (such as propionate, butyrate and
acetate), and some other compounds (for example, H2, CO2, formate, and acetate). These
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products are used as substrates by syntrophic bacteria and acetogens, which produce acetate, H2,
and CO2. These end products of fermentative degradation are then converted to methane by
methanogenesis, which is the last step of the anaerobic food chain (130). Therefore,
methanogens can be used for the treatment of sewage wastes by a syntrophic relationship with
bacteria (131).
During the syntrophic processes between methanogens and syntrophic bacteria, electrons
move through chemical bonds and across biological membranes from one microbe to another
microbe to conserve energy. This interspecies electron transfer occurs either by indirect electron
transfer by electron shuttles (e.g. H2, formate, acetate, or sulfur compounds) or by direct electron
transfer through electron-conductive cellular materials or minerals. This direct interspecies
electron transfer (DIET) is discussed in detail in Chapter 2 (131).
1.9. The importance and other applications of methanogens
The study of modern methanogens gives us a hint about early anaerobic metabolism. Their
obligate anaerobic lifestyle suggests that they may have never undergone a full adaptation to
aerobic environments that occurred in most other microbial lineages.
Methanogens play a vital role in the carbon cycle on Earth and are responsible for most of
the methane in the atmosphere. The atmospheric concentration of methane has increased over the
past 100 years from 0.9 to 1.8 parts per million (ppm) (132). Currently, from the 2 Gt (1 Gt =
1015 g) of methane produced per year, ~ 1 Gt is formed globally from acetate, CO2, and formate
by methanogens through methanogenesis in anoxic environments. Annually, ~ 1 Gt of methane
is oxidized by anaerobic microbes through anaerobic oxidization of methane, ~ 0.6 Gt is
oxidized to CO2 by aerobic microbes, and ~ 0.4 Gt escapes into the atmosphere (118). Moreover,
methane has 25 times higher global warming potential than CO2 (133). Therefore, understanding
the biological controls on methane emission may provide an opportunity to compensate for the
emission of other greenhouse gases, such as CO2.
Furthermore, methane produced by methanogens is a promising alternative fuel source.
Because it produces more heat and burns cleaner than traditional fossil fuels, methane is the
major component (~87%) of natural gas that used as heating fuel in household applicants (134).
1.10. Methanococcus maripaludis is the model organism
M. maripaludis was isolated from salt marsh sediment and belongs to the Methanococcales
order (135). It is a hydrogenotrophic methanogen that can grow on either H2 or formate rapidly
with a doubling time of around 2 hours (135). It is a mesophile and grow best at 37°C. Its
genome is relatively small and has only 1,722 protein-coding genes (136).
M. maripaludis is a premier model for systems biology to study anaerobic, archaeal, and
autotrophic microbiology. It is cytochrome-lacking methanogen and continuous culturing
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conditions have also been established (137,138). Genetic tools have also been established,
including polyethylene glycol-mediated transformation, recombinant protein expression from
shuttle vectors, insertional and markerless gene disruption, transposon insertion, and regulated
gene expression. The essential genes in M. maripaludis have been suggested by a Tn-seq
methodology (139).
1.11. Fe-S clusters are abundant in methanogens
Because Fe-S clusters are often vulnerable to oxidants including O2 itself, methanogens
possess many more Fe-S cluster proteins than aerobes (140). A genome sequence analysis
predicted that M. maripaludis has at least 114 Fe-S cluster proteins representing 6.6% of its total
proteins (133). This is more than double that of E. coli, which is predicted to have ~ 3% of its
total proteins with Fe-S clusters (133). A direct measurement of the intracellular acid-labile S
and Fe contents estimated that the amount of Fe-S clusters in M. maripaludis is ~20 times higher
than that of aerobically grown E. coli (141).
Fe-S cluster proteins are directly involved in methanogenesis (Figure 10 and Figure 11).
These proteins mostly have multiple clusters. For example, crystal structures showed that the
formyl-methanofuran dehydrogenase (Fmd) complex involved in the first step of methanogenesis
has 46 [4Fe-4S] clusters (20). The heterodisulfide reductase-[NiFe] hydrogenase (Hdr-Mvh)
complex involved in the last step of methanogenesis in methanogens without cytochromes has 28
[4Fe-4S] clusters (142). The heterodisulfide reductase VhoACG-HdrDE, the energy converting
[NiFe]-hydrogenases EchA–F (E. coli hydrogenase), and Eha/Ehb are also Fe-S proteins (143).
The flavoprotein (Frh; an F420-reducing [NiFe]-hydrogenase) that catalyzes the reduction of F420
with H2 to F420H2, which is required as the electron donor for the third and the fourth steps of
methanogenesis, is also a Fe-S protein (144).
1.12. Recent advance and hypothesis in the Fe-S cluster biosynthesis in methanogens
The Fe-S cluster biosynthesis system in bacteria and eukaryotes includes NIF, SUF, and ISC
systems. These three systems all contain cysteine desulfurase that can donate sulfur from
cysteine. However, many archaea do not contain cysteine desulfurase homologs. Instead, M.
maripaludis was found to use sulfide, which is abundant in anaerobic habitats, rather cysteine as
their sulfur source for Fe-S assembly (114). Although methanogenic archaea produce numerous
Fe-S cluster proteins, the major cluster biosynthetic machineries found in bacteria and
eukaryotes are generally missing in archaea (145). Only three Fe-S cluster-related proteins are
conserved in almost all archaea (146): SufB, SufC, and the Nbp35/ApbC homolog.
Nbp35/ApbC proteins are P-loop nucleoside triphosphatases, which are proposed to function
as scaffold or carrier for initial Fe-S cluster assembly in eukaryotes and bacteria (50,147-149).
Protein sequence alignments of Nbp35/ApbC homologs show that they have three conserved
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motifs: a Walker A box (ATP binding/hydrolysis motif), a CXXC motif in the C-terminal
domain (Fe-S cluster binding site), and a conserved Ser residue (probably involved in enhancing
ATPase activity) (148,149). Besides, Nbp35 also has a CXXC(X)5C motif in the N-terminus
compared to Cfd1 (Figure 12), coordinating a [4Fe-4S] cluster, which is essential for cell growth
(150).
Archaeal Nbp35/ApbC homolog was suggested to be a carrier before (148). A previous study
of the archaeal Nbp35/ApbC homolog (MMP0704 from M. maripaludis) proved that MMP0704
can complement the tricarballylate growth defect of S. enterica ΔapbC mutant (148). Its
conserved motifs, the Walker A box and the C-terminal CXXC motif, are required for the
complement. Purified MMP0704 can be reconstituted with a Fe-S cluster, which has a UVvisible absorption spectrum typical of Fe-S cluster proteins (148). However, the Fe-S cluster type
on MMP0704 is still unclear. These results suggested that the archaeal Nbp35/ApbC can
function as a carrier in bacteria, but its physiological function in archaeal hosts is still unknown.
Archaeal Nbp35/ApbC homologs have all the mentioned conserved motifs/residues as Nbp35
(Figure 12), which suggest that the archaeal Nbp35/ApbC homolog probably functions as a
scaffold like eukaryotic Nbp35.

Figure 12. Comparison of conserved residues of bacterial and eukaryotic ApbC, Nbp35, Cfd1
and archaeal ApbC/Nbp35 homologs based on multiple sequence alignment.
Archaeal SufB also contain the conserved cysteine and histidine residues of E. coli SufB/D
(Figure 13). Besides, it also has two other highly conserved cysteine residue, C145 and C175 of
Methanothermococcus thermolithotrophicus (Mth) SufB, which are probably involved in Fe-S
cluster assembly. Archaeal SufC have all three conserved motifs, Walker A and B motifs as well
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as an ABC binding site, of E. coli SufC (Figure 13). The K40 residue in the Walker A motif of
SufC was found to be essential for ATP hydrolysis, while K40R mutation lock SufC into an ATP
binding form (75,151). The K40 residue is also conserved in archaeal SufC. Therefore, we
proposed archaeal SufC is also an ATPase. Besides, SufC from most methanogens have three
conserved cysteine residues in the N-terminus (Figure 13), which are probably Fe-S cluster
binding sites.
Based upon a whole genome transposon mutagenesis study, sufB (locus tag: MMP1169) and
sufC (locus tag: MMP1168) in M. maripaludis is suggested to be essential while Nbp35/ApbC
(locus tag: MMP0704) is suggested to be non-essential (152). Accordingly, we hypothesized that
SufB and SufC form a SufB2C2 complex, which plays a crucial role in Fe-S cluster biosynthesis
as a scaffold in methanogens. Considering the conserved cysteine and histidine residues on
archaeal SufB and SufC, we proposed that the de novo assembled Fe-S cluster on the SufB2C2
scaffold is either located on SufB/SufC, or on the bridging between SufB and SufC. Another
possibility is both SufB and SufC bind one Fe-S cluster. Additionally, we proposed MMP0704 is
a non-essential Fe-S transfer protein.

Figure 13. Sequence comparisons of E. coli and Mth Suf proteins.
(A) An alignment of E. coli SufB/D with Mth SufB/D. The residues predicted for cluster
binding are labeled in red. (B) An alignment of E. coli SufC with Mth SufC. The conserved
Cys residues in archaea are labeled in red. The conserved C405 and E434 residues of SufB,
and the H360 residue of SufD have been proposed to be the Fe-S cluster binding sites. The
K40 residue in the Walker A motif of E. coli SufC is essential for ATP hydrolysis.
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CHAPTER 2. DIRECT INTERSPECIES ELECTRON TRANSFER
BETWEEN ARCHAEA AND BACTERIA1
2.1. Introduction
In an anoxic environment, bioavailable energy is often achieved by anaerobic degradation of
large and complex compounds, e.g. cellulose, other polysaccharides, proteins, lipids and nucleic
acids. As shown in Figure 14, these large polymers are first degraded to monomers by hydrolytic
reactions. Then these monomers are further degraded by primary fermenters to simple molecules,

Figure 14. The process of anaerobic degradation of complex compounds.
Large polymers are first degraded to monomers by hydrolytic reactions. Monomers are
further degraded to simple molecules, e.g. H2 + CO2, formate, and acetate, which are
substrates for methanogenic archaea to produce methane; or to short chain alcohols and fatty
acids, e.g. ethanol, propionate, and butyrate, which can be converted to H2 + CO2, formate,
and acetate by syntrophic microorganisms and further consumed by methanogens.

This chapter was previously published as Zhao C., Liu Y. (2017) Direct Interspecies Electron Transfer Between
Archaea and Bacteria. In: Witzany G. (eds) Biocommunication of Archaea. Springer, Cham. Reprinted by
permission of Springer, Cham.
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e.g. H2, formate, acetate, and CO2, which are substrates for methanogenic archaea to produce
methane. These monomers can also be converted to short chain alcohols and fatty acids, e.g.
ethanol, propionate, butyrate, and succinate, which can be further degraded to H2, CO2, and
acetate by syntrophic microorganisms and then consumed by methanogens. Without
methanogens, the degradation reactions by syntrophs under standard conditions are energetically
unfavorable. Methanogens drive these reactions by consuming their products (acetate, H2 + CO2,
and formate) quickly to very low concentrations. On the other hand, syntrophs provide the
substrates for methanogens. This mutually beneficial process is syntrophy, which is
interdependent lifestyle that the metabolism of a compound can undergo only when multiple
organisms coexist (153-155).
As another example of syntrophy, anaerobic methane-oxidizing (or methanotrophic) archaea
can form consortia with sulfate-reducing bacteria (SRB), oxidizing methane to CO2 while
reducing sulfate to H2S (156). The anaerobic oxidization of methane (AOM) process usually
occurs when methane is the only available electron donor and the concentrations of suitable
electron acceptors are high, e.g. in marine sediments above methane hydrates with high sulfate
concentrations or in organic-rich freshwater sediments with high nitrate concentrations (118).
Both methanogenesis and AOM play important roles in global climate because methane, as a
potent greenhouse effect gas, has 25 times higher of the global warming potential than CO2
(157). The concentration of methane in the atmosphere has increased over the past 100 years
from 0.9 to 1.8 parts per million (ppm) (132). Currently, from the 2 Gt (1 Gt = 1015 g) of methane
produced per year, ~ 1 Gt is formed globally from acetate, CO2, formate by methanogenic
archaea through methanogenesis in anoxic environments. Annually, ~ 1 Gt of methane is
oxidized by anaerobic microbes through AOM, ~ 0.6 Gt is oxidized to CO2 by aerobic microbes,
and ~ 0.4 Gt escapes into the atmosphere (118).
2.2. Interspecies electron transfer
In syntrophic processes, energy is conserved and transferred between different species by
electron movement through chemical bonds and across biological membranes. Two different
extracellular interspecies electron transfer mechanisms are possible: (i) electrons are transferred
indirectly with electron shuttles, e.g. H2, formate, acetate, or sulfur compounds, from one
microbe to another (Figure 15A); or (ii) electrons are transferred directly by electro-conductive
cellular materials or minerals, known as direct interspecies electron transfer (DIET) (Figure 15B)
(131).
Interspecies hydrogen transfer is a well-documented strategy of extracellular interspecies
electron transfer, in which H2 is continuously produced by syntrophic bacteria and consumed by
methanogens. Interspecies hydrogen transfer was first recognized in a coculture of the “S
organism”, which converts ethanol to acetate and H2, and Methanobacterium ruminantium,
which consumes H2 for methanogenesis (158). The generation of H2 is energetically unfavorable
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at H2 partial pressures (pH2) > 100 Pa (159). Methanogens can consume H2 and maintain pH2
<10 Pa, allowing H2-producing microbes to bypass the energetic barrier (160). H2 plays an
important role in many syntrophic process because H2 is small, highly diffusible, and can be
metabolized by diverse groups of microbes, such as methanogens, SRB, and denitrifiers (153).
As H2 is poorly soluble in water, formate is a preferred interspecies electron carrier in
aqueous environments (153,160-164), especially in cocultures feeding on proteins (165) or fatty
acids like propionate and butyrate (163,166). Formate has ~ three times higher diffusion
coefficient than H2 in solutions and allows lager mass transfer to methanogens, so many
syntrophic communities favor formate over H2 transfer (162). Additionally, some syntrophic
interactions can use both H2 and formate to transfer electrons (153,162,167,168). In a coculture
with the dual H2 and formate transfer mechanism, when the hydrogenase gene (hybL) of
Geobacter sulfurreducens was deleted, the formate dehydrogenase gene (fdnG) was
overexpressed (168).

Figure 15. Schemes of extracellular interspecies electron transfer.
(A) Electron transfer via electron shuttles, e.g. H2, formate, acetate, or sulfur compounds.
(B) Direct interspecies electron transfer (DIET). Left: During biological DIET (bDIET),
electrons are transferred by electro-conductive cellular materials, e.g. pili and/or
extracellular cytochromes either localized on the cell surface or along pili. Right: During
mineral DIET (mDIET), electrons are transferred via conductive iron minerals or conductive
carbon moieties, e.g. magnetite, granulated activated carbon (GAC), biochar, graphite, or
carbon cloth.
In addition to H2 and formate, other molecules can also function as electron shuttles. Acetate,
the substrate for acetoclastic methanogenesis, can carry electrons among syntrophic partners
(169,170). Moreover, sulfur compounds (171-174), humics and humics equivalents (175-179),
and flavins (180-182) can all work as interspecies electron carriers. For over 40 years, the
indirect interspecies electron transfer with electron carriers had been considered as a main
mechanism of extracellular interspecies electron transfer (154).
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DIET is an alternative interspecies electron transfer strategy discovered about two decades
ago. In syntrophic cocultures, cells often aggregate in close physical contact. This phenomenon
promotes effective electron transfer and makes DIET feasible. DIET has been found in both
methanogenesis (183-185) and AOM (186,187) processes.
2.3. Direct interspecies electron transfer (DIET)
DIET is achieved by electrical contacts between the electron donor and acceptor cells (Figure
15B). Conductive pili, iron minerals, and carbon moieties can all function as electrical contacts
during DIET. Two types of DIET have been proposed: the biological DIET (bDIET) and mineral
DIET (mDIET), which are conducted by biological materials (e.g. pili and extracellular
cytochromes) and conductive minerals, respectively (188).
2.3.1. Biological DIET (bDIET)
Biological DIET was first documented in a coculture of two bacterial species, Geobacter
metallireducens and Geobacter sulfurreducens, grown with ethanol as the electron donor and
fumarate as the electron acceptor (185,189). G. metallireducens can oxidize ethanol to CO2 but
cannot use fumarate as an electron acceptor, whereas G. sulfurreducens can reduce fumarate to
succinate but cannot metabolize ethanol. This Geobacter coculture formed large (1-2 mm in
diameter), electrically conductive aggregates that promote interspecies electron exchange using
conductive pili and cytochromes for electrical connections. Deletion of pilA (encoding the
structural pilin protein) or omcS (encoding a multiheme c-type cytochrome mainly associated
with pili) eliminated syntrophic metabolism (185). Furthermore, deletion of the hydrogenase
gene (hyb) in G. sulfurreducens resulted in faster formation of the aggregates, suggesting that
bDIET instead of interspecies hydrogen transfer is the primary interspecies electron transfer
mechanism in this coculture (185).
Biological DIET has also been reported between bacteria and methanogenic archaea. The
coculture of G. metallireducens and Methanosaeta harundinacea stoichiometrically converted
ethanol to methane (184) (Figure 16). M. harundinacea is the first methanogen found to have the
DIET ability, although it is still unclear how this archaeon accepts electrons during DIET. In the
aggregates, M. harundinacea highly expressed methanogenic genes, and G. metallireducens
highly expressed pilA and the genes for ethanol metabolism. Furthermore, a pilA-deficient G.
metallireducens strain was not able to metabolize ethanol or produce methane in the coculture
with M. harundinacea, indicating that pili were important for DIET between M. harundinacea
and G. metallireducens. The amount of methane produced in this coculture was consistent with a
complete conversion of the added ethanol to methane based on the following reactions:
2 CH3CH2OH + 2 H2O → 2 CH3COOH + 8 H+ + 8 e(G. metallireducens)
2 CH3COOH → 2 CH4 + 2 CO2
(M. harundinacea)
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Figure 16. Mechanism of bDIET between Geobacter metallireducens and Methanosaeta
harundinacea.
G. metallireducens oxidizes ethanol and transfers eight electrons to M. harundinacea via
pili. M. harundinacea accepts electrons and produces methane from both acetate and CO2.

CO2 + 8 H+ + 8 e- → CH4 + 2 H2O
(M. harundinacea)
Sum reaction: 2 CH3CH2OH → 3 CH4 + CO2
As another methanogen found to have the bDIET ability, Methanosarcina barkeri formed
aggregates (~ 0.1-0.2mm in diameter) with G. metallireducens and stoichiometrically converted
ethanol to methane (183). A pilA-deficient G. metallireducens strain was not able to initiate the
coculture, suggesting that conductive pili are important for DIET. Unlike M. harundinacea, M.
barkeri can also utilize H2 as an electron carrier in the coculture with Desulfovibrio (190) and
Pelobacter (183). However, other known H2-utilizing methanogens, e.g. Methanospirillum
hungatei and Methanobacterium formicicum, do not have the DIET ability as discovered so far
(184).
2.3.2. Mineral DIET (mDIET)
DIET has been shown to be possible without biological conductive materials (such as pili
and cytochromes) in the presence of conductive minerals. Several examples of mDIET have been
reported. (i) The addition of granulated activated carbon (GAC) can restore syntrophic
metabolism in the coculture of G. metallireducens and G. sulfurreducens deficient in pili or
cytochromes (175). GAC also accelerated methane production from ethanol in the coculture of
G. metallireducens and M. barkeri (175). (ii) The addition of biochar or carbon cloth accelerated
syntrophic metabolism in the coculture of G. metallireducens with G. sulfurreducens (191) or M.
barkeri (192) with ethanol as the electron donor. Mutant strains lacking pili or pili-associated
cytochromes restored DIET only in the presence of carbon cloth (192). (iii) Magnetite (Fe3O4)
nanoparticles attached to pili was able to compensate for the absence of OmcS in a
Geobacter coculture with ethanol and fumarate as the substrates (193). (iv) Magnetite
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nanoparticles or carbon nanotubes stimulated methane production coupled to synthrophic
butyrate oxidation in lake sediments (194). (v) A crystalline form of neutral red (2-amino-8dimethylamino-3-methylphenazine) enhanced methane production in coal and food waste fed
microbial communities and delivered electrons to Methanosarcina mazei (195).
2.4. Anaerobic oxidation of methane (AOM)
AOM often involves syntrophic associations between anaerobic methanotrophic archaea
(ANME) and sulfate-, iron-, manganese-, or nitrate-reducing bacteria (196) (Figure 17). ANME
are phylogenetically closely related to methanogenic archaea, and three distinct ANME groups
have been identified: ANME-1, ANME-2, and ANME-3. The ANME-1 cluster is
phylogenetically related to the Methanomicrobiales and Methanosarcinales orders but forms a

Figure 17. Three different models of anaerobic methane oxidation (AOM) with different
electron acceptors.
(A) Sulfate-dependent anaerobic methane oxidation (S-DAOM). Anaerobic
methanotrophic archaea (ANME) form aggregates with sulfate-reducing bacteria (SRB),
coupling AOM with sulfate reduction. Alternative, ANME can autonomously perform
AOM by reducing sulfate to zero-valent sulfur, which further reacts with environmental
sulfide to form disulfide that is used by SRB. (B) Metal ion-dependent anaerobic
methane oxidation (M-DAOM). ANME form aggregates with marine benthic group D
(MBGD), coupling AOM with metal reduction. (C) Nitrite/nitrate-dependent anaerobic
methane oxidation (N-DAOM). Both the bacterium Candidatus ‘Methylomirabilis
oxyfera’ and the archaeon Candidatus ‘Methanoperedens nitroreducens’ can perform NDAOM without partners.
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separate cluster, ANME-2 is related to cultivated members of Methanosarcinales (197), and
ANME-3 are more related to Methanococcoides spp. (198). ANME-1 and ANME-2 are mostly
found in marine environments, while ANME-3 is mainly found in mud volcanoes and seep
sediments (199-201).
AOM was first found to be coupled with sulfate reduction (Figure 17A), which is mediated
by ANME (mostly belonging to the ANME-1 and ANME-2 clusters) and SRB (mostly
belonging to the Desulfosarcina/Desulfococcus cluster of Deltaproteobacteria) (172,202,203).
Sulfate-dependent anaerobic methane oxidation (S-DAOM) is mainly distributed in marine
(196,204-208) and freshwater (209-214) environments. It plays an important role in the
biogeochemical cycling of carbon and sulfur. Besides S-DAOM, metal-ion dependent anaerobic
methane oxidation (M-DAOM) (Figure 17B) and nitrite/nitrate-dependent anaerobic methane
oxidation (N-DAOM) (Figure 17C) have also been discovered (196).
2.4.1. Reaction mechanism of AOM
The AOM process has been proposed to follow a reverse methanogenesis pathway (Figure
18) according to the following studies. First, methyl-coenzyme M reductase (MCR), the terminal
enzyme of methanogenesis, likely plays an important role in AOM. In microbial mats from
anoxic methane seeps in the Black Sea, ANME cells were abundant (215), and the rate of SDAOM was 10 times higher than that of methanogenesis (216). In this environment, MCR
accounted for 7% of extracted proteins (217). Furthermore, the mcrA gene (encoding the αsubunit of MCR) was identified in ANME-1 and ANME-2 genomes (218). A crystal structure of
ANME-1 MCR was highly similar to methanogenic MCR, suggesting that this enzyme is
capable to catalyze the reverse methane-forming step (219). Second, most other methanogenic
genes besides mcr are also present in ANME genomes. Enzymes for all methanogenic steps are
encoded in an ANME-1 genome, except mer encoding a N5, N10-methylenetetrahydromethanopterin (H4MPT) reductase (220). Also, all genes required for methanogenesis
from CO2 are present and actively expressed in an ANME-2a organism except putative
hydrogenase genes (221). Furthermore, the complete methanogenic pathway genes, including all
mcr subunits and mer, were identified in the genome of an ANME-2d organism (Candidatus
‘Methanoperedens nitroreducens’) that is capable of independent N-DAOM (222).
2.4.2. Interspecies electron transfer in S-DAOM
In S-DAOM, electrons derived from methane oxidization by ANME presumably need to be
transferred to SRB for sulfate reduction. However, the detailed mechanism of the electron
transfer process is still not clear. Several hypotheses have been proposed (Figure 19):
(I) Electrons are transferred from ANME to SRB through the production and consumption of
a diffusible metabolite, such as H2, formate or methanethiol (220,223,224) (Figure 19A). This
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Figure 18. Proposed mechanism of AOM through the reverse methanogenesis pathway.
Enzymes: Hdr, coenzyme B-coenzyme M heterodisulfide (CoB-S-S-CoM) reductase;
Mvh, F420-nonreducing hydrogenase; Mcr, methyl-coenzyme M (CH3-S-CoM) reductase;
Mtr, N5-methyl-tetrahydromethanopterin (H4MPT):coenzyme M (CoM) methyltransferase;
Mer, N5, N10-methylene-H4MPT reductase; Mtd, methylene-H4MPT dehydrogenase; Mch,
N5, N10-methenyl-H4MPT cyclohydrolase; Ftr, formyl-methanofuran (MFR)-H4MPT
formyltransferase; Fmd, formyl-MFR dehydrogenase; Frh, F420-reducing hydrogenase.
scenario is similar to the strategies for interspecies electron transfer during methanogenesis, but
experimental evidence is lacking.
(II) An ANME-2 culture autonomously performed AOM by reducing sulfate to zero-valent
sulfur (in the form of disulfide), which was disproportionated by SRB (174) (Figure 19B).
However, this mechanism cannot be applied to ANME species without the ability of sulfate
reduction.
(III) Biological DIET using cytochromes and pili has been proposed for electron transfer
from ANME to SRB (Figure 19C). The genes encoding secreted multiheme c-type cytochromes
were expressed in ANME-1 (220). Multiheme cytochromes are also present in ANME-2
genomes, and redox active transition metal ions (present in cytochromes) were detected in the
space between cells in the ANME-SRB consortia (186). Furthermore, bDIET via nanowires
(composed of pili and extracellular cytochromes) has been proposed to be a principal electron
transfer mechanism in thermophilic AOM (TAOM) between ANME-1 and their SRB HotSeep-1
partner (225). The genome of HotSeep-1 (Candidatus ‘Desulfofervidus auxilii’) encodes genes
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for pili and cytochromes productions. During consortial growth, HotSeep-1 highly expressed pili
genes, and both ANME and HotSeep-1 overexpressed cytochrome genes (225).
(IV) For ANME species without cytochromes and pili, mDIET is possible (Figure 19D). For
example, ANME-2a and ANME-2c can decouple AOM from SRB by using artificial electron
acceptors, such as humic acids and soluble iron (226). This suggests that conductive materials
can transfer electrons during AOM and that ANME-2 may couple AOM to metal-oxide
reduction or other suitable electron acceptors. However, whether ANME-2/SRB can form
aggregates without pili and whether the mechanism of DIET is fundamentally different between
different ANME groups still need to be proved (227). Moreover, how widespread DIET is in
various known ANME/SRB consortia and whether DIET enables AOM to be coupled with
electron acceptors other than sulfate await further studies.

Figure 19. Proposed interspecies electron transfer mechanisms during S-DAOM.
(A) Electrons are transferred from ANME to SRB through diffusible metabolite, such as H2,
formate, or methanethiol. (B) ANME can autonomously perform AOM by reducing sulfate
to zero-valent sulfur, which is disproportionated by SRB. (C) Electrons are transferred by
bDIET with pili and extracellular cytochromes. (D) Electrons are transferred by mDIET
with conductive mineral.
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CHAPTER 3. IRON-SULFUR CLUSTER BIOSYNTHESIS IN
METHANOGENIC ARCHAEA
3.1. Introduction
Iron-sulfur (Fe-S) clusters are the oldest and most versatile inorganic cofactors, present in all
domains of life. Because iron and sulfide were presumably abundant on the anoxic Earth and
high amounts of iron and sulfide can form Fe-S clusters spontaneously, Fe-S clusters are
surmised to be one of most ancient cofactors in living organisms (21,228). With delocalized
electron density over both the non-heme iron and inorganic sulfide, iron-sulfur clusters mediate
biological electron transport in respiration and photosynthesis (229,230). Fe-S clusters also
constitute the substrate binding sites of many redox and nonredox enzymes, such as the [4Fe-4S]
cluster in aconitase (231). In DNA repair, Fe-S clusters play important structural and regulatory
roles in the enzymes endonuclease III (15) and MutY (16). Fe-S clusters are also involved in
gene regulation in most organisms, for example, [4Fe-4S] containing transcription factor FNR in
Bacilli and Proteobacteria mediates an adaptive response under O2 limiting condition (232). In
addition, cells can use Fe-S clusters for iron/sulfur storage. For instance, [2Fe-2S] in biotin
synthase donates sulfur for the conversion of desthiobiotin to biotin (19). These examples
illustrate that Fe-S clusters are essential in various fundamental cellular processes.
Even though Fe-S clusters can be synthesized abiotically with reduced Fe and S, living
organisms use complex machineries to make Fe-S cluster proteins. In general, the biosynthesis of
Fe-S clusters requires two major steps: assembly and transfer (30,233). In the assembly step, a
cysteine desulfurase (a pyridoxal-5’-phosphate-dependent enzyme) derives S from L-cysteine
(234). The physiological Fe donor remains uncertain (235). A scaffold protein provides a
molecular platform for Fe and S to meet and form a cluster de novo (236,237). In the transfer
step, the pre-formed cluster is delivered to specific target apo-proteins either directly from the
scaffold―with the help of energy dependent chaperones―or indirectly through Fe-S cluster
carrier proteins (235). The protein machineries for Fe-S cluster biosynthesis are diverse in
different organisms and vary depending on the growth conditions. Bacteria have three known
machineries: the NIF, ISC, and SUF systems (235,238,239). Eukaryotes have the ISC system in
the mitochondrion (37) and the SUF system in the plastid (38). Additionally, eukaryotes possess
a CIA (cytosolic iron-sulfur assembly) machinery essential for maturation of Fe-S proteins in the
cytosol and nucleus (39).
The SUF system is widely distributed in all three domains of life (61). The suf operon is
diverse in different species (Figure 6), containing two to more than six different genes that
encode protein functions such as cysteine desulfurase (e.g. SufS and SufE), scaffold (e.g. SufU
and SufBCD), and carrier (e.g. SufA and HscA/B).
The SUF operon in E. coli includes six genes, sufA, sufB, sufC, sufD, sufS, and sufE (62).
SufS-SufE complex work as a cysteine desulfurase to donate sulfur to the scaffold to assemble
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Fe-S clusters. SufA was suggested to be a Fe-S cluster carrier protein (69,81). SufB was
proposed to be an Fe-S scaffold protein (72) and a [4Fe-4S] cluster was observed in reconstituted
SufB (73). It accept sulfur from SufE only when SufC is bound on SufB (73). SufD was
proposed to escort iron entry into the scaffold complex (75). SufC is an ATPase of the ABC
superfamily. It contains all three conserved motifs of typical ATP-hydrolyzing domains of ABC
ATPases, Walker A and B motifs as well as an ATP binding cassette (ABC signature) (78). SufB
and SufD are homologs, and both bind one SufC to form a SufBC2D complex (70). The crystal
structure of SufC indicated that the unique Q-loop structure on its surface is probably the binding
site for SufB or SufD (78). SufB, SufC, and SufD in E. coli form a SufBC2D complex, which
was suggested to be a scaffold assembled a [4Fe-4S] cluster de novo (69,70) (70). This cluster
was suggested to be located on SufBC405, SufBE434, and SufDH360 (71,76).
As anaerobes, methanogens possess many more Fe-S cluster proteins because Fe-S clusters
are often vulnerable to oxidants including O2 itself (140). A genome sequence analysis predicted
that M. maripaludis has at least 114 Fe-S cluster proteins representing 6.6% of its total proteins
(133). This is more than double of that of E. coli, which is predicted to have ~3% of its total
proteins with Fe-S clusters (133). A direct measurement of the intracellular acid-labile S and Fe
contents estimated that the amount of Fe-S clusters in M. maripaludis is ~20 times higher than
that in aerobically grown E. coli (141). Fe-S cluster proteins are directly involved in
methanogenesis, the pathway from which methanogens obtain all or most of their energy. These
proteins mostly have multiple clusters. For example, a crystal structure of the formylmethanofuran dehydrogenase (Fmd) complex revealed that it had 46 [4Fe-4S] clusters (20), and
the heterodisulfide reductase-[NiFe] hydrogenase (Hdr-Mvh) complex has 28 [4Fe-4S] clusters
(142).
The Fe-S cluster biosynthesis pathway in methanogens is proposed to resemble the SUF
system. Although methanogenic archaea produce numerous Fe-S cluster proteins, the major
cluster biosynthetic machineries found in bacteria and eukaryotes are generally missing in
archaea (145). Only three Fe-S cluster-related proteins are conserved in almost all archaea (146):
SufB, SufC, and Nbp35/ApbC. Based upon a whole genome transposon mutagenesis study, sufB
(locus tag: MMP1169) and sufC (locus tag: MMP1168) in M. maripaludis are likely to be
essential while nbp35/apbC (locus tag: MMP0704) is suggested to be non-essential (152).
Accordingly, we hypothesized that SufB and SufC form a SufB2C2 complex, which plays a
crucial role in Fe-S cluster biosynthesis as a functional scaffold in methanogens.
3.2. Materials and methods
3.2.1. Strain and culture conditions
All strains used are described in Supplemental Table 1. M. maripaludis was grown in 28-ml
aluminum seal tubes with 275 kPa of H2:CO2 (4:1, v/v) at 37°C in 5 ml of McC medium as
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described previously (240). The 100 ml cultures were grown in 1-L bottles pressurized to 138
kPa with H2:CO2 (4:1, v/v). Puromycin (2.5 µg/ml) was added when needed. Before inoculation,
3 mM sodium sulfide was added as the sulfur source.
Escherichia coli strains were grown aerobically at 37°C in Luria–Bertani (LB) rich medium.
When necessary, antibiotics were added at the following concentrations: 100 µg/ml ampicillin,
25 µg/ml kanamycin, 100 µg/ml spectinomycin, and 100 µg/ml chloramphenicol.
3.2.2. Production and Anoxic Purification of MMPSufCB in M. maripaludis
The M. maripaludis (MMP) sufCB operon was cloned into the pMEV4mTs (with an Nterminal strep-tag) vector. The resulting plasmid was transformed into the M. maripaludis strain
S0001 by the PEG-mediated transformation method (138) for the expression of strep-tagged
MMPSufBC. The following steps were carried out under anoxic conditions in an anaerobic
chamber (Coy Laboratories) with an atmosphere of 95% (vol/vol) N2 and 5% (vol/vol) H2. All
reagents and buffers were allowed to sit for enough time inside the chamber for complete
deaeration. Cells (from 1-L culture) were collected by centrifugation at 4000 × g for 10 min at
4°C. Then the cell pellets were resuspended in the binding buffer containing 50 mM sodium N(2-hydroxyethyl) piperazine-N′-(2-ethanesulfonic acid) (Hepes) at pH 7.5, 300 mM NaCl, and 5
mM MgCl2. The cells were disrupted by two freeze/thaw cycles in the presence of one pellet of
cOmplete ethylenediaminetetraacetic acid (EDTA)-free Protease Inhibitor Mixture (Roche) and
10 U of DNase I (Sigma). The cell lysate was then centrifuged at 14,000 rpm (23,000 × g) for 20
min at 4°C. The supernatant was loaded on a strep-tactin (IBA) column with 1 ml resin
equilibrated with the binding buffer. The proteins bound to the strep-tactin resin were washed
with the binding buffer. The strep-tagged protein was then eluted with the elution buffer
containing 50 mM sodium Hepes (pH 7.5), 300 mM NaCl, 5 mM MgCl2, and 2.5 mM
desthiobiotin. The eluted fractions (~ 15 ml) were analyzed by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) and concentrated to 0.25 ml with a 30-kDa
molecular weight cutoff centrifugal filter (Millipore). The purified protein was then
supplemented with glycerol to final glycerol concentration of 20% (vol/vol) and stored at -80°C
until use.
3.2.3. Production and Anoxic Purification of M. thermolithotrophicus SufBC in E. coli
M. thermolithotrophicus sufC (locus tag: F555DRAFT_01626) and M.
thermolithotrophicus sufB (locus tag: F555DRAFT_01627) genes were cloned into pET15b
(with an N-terminal His6-tag) and pDCH (with a C-terminal His6-tag), respectively. The
pET15b-His6-SufC was co-transformed with pDCH-SufB without a tag for the expression of
MTHSufBC complex. All mutations were constructed using the QuikChange mutagenesis kit
(Agilent).
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The resulting plasmids were individually transformed into the E. coli Rosetta 2(DE3) strain
(Novagen) for expression of recombinant proteins. Cultures were grown in LB with 200 µM
ammonium iron (III) citrate and 30 µM L-methionine at 37°C with 250 rpm shaking until they
reached an absorbance at 600 nm of 0.6-0.8. Isopropyl β-D-1-thiogalactopyranoside (IPTG; 0.1
mM) was added to induce the overnight production of recombinant proteins at 25°C with 110
rpm rotation speed. The following steps were carried out under anoxic conditions in an anaerobic
chamber (Coy Laboratories) with an atmosphere of 95% (vol/vol) N2 and 5% (vol/vol) H2. All
reagents and buffers were allowed to sit for enough time inside the chamber for complete
deaeration. Cells were collected by centrifugation at 4000 × g for 10 min at 4°C. Then the cell
pellet was resuspended in the binding buffer 2 (50 mM sodium Hepes, 300 mM NaCl, 5 mM
MgCl2, 20 mM imidazole, pH 7.5). The supernatants were loaded on the Ni-NTA column
(Qiagen) equilibrated with the binding buffer 1. The proteins bound on Ni-NTA column was
washed with the washing buffer (50 mM sodium Hepes, 300 mM NaCl, 5 mM MgCl2, 50 mM
imidazole, pH 7.5). The His6-tagged proteins were eluted with the elution buffer (50 mM sodium
Hepes, 300 mM NaCl, 5 mM MgCl2, 200 mM imidazole, pH 7.5). The purified protein was then
supplemented with glycerol to final glycerol concentration of 20% (vol/vol) and stored at -80°C
until use.
3.2.4. Analytical and Spectroscopic Measurements.
All analytical analyses were performed in triplicate. Protein concentrations were determined
using the BCA Protein Assay Kit (Pierce). Iron was quantified by using the Quantichrom Iron
Assay Kit (BioAssay Systems). UV-visible absorption spectra were recorded on a Nanodrop
2000c spectrometer with samples in cuvettes (optic path = 1 cm) closed with rubber stoppers
under anoxic conditions.
X-band EPR spectra were recorded at 7–10 K on a Bruker EMX spectrometer equipped with
a standard resonator and Oxford ESR-900 helium flow cryostat. Multiple microwave powers
were tested so that resonances were measured under nonsaturating conditions. The g values were
determined by simulating spectra using EasySpin 5.2.20 (241).
3.2.5. Gel filtration chromatography
The experiment was performed using a SuperdexTM 200 10/300 GL column (GE Healthcare)
with 50 mM sodium Hepes, 200 mM NaCl, 5 mM MgCl2, pH 7.5. The column was calibrated by
the gel filtration markers kit for protein molecular weights 29,000-700,000 Da (Sigma-Aldrich).
Protein samples were incubated with 10 mM EDTA and 10 mM DTH overnight and centrifuged
at 14,000 × g for 10 mins to remove the precipitate before loading on the column. Fractions were
collected and resolved on the SDS-PAGE.
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3.2.6. Iron-sulfur cluster transfer reaction
All following experiments were performed anoxically in an anaerobic chamber with an
atmosphere of 95% (vol/vol) N2 and 5% (vol/vol) H2. The His-tagged E. coli aconitase B (AcnB)
was purified from the E. coli strain JW0114 from the ASKA collection (242) following the
purification procedure as described (243). To prepare apo-AcnB, the purified protein was treated
with 10 mM EDTA and 10 mM sodium dithionite (DTH) at 4°C overnight. To remove free Fe,
the apo-AcnB was then buffer-exchanged using a PD MiniTrap G-25 column (GE Healthcare)
pre-equilibrated with the buffer containing 50 mM sodium Hepes (pH 7.5), 300 mM NaCl, and 5
mM MgCl2.
For cluster transfer, the apo-AcnB and strep-tagged MMPSufB2C2 were separately pretreated
with 5 mM of 1, 4-dithiothreitol (DTT) for 30 min. Then the apo-AcnB (0.2 nmol) and tested
proteins (1.0 nmol protein containing 0.4 nmol of [4Fe-4S]) were mixed together in a total
reaction volume of 10 µL and incubated for 20 min at room temperature. For the aconitase
activity assay, 5 µL of the cluster transfer reaction mixture (containing 0.1 nmol AcnB and 0.5
nmol MMPSufB2C2) was added to a freshly prepared mixture containing 50 mM sodium Hepes
(pH 7.5), 300 mM NaCl, 5 mM MgCl2, 0.25 mM NADP+, 25 mM sodium citrate, 0.3 mM
MnCl2, and 1 µM of His-tagged E. coli isocitrate dehydrogenase (purified from the E. coli strain
JW1122 from the ASKA collection (242)) in a total volume of 100 µL. The aconitase activity
was assayed by monitoring the formation of NADPH through the increase in absorbance at 340
nm (244).
3.3. Results
3.3.1. SufB and SufC from methanogen form a SufB2C2 complex in vivo
We have studied the SufB and SufC proteins in two methanogenic species: M. maripaludis, a
common methanogen model denoted MMP (245), and M. thermolithotrophicus, denoted MTH.
Based on protein sequence alignments, SufC proteins in these two species have 74.19% identity,
while SufB proteins have 74.44% identity, while MMPSufB/D homolog has a 25% identity with
E. coli SufB and a 30% identity with E. coli SufD. To study complex formation, we first
expressed MMPSufCB operon in M. maripaludis. We also expressed MTHSufB and MTHSufC
in E. coli. The MMPSufB and MMPSufC proteins were not soluble in E. coli. However,
MTHSufB and MTHSufC were successfully expressed as soluble proteins in E. coli.
Three evidence demonstrate methanogen SufB/C form a complex. (i) A pull-down
experiment was done in its native host, M. maripaludis. MMPSufCB operon with an N-terminal
strep-tag on SufC were cloned in a vector. After expression and anaerobical purification, these
proteins were analyzed by SDS-PAGE gel. This pull-down experiment showed that MMPSufB
interacted with MMPSufC in vivo (Figure 20A), with protein identities confirmed by mass
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spectrometry. (ii) Similarly, the pull-down experiment was also investigated in E. coli.
MTHSufC with an N-terminal His6-tag and MTHSufB without a tag were cloned in different
vector and expressed simultaneously. This pull-down experiment showed that MTHSufB
interacted with MTHSufC in vivo as expected (Figure 20B). These protein identities were also
confirmed by mass spectrometry.

Figure 20. (A) A pull-down experiment showed that MMPSufB interacted with MMPSufC in
M. maripaludis. SufCB operon was constructed with an N-terminal strep-tag on SufC. (B) A
pull-down experiment showed that MTHSufB interacted with MTHSufC in E. coli. Lane 2
and lane 4 are elution (E) from the nickel chromatography purification. Lane 2: His6-tagged
SufC co-expressed with SufB without a tag; lane 4: His6-tagged SufB co-expressed with SufC
without a tag. Lane 1 and lane 3 are input of crude extracts (I) of lane 2 and lane 4,
respectively. Both SDS-PAGE gel was stained by Coomassie blue. (C) Protein-protein
interactions studied by gel filtration. The top panel: SufB (blue solid line) and SufC (red
dashed line); embedded SDS-PAGE gel showed the band of SufC (left) and SufB (right).
Embedded cartoons are SufB dimer (blue) and SufC dimer (red). The bottom panel: His6tagged SufC co-expressed with SufB (grey); embedded SDS-PAGE gel showed the bands of
SufC (low) and SufB (upper). Embedded cartoon is SufB2C2 complex.
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(iii) Size-exclusion chromatography of the MTHSufBC complex (Figure 20C) was done to
study the stoichiometry of the complex. The results show: the purified MTHSufB eluted as a
major peak with a molecular weight of about 94 ± 6 kDa corresponding to the size of a SufB
dimer; the purified MTHSufC eluted as a major peak with a molecular weight of about 69 ± 2
kDa corresponding to the size of a SufC dimer; the purified MTHSufBC complex eluted as a
major peak with a molecular weight of about 156 ± 8 kDa corresponding to the size of a SufB2C2
complex. These results suggest that methanogen SufB and SufC form a stable SufB2C2 complex
in vivo.
3.3.2. The MMPSufB2C2 complex binds a [4Fe-4S] cluster in M. maripaludis
Scaffolds have the ability to assemble and transfer Fe-S clusters, as exemplified by NifU
(246) and IscU (48). We therefore first investigated whether the MMPSufB2C2 complex can
assemble an Fe-S cluster. Four lines of evidence demonstrate that the methanogen SufB2C2
complex bind a Fe-S cluster.
(i) The purified MMPSufB2C2 complex showed brownish color and displayed the
characteristic UV-visible spectrum of a [4Fe-4S] cluster with only one broad absorption at
around 420 nm (Figure 21A). Addition of 5 mM sodium dithionite (DTH) partially bleached the
protein color and decreased the UV-Vis absorption (Figure 21A). Additionally, the Fe-S cluster
on MMPSufB2C2 is rather labile, especially when it is exposed to air (Figure 21A).
(ii) Chemical analysis of Fe content indicated that the as-purified protein complex contained
1.57 ± 0.30 Fe per protomer.
(iii) The electron paramagnetic resonance (EPR) spectrum of the as-purified MMPSufB2C2
displayed a peak centered at g = 2.003 and represents an organic radical contaminant. The
MMPSufB2C2 complex reduced by 5 mM sodium DTH displayed a signal with g∥ ~ 2.03 and g⊥
~ 1.91, characteristic of a [4Fe-4S]1+ cluster (Stol = ½) (Figure 21B). The same organic radical
contaminant is overlaid with the [4Fe-4S] cluster signal.
(iv) MTHSufB2C2 complex has similar Fe content, UV-vis spectrum, and EPR spectrum of
MMPSufB2C2 complex (Figure 21CD). The as-purified MTHSufB2C2 complex from E. coli has
brownish color and contains 1.54 ± 0.32 Fe per protomer. It also displays an abroad absorption at
~420nm in the UV-vis spectrum (Figure 21C). DTH can also partially bleached the protein color
and decreased the UV-Vis absorption (Figure 21C). The X-band EPR spectra of the as-purified
MTHSufB2C2, displays a peak centered at g ~ 2.01, characteristic of a cubic [3Fe-4S]1+ cluster
(Stol = ½), whereas the proteins reduced by 5 mM sodium DTH displayed a signal with g∥ ~ 2.00
and g⊥ ~ 1.91, characteristic of a [4Fe-4S]1+ cluster (Stol = ½) (Figure 21D). Because the
MMPSufB2C2 complex purified from its native host only contains a [4Fe-4S] cluster, this [3Fe4S] cluster on the MTHSufB2C2 complex could possibly degrade from [4Fe-4S] cluster.
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Figure 21. The MMPSufB2C2 complex binds a [4Fe-4S] cluster. (A) UV-Vis spectra of
anoxically purified MMPSufB2C2 complex in the as-purified (red) and after DTH reduced
(grey) states. (Inset) UV-Vis spectra of the protein exposed to air. The red arrow indicates the
decrease of the absorbance at ~ 420 nm when the protein was exposed to air. (B) The X-band
EPR spectra of anoxically purified MMPSufB2C2 complex in the as-purified (top) and DTH
reduced (bottom) states. The DTH reduced spectrum was simulated as a nearly axial species
with g∥ = 2.03 and g⊥ = 1.91 (dashed trace). Both spectra of the as-purified and reduced
samples contain an organic radical contaminant at approximately g = 2.003. Experimental
conditions: microwave power, 1 mW; microwave frequency, 9.474 GHz; modulation
amplitude, 10 G; temperature, 10 K. (C) UV-Vis spectra of anoxically purified MTHSufB2C2
complex. Proteins are in as-purified (red) and after DTH reduced (grey) states. (Inset) The aspurified and DTH reduced proteins. (D) The X-band EPR spectra of anoxically purified
MTHSufB2C2 complex in the as-purified (red) and DTH reduced (grey) states. As-purified
MTHSufB2C2 complex displays a peak centered at g ~ 2.01, characteristic of a cubic [3Fe4S]1+ cluster (Stol = ½), whereas the proteins reduced by 5 mM sodium DTH displayed a
signal with g∥ ~ 2.00 and g⊥~ 1.91, characteristic of a [4Fe-4S]1+ cluster (Stol = ½).
Experimental conditions: microwave power, 1 mW; microwave frequency, 9.473 GHz;
modulation amplitude, 10 G; temperature, 10 K.
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3.3.3. Three Cys residues, C218, C237, C240, are likely the [Fe-S] binding sites of the
SufB2C2 complex
To determine the amino acid residues responsible for Fe-S cluster coordination, we
performed mutational studies of MTHSufB and MTHSufC. In the E. coli SufBC2D complex,
SufBC405, SufBE434, and SufDH360 have been proposed to be the Fe-S cluster binding sites, and
SufBC254 is likely involved in S transfer (71,76). The C405, H360 and C254 residues on SufB are
conserved in most archaea. The corresponding residues in MTHSufB are labeled in Figure 22.
Additionally, MTHSufB has another cysteine residues (C145) conserved in almost all
methanogens (Figure 22A). The bacterial SufC homologs do not have conserved Cys residues;
however, MTHSufC has three C-terminal Cys residues (C218, C237, and C240) in a CX18CXXC
motif in its C-terminus that is conserved in most methanogens (Figure 22B). These Cys and His

Figure 22. Sequence comparisons of E. coli and MTHSuf proteins. (A) An alignment of E.
coli SufB (NCBI Reference Sequence: WP_042190429.1), SufD (NCBI Reference
Sequence: WP_040083833.1) with SufB (locus tag: F555DRAFT_01627). The residues
predicted to participate in cluster binding (red) and sulfur transfer (orange) are labeled. ND,
N-terminal domain; CD, C-terminal domain. The numbers under each sequence indicate the
corresponding amino acid positions. (B) An alignment of E. coli SufC (locus tag:
Ga0063390_04487) with MTHSufC (locus tag: F555DRAFT_01626). The conserved Cys
residues in archaea are labeled in red. Walker A (Blue), Walker B (green), and ABC
(orange) motifs are labeled.
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residues of MTHSufB/C were individually altered to Ser, and the mutant proteins were purified
anoxically and characterized for their Fe-S cluster association by UV-visible and EPR spectrum.
Three evidences show that the Fe-S cluster binds to SufC. (i) SufC itself has cluster and sufB
does not. As-purified MTHSufC showed brownish color, with 1.67 ± 0.14 iron per monomer. It
also shows similar UV-visible spectrum and EPR spectrum of the MTHSufB2C2 complex (Figure
23AB). (ii) Mutations of sufC abolish Fe-S cluster on both sufC only and the SufB2C2 complex.
The as-purified SufC mutations: MTHSufC(C218S), SufC(C237S), and SufC(C240S) proteins
lost brownish color and UV-vis spectrum (Figure 23A). Iron on these three mutated SufC are not
detectable. Similarly, the as-purified mutated MTHSufB2C2 complex, MTHSufB2C2
(C218/237/240S) complex, also lost the brownish color, UV-visible spectrum, and EPR spectrum
(Figure 23CD). Iron is not detectable on this mutation, either. (iii) Mutations of SufB do not
affect Fe-S cluster on the SufB2C2 complex. The as-purified
MTHSufB2(C145/175/318SH346S)C2 complex shows similar UV-vis and EPR spectrum as the
MTHSufB2C2 complex (Figure 23EF). Accordingly, these results suggest that the Fe-S cluster on
the SufB2C2 complex was located on the three conserved cysteine residues of SufC and all three
conserved Cys residues are required for Fe-S cluster binding on SufC.
3.3.4. The [4Fe-4S] cluster of MMPSufB2C2 can be transferred to apo-aconitase
We then investigated the ability of MMPSufB2C2 to transfer its [4Fe-4S] cluster to an apoprotein, the [4Fe-4S] cluster-dependent E. coli aconitase B (AcnB), in vitro. Fe-S cluster transfer
from MMPSufB2C2 to apo-AcnB was monitored by the activation of the catalytic function of
AcnB. The as-purified MMPSufB2C2 or apo-AcnB individually had no detectable activity as
expected. However, the incubation of these two proteins together restored ~ 67% of the activity
of the as-purified AcnB (Figure 24), demonstrating MMPSufB2C2 can transfer a [4Fe-4S] cluster
to apo-proteins. Therefore, SufB2C2 is potentially a functional scaffold in methanogens.
3.4. Discussion
3.4.1. Insight into the Fe-S cluster biosynthesis in methanogens
In vitro biochemical experiments and in vivo functional analysis in this study provide the
first insights into the mechanism of Fe-S cluster biosynthesis in methanogens. We found
methanogen use SufB2C2 complex as a functional scaffold. This scaffold can assemble a [4Fe4S] cluster on three conserved residues, C218, C237, and C240, on SufC. This Fe-S cluster on
the scaffold can be transferred to an apo-protein. An earlier study suggested that methanogens
use sulfide instead of free cysteine as the sulfur source for Fe-S cluster biosynthesis (247). Based
on these findings, we propose the model of SUF system in methanogens (Figure 25). An iron
donor and sulfide donor donate iron and sulfur, respectively. The iron and sulfur are then
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Figure 23. (A) UV-Vis spectra of anoxically purified MTHSufC and its three mutations:
MTHSufC(C218S), MTHSufC(C237S), and MTHSufC(C240S). The concentrations of all
proteins were 40 µM. (Inset) UV-Vis spectra of anoxically purified MTHSufC in aspurified (red) and after DTH reduced (grey) states. (B) The X-band EPR spectra of
anoxically purified MTHSufC in the as-purified (red) and DTH reduced (grey) states. The
as-purified MTHSufC displayed a peak centered at g ~ 2.01, characteristic of a cubic [3Fe4S]1+ cluster (Stol = ½), whereas the proteins reduced by 5 mM sodium DTH displayed a
signal with g∥ ~ 2.00 and g⊥ ~ 1.91, characteristic of a [4Fe-4S]1+ cluster (Stol = ½).
Experimental conditions: microwave power, 5 mW; microwave frequency, 9.476 GHz;
modulation amplitude, 10 G; temperature, 10 K. UV-Vis spectra of anoxically purified
protein: MTHSufB2C2 (C218/237/240S) complex (C) and
MTHSufB2(C145/175/318SH346S)C2 complex (E). The X-band EPR spectra of
anoxically purified proteins: MTHSufB2C2 (C218/237/240S) complex (D) and
MTHSufB2(C145/175/318SH346S)C2 complex (F). As-purified
MTHSufB2(C145/175/318SH346S)C2 complex, displayed a peak centered at g ~ 2.01,
characteristic of a cubic [3Fe-4S]1+ cluster (Stol = ½), whereas the proteins reduced by 5
mM sodium DTH displayed a signal with g∥ ~ 2.00 and g⊥ ~ 1.91, characteristic of a [4Fe4S]1+ cluster (Stol = ½). No EPR spectrum is detected in MTHSufB2C2 (C218/237/240S)
complex. Experimental conditions: microwave power, 1 mW; microwave frequency, 9.473
GHz; modulation amplitude, 10 G; temperature, 10 K.
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Figure 24. Activation of apo-AcnB by [4Fe-4S]-containing MMPSufB2C2 complex. ApoAcnB was incubated with as-purified MMPSufB2C2 complex, and the aconitase activity
was followed by the formation of NADPH as described in the materials and methods
section. As controls, the as-purified MMPSufB2C2 complex, apo-AcnB, and as-purified
AcnB were assayed individually. Data are mean ± standard deviation from three
replicates.

assembled on the SufB2C2 scaffold and form a [4Fe-4S] cluster on SufC. The clusters will be
then transferred to the target iron-sulfur proteins by carriers.
The Suf system, possibly present in early anaerobic forms of life, was suggested to be the
most ancient Fe-S cluster biogenesis pathway (72). Phylogenetic analysis suggests that the suf
genes first emerged among archaea and then horizontally transferred to bacteria and eukaryotes
(72,248,249). The ancestral suf operon possibly has only two genes (sufB and sufC), and
additional genes (sufD, sufS, sufE, sufU, and sufA) were recruited gradually during evolution
possibly as an adaption to aerobic lifestyle (72). With the increasing oxygen level on earth, large
amounts of the preferred iron donor, ferrous iron, turned to ferric iron and become less available
for the Suf system. SufD evolved and functions for iron acquisition (72). Additionally, most of
the sulfur donor, sulfide, turned to sulfate when exposed to increasing amount of oxygen. SufS
and SufE evolved in response to the altered sulfur metabolism (72). Methanogens, as the obligate
anaerobes, only have SufB and SufC proteins involved in Fe-S maturation. This study supports
the view that SufB2C2 complex is the most ancient scaffold.
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3.4.2. Comparisons of bacterial, eukaryotic, and archaeal SUF system
The detailed SUF system difference between methanogens and the well-studied bacterial and
eukaryotic SUF system are discussed in the following several points.
First, the SUF system is probably the only system for Fe-S cluster maturation in
methanogens. Only the core components of the SUF system are highly conserved throughout
methanogens (146), suggesting that methanogens, and archaea in general, use the SUF system as
the housekeeping system to synthesize Fe-S clusters. This is consistent with most gram-positive
bacteria (250). However, SUF system can be a housekeeping Fe-S biosynthesis system or work
redundantly with other systems in bacteria and eukaryotes. The Gram-negative bacterium E. coli
uses the ISC system as the housekeeping system while the SUF system can be induced under
oxidative stress or iron starvation situations (91). Most Gram-positive bacteria, like
Enterococcus faecalis, only have one Fe-S cluster biosynthesis system, SUF (251). Fe-S clusters
in eukaryotes are synthesized by the mitochondrial ISC system, the cytosolic Fe/S assembly
(CIA) system, and the plastid SUF system originated from endosymbiotic cyanobacteria in
photosynthetic organisms (30).
Second, only the sufB and C homologs are expressed from the SUF operon in most archaea
(252), other SUF components are mostly missing in archaea. An operon that only contains sufB
and sufC is much more prevalent in archaea than in bacterial genomes. In bacteria, the sufBC
operon usually exists in bacteria characterized as obligate anaerobes or facultative anaerobes
(72). Only a few eukaryotic genomes contain a sufBC operon, including the fused version of sufB

Figure 25. Proposed models of the SUF machinery in methanogens. Iron donor and sulfide
donate iron and sulfur, respectively. The iron and sulfur meet each other and then assembled
on the SufB2C2 scaffold, forming a [4Fe-4S] cluster on SufC.
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and sufC operon, the simplest SUF operon, such as the unicellular, anaerobic, eukaryotic protist
Blastocystis (248). Most bacterial and eukaryotic suf operons are diverse, containing two to more
than six different genes (Figure 6).
Third, we found that the iron-sulfur cluster on the MTHSufB2C2 scaffold is bound to SufC
rather than to SufB in vivo. However, the iron-sulfur cluster was suggested to be located on three
conserved residues: SufBC405, SufBE434, and SufDH360 inside the SufBC2D scaffold in the E. coli
SUF system (74), which is the interface of the SufB and SufD heterodimer. Moreover, SufB in E.
coli was an Fe-S cluster protein based on the observation that the reconstituted SufB has a [4Fe4S] cluster (73), and it was also proposed to be an Fe-S scaffold protein (72).
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CHAPTER 4. THE NBP35 HOMOLOG ACTS AS A NONESSENTIAL
[4FE-4S] TRANSFER PROTEIN IN METHANOGENIC ARCHAEA
4.1. Introduction
Iron-sulfur (Fe-S) clusters are perhaps the oldest and most versatile inorganic cofactors in
biochemistry and are essential in various fundamental cellular processes in all domains of life
(6,7,228). The most common types of biological Fe-S clusters are the [2Fe-2S], [3Fe-4S], and
[4Fe-4S] clusters. Although Fe-S clusters can be synthesized abiotically with reduced Fe and S,
living organisms use complex protein machineries to make Fe-S clusters. In general, the
machineries at least include a S donor, an Fe donor, and an Fe-S cluster scaffold (29,30). The S
donor in most organisms is a cysteine desulfurase (a pyridoxal-5’-phosphate-dependent enzyme)
that derives S from L-cysteine (253). The physiological Fe donor remains uncertain (32). An FeS cluster scaffold protein provides a molecular platform for Fe and S to meet and form an intact
cluster de novo (254,255). Then the pre-formed cluster is delivered to specific target apo-proteins
either directly from the scaffold or indirectly through Fe-S cluster carrier proteins (32).
The protein machineries for Fe-S cluster biosynthesis are diverse in different organisms and
also vary depending on the growth conditions. Bacteria have three known machineries: the NIF
(nitrogen fixation), ISC (iron-sulfur cluster), and SUF (sulfur formation) systems (32,35,256).
The NIF system is responsible for the maturation of nitrogenase in N2-fixing bacteria and is also
present in some other anaerobic and microaerobic bacteria. The ISC system serves as the
constitutive machinery in various bacteria (e.g. E. coli). The SUF system in E. coli is induced
under Fe limitation and oxidative stress, whereas it is the sole system in a number of other
bacteria (e.g. mycobacteria and bacilli). Eukaryotes have the ISC system in the mitochondrion
(257) and the SUF system in the plastid (258). These two systems were likely derived from their
prokaryotic ancestors by endosymbiosis. Additionally, eukaryotes possess a CIA (cytosolic ironsulfur assembly) machinery essential for the maturation of Fe-S proteins in cytosol and nucleus
(39).
The eukaryotic Nbp35 (nucleotide binding protein 35) and Cfd1 (cytosolic Fe-S cluster
deficient 1) proteins form a heterocomplex that functions as an essential Fe-S cluster scaffold in
the CIA machinery (39). Nbp35 and Cfd1 are homologous to each other, and their sequences
have two common features (Figure 26): a deviant Walker A box or P-loop motif (characterized
by two lysine residues) (259) and a CXXC motif at the C-terminal region. Nbp35 has an
additional N-terminal ferredoxin-like domain (Figure 26). The Nbp35-Cfd1 complex binds two
types of [4Fe-4S] clusters: one is stably coordinated by the N-terminal cysteine residues of
Nbp35, and the other one binds to the C-terminal CXXC motif of both Cfd1 and Nbp35, bridging
the protein-protein interaction interface (50,260,261). The bridging [4Fe-4S] cluster is transiently
assembled and can be transferred to apo-proteins (50,150,262). The deviant Walker A motif is
required for ATP binding and hydrolysis, and the ATPase activity is essential for in vivo Fe-S
cluster assembly and transfer (260,263,264).
The bacterial Nbp35/Cfd1 homolog is named as ApbC (alternative pyrimidine biosynthetic
protein C) in Salmonella enterica. The ApbC protein can assemble an Fe-S cluster and transfer
the cluster to apo-proteins in vitro (149,265). Mutations of apbC in S. enterica prevented the
growth on tricarballylate because ApbC is required for the maturation of TcuB (tricarballylate
utilization protein B), a [4Fe-4S]-containing enzyme required for tricarballylate metabolism
(265). The Walker A and C-terminal CXXC motifs are required for the in vivo function of ApbC
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(149). These results suggest that the bacterial ApbC acts as an Fe-S cluster carrier protein that
transfers an intact cluster to a specific target apo-protein (i.e., TcuB).
The Nbp35/ApbC homologs are present in most sequenced archaea (266), although their
physiological function remains unclear. A previous study showed that several archaeal homologs
can complement the tricarballylate growth deficiency of the S. enterica ΔapbC mutant (148).
Furthermore, the Nbp35/ApbC homolog from M. maripaludis (locus tag: MMP0704)―when
heterologously expressed and purified from E. coli―can be reconstituted in vitro with an Fe-S
cluster, although the cluster type was unclear (148). Here we show that MMP0704 purified from
its native host has a [4Fe-4S] cluster that can be transferred to the apo-aconitase. Moreover,
MMP0704 is nonessential for the viability of M. maripaludis under our tested growth conditions.
These results suggest that MMP0704 is an Fe-S cluster transfer protein only required for the
maturation of specific target proteins.

Figure 26. Comparison of conserved motifs of Nbp35, Cfd1, and ApbC homologs based on
multiple sequence alignment. The CX2CX5C motif of the N-terminal ferredoxin-like domain
responsible for Fe-S cluster binding is labeled in red; the deviant Walker A motif is labeled in
blue; and the C-terminal CXXC motif responsible for Fe-S cluster binding is labeled in
orange. The numbers under each sequence indicate the corresponding amino acid positions.
The selected proteins for comparisons include Saccharomyces cerevisiae Nbp35 (locus tag:
YGL091C), Saccharomyces cerevisiae Cfd1 (locus tag: H811_YJM1400I00176), Homo
sapiens Nbp35 (locus tag: NUBP1), Homo sapiens Cfd1 (locus tag: NUBP2), Salmonella
enterica ApbC (locus tag: STM2154), Sulfolobus tokodaii Nbp35/ApbC (locus tag: ST0174),
Methanosaeta concilii Nbp35/ApbC (locus tag: MCON_0751), Methanosarcina barkeri
Nbp35/ApbC (locus tag: Mbar_A2615), Methanothermobacter thermoautotrophicum
Nbp35/ApbC (locus tag: MTH1176), Methanocaldococcus jannaschii Nbp35/ApbC (locus
tag: MJ0283), and Methanococcus maripaludis Nbp35/ApbC (locus tag: MMP0704).
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4.2. Materials and methods
4.2.1. Strain, media, and culture conditions
M. maripaludis strains were grown in 28-ml glass tubes with aluminum seals under 275 kPa
of H2:CO2 (4:1, vol/vol) at 37°C in 5 ml of McN (minimal medium), McNA (McN + 10 mM
sodium acetate), or McC (McNA + 0.2% [wt/vol] casamino acids + 0.2% [wt/vol] yeast extract)
as described previously (267). The standard McN medium contains 25 µM ferrous ammonium
sulfate, and the Fe-limiting McN media contain 0.5, 1.5, 5, or 10 µM ferrous ammonium sulfate.
The 100 ml cultures were grown in 1-L bottles pressurized with 138 kPa of H2:CO2 (4:1,
vol/vol). Puromycin (2.5 µg/ml) was added when needed. Before inoculation, 3 mM sodium
sulfide was added as the sulfur source. When comparing the growth of the parent strain and the
mutant, puromycin was omitted. The inocula were 0.1 ml of cultures (~107 cells) grown in the
same medium per 5 ml culture. The growth was determined by measuring the increase in
absorbance at 600 nm.
4.2.2. Construction of the Δmmp0704 mutant
The replacement of the M. maripaludis mmp0704 gene with a hpt (8-azahypoxanthine
transferase)-pac (puromycin N-acetyltransferase) cassette was generated in the M. maripaludis
strain S0001 (245) by double homologous recombination (138,268). To make the plasmid p5LR-mmp0704 (Figure 27), the upstream and downstream regions of the mmp0704 gene were
amplified from the M. maripaludis S0001 genomic DNA. Then the plasmid p5L-R-mmp0704
was transformed into M. maripaludis S0001 cells by the polyethylene glycol (PEG)-mediated
transformation method (138). Upon transformation, genomic integration of the hpt-pac cassette
through homologous recombination was positively selected with puromycin (2.5 µg/ml).
Colonies of the selected transformants were subjected to PCR amplification to confirm complete
integration (Figure 27).
4.2.3. Expression and anoxic purification of strep-tagged MMP0704 in M. Maripaludis
The mmp0704 gene was cloned into the pAW42 vector (245) with an N-terminal strep-tag.
The resulting plasmid was transformed into the M. maripaludis strain S0001 by the PEGmediated transformation method (138) to generate the strain S798 for the expression of streptagged MMP0704. The following steps were carried out under anoxic conditions in an anaerobic
chamber (Coy Laboratories) with an atmosphere of 95% (vol/vol) N2 and 5% (vol/vol) H2. All
reagents and buffers were allowed to sit for enough time inside the chamber for complete
deaeration. Strain S798 cells (from 1-L culture) were collected by centrifugation at 4000 × g for
10 min at 4°C. Then the cell pellets were resuspended in the binding buffer containing 50 mM
sodium N-(2-hydroxyethyl) piperazine-N′-(2-ethanesulfonic acid) (Hepes) at pH 7.5, 300 mM
NaCl, and 5 mM MgCl2. The cells were disrupted by two freeze/thaw cycles in the presence of
one pellet of cOmplete ethylenediaminetetraacetic acid (EDTA)-free Protease Inhibitor Mixture
(Roche) and 10 U of DNase I (Sigma). The cell lysate was then centrifuged at 14,000 rpm
(23,000 × g) for 20 min at 4°C. The supernatant was loaded on a strep-tactin (IBA) column with
1 ml resin equilibrated with the binding buffer. The proteins bound to the strep-tactin resin were
washed with the binding buffer. The strep-tagged protein was then eluted with the elution buffer
containing 50 mM sodium Hepes (pH 7.5), 300 mM NaCl, 5 mM MgCl2, and 2.5 mM
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desthiobiotin. The eluted fractions (~ 15 ml) were analyzed by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) and concentrated to 0.25 ml with a 30-kDa
molecular weight cutoff centrifugal filter (Millipore). The purified protein was then
supplemented with glycerol to final glycerol concentration of 20% (vol/vol) and stored at -80°C
until use.

Figure 27. Deletion of mmp0704 in M. maripaludis. (A) Construction of a mmp0704 deletion.
The p5L-R-mmp0704 plasmid was constructed with the 1000 bp upstream and downstream
fragments of mmp0704 (870 bp) flanking the hpt-pac cassette. Upon transformation of p5LR-mmp0704 into the parent strain S0001, puromycin resistance can be acquired by double
homologous recombination leading to the replacement of mmp0704 with the hpt-pac cassette
(1759 bp). Upper: M. maripaludis S0001 genomic DNA; lower: p5L-R-mmp0704 plasmid.
Blue arrows: six primers (a, b, c, d, e, f) were used for PCR to confirm of the replacement of
mmp0704. (B) Primer sequences. (C) PCR results. The amplifications were performed using
primers listed in (B). The primer pairs are labeled on top of each lane of the agarose gel. (D)
The expected PCR product lengths using genomic DNA from S0001 and the Δmmp0704
mutant strains as templates.

4.2.4. Analytical and spectroscopic measurements
All analytical analyses were performed in triplicate. Protein concentrations were determined
using the BCA Protein Assay Kit (Pierce). Iron was quantified by using the Quantichrom Iron
Assay Kit (BioAssay Systems). UV-visible absorption spectra were recorded on a Nanodrop
2000c spectrometer with samples in cuvettes (optic path = 1 cm) sealed with rubber stoppers
under anoxic conditions.
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The X-band electron paramagnetic resonance (EPR) spectra were recorded at 7–10 K with a
Bruker EMX spectrometer equipped with a standard resonator and an Oxford ESR-900 helium
flow cryostat. Multiple microwave powers were tested so that resonances were measured under
nonsaturating conditions. The g values were determined by simulating spectra using EasySpin
5.2.20 (241).
4.2.5. Iron-sulfur cluster transfer and aconitase activity assays
All following experiments were performed anoxically in an anaerobic chamber with an
atmosphere of 95% (vol/vol) N2 and 5% (vol/vol) H2. The His-tagged E. coli aconitase B (AcnB)
was purified from the E. coli strain JW0114 from the ASKA collection (242) following the
purification procedure as described (243). To prepare apo-AcnB, the purified protein was treated
with 10 mM EDTA and 10 mM sodium dithionite (DTH) at 4°C overnight. To remove free Fe,
the apo-AcnB was then buffer-exchanged using a PD MiniTrap G-25 column (GE Healthcare)
pre-equilibrated with the buffer containing 50 mM sodium Hepes (pH 7.5), 300 mM NaCl, and 5
mM MgCl2.
For cluster transfer, the apo-AcnB and strep-tagged MMP0704 were separately pretreated
with 5 mM of 1, 4-dithiothreitol (DTT) for 30 min. Then the apo-AcnB (0.2 nmol) and
MMMP0704 (2.2 nmol protein containing 0.4 nmol of [4Fe-4S]) were mixed together in a total
reaction volume of 10 µL and incubated for 20 min at room temperature. For the aconitase
activity assay, 5 µL of the cluster transfer reaction mixture (containing 0.1 nmol AcnB and 1.1
nmol MMP0704) was added to a freshly prepared mixture containing 50 mM sodium Hepes (pH
7.5), 300 mM NaCl, 5 mM MgCl2, 0.25 mM NADP+, 25 mM sodium citrate, 0.3 mM MnCl2,
and 1 µM of His-tagged E. coli isocitrate dehydrogenase (purified from the E. coli strain JW1122
from the ASKA collection (242)) in a total volume of 100 µL. The aconitase activity was
assayed by monitoring the formation of NADPH through the increase in absorbance at 340 nm
(269).
4.2.6. Phylogenetic analysis
Protein homologs were identified using BLASTp searches (https://img.jgi.doe.gov/cgibin/w/main.cgi) against selected genomes. The sequence-based phylogenetic tree was
constructed with MEGA X (1) using the Maximum Likelihood algorithm (270) with bootstrap
(271) calculated from 100 repeats.
4.3. Results and discussion
4.3.1. Nbp35/ApbC homologs are highly conserved in archaea
The Nbp35/Cfd1/ApbC homologs are present in all of the 173 finished archaeal genomes in
the Integrated Microbial Genomes database (https://img.jgi.doe.gov/cgi-bin/w/main.cgi). The
sequence-based phylogenetic tree (Figure 28) shows that the bacterial, archaeal, and eukaryotic
homologs form distinct clades, consistent with the phylogenetic pattern of ribosomal RNA genes.
This suggests that the ancestral gene of Nbp35/Cfd1/ApbC was evolved before the divergence of
the three domains, and Nbp35 and Cfd1 are paralogs possibly evolved by gene duplication in the
eukaryotic common ancestor.
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Figure 28. Phylogenetic tree of Nbp35, Cfd1, and ApbC homologs.
The evolutionary history was inferred by using the Maximum Likelihood method in MEGA
X (1). The tree with the highest log likelihood (-20463.59) is shown. Initial tree(s) for the
heuristic search were obtained automatically by applying Neighbor-Join and BioNJ
algorithms to a matrix of pairwise distances estimated using a JTT model, and then selecting
the topology with superior log likelihood value. A discrete Gamma distribution was used to
model evolutionary rate differences among sites (5 categories (+G, parameter = 1.2858)). The
rate variation model allowed for some sites to be evolutionarily invariable ([+I], 4.28% sites).
The tree is drawn to scale, with branch lengths measured in the number of substitutions per
site. This analysis involved 52 amino acid sequences. There was a total of 456 positions in
the final dataset. The bootstrap values were calculated with 100 replicates, and values >50%
are labeled on the nodes. The scale bar represents 0.5 amino acid substitution per site. The
corresponding species of the eukaryotic Nbp35 proteins (purple), the eukaryotic Cfd1
proteins (blue), the bacterial ApbC proteins (green), and the archaeal Nbp35/ApbC homologs
(red) are labeled for each branch.
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The Walker A motif is conserved in almost all archaeal homologs, except that in Sulfolobales
sp. HSU1 and Hadesarchaea archaeon DG-33. The N-terminal CX2CX5C motif, which binds a
stable [4Fe-4S] cluster in eukaryotic Nbp35, is only present in some methanogens (e.g. M.
maripaludis, Methanocaldococcus jannaschii, Methanosaeta concilii, and Methanosaeta
harundinacea) (Figure 26). Non-methanogens generally lack the N-terminal cysteines. The Cterminal CXXC motif, which is the binding site of a transient [4Fe-4S] cluster in the eukaryotic
Nbp35-Cfd1 heterocomplex, is conserved in most methanogens except Methanothermobacter
marburgensis and Methanomassiliicoccus luminyensis. Interestingly, many TACK archaea
(including Thaumarchaeota, Aigarchaeota, Crenarchaeota, and Korarchaeota) only have one Cterminal cysteine corresponding to Cys253 of the S. cerevisiae Nbp35 (Figure 26). Some nonmethanogenic euryarchaea (e.g. Aciduliprofundum boonei) do not have C-terminal cysteines.
4.3.2. The Nbp35/ApbC homolog (MMP0704) from M. maripaludis binds a [4Fe-4S] cluster
A previous study showed that MMP0704 recombinantly expressed and purified from E. coli
can be reconstituted in vitro with an Fe-S cluster, however the cluster type was unclear (148). In
this study, the strep-tagged MMMP0704 was recombinantly expressed from its native host M.
maripaludis and purified under anoxic conditions. Three evidences demonstrate that this protein
binds an Fe-S cluster. (i) The as-purified (following affinity purification steps inside an
anaerobic chamber without addition of a reducing agent) MMP0704 was brownish in color and
displayed the characteristic UV-visible spectrum of a [4Fe-4S] cluster with a broad absorption at
around 420 nm (Figure 29A). Addition of 5 mM sodium dithionite (DTH) partially bleached the
protein color and decreased the UV-visible absorption (Figure 29A). The Fe-S cluster of
MMP0704 is oxygen-labile, as indicated by the decrease of UV-visible absorption when the
protein was exposed to air (Figure 29B). (ii) Chemical analysis of the Fe content showed that the
as-purified MMP0704 contained 0.73 ± 0.08 Fe per monomer. The low Fe content suggests that
the Fe-S cluster is loosely bound to the protein and may be lost during the purification process.
(iii) The EPR spectrum of MMP0704 reduced by 5 mM sodium DTH has a nearly axial spectrum
with g∥ = 2.05 and g⊥ = 1.90, characteristic of a [4Fe-4S]1+ cluster (Stol = ½) (272) (Figure 29C).
In the as-purified state, only a signal of an organic radical contaminant was observed (Figure
29C) (273). Therefore, MMP0704 is a [4Fe-4S] protein in M. maripaludis.
4.3.3. The [4Fe-4S] cluster of MMP0704 can be transferred to apo-aconitase
We then investigated the ability of MMP0704 to transfer its cluster to an apo-protein in vitro.
The [4Fe-4S] cluster-dependent E. coli aconitase B (AcnB) was tested as a recipient. Fe-S cluster
transfer from the as-purified MMP0704 to apo-AcnB was monitored by the activation of AcnB.
Although the as-purified MMP0704 or apo-AcnB individually had no detectable activity, the
incubation of these two proteins together restored ~ 70% of the activity of the as-purified AcnB
(Figure 29D). This result demonstrates that MMP0704 can transfer a [4Fe-4S] cluster to apoproteins and acts as a cluster transfer protein in methanogens.
4.3.4. The mmp0704 gene is not essential for the viability of M. maripaludis
To study the physiological function of Nbp35/ApbC homologs in methanogens, the
mmp0704 gene was replaced by a hpt-pac cassette as described in the materials and methods.
The mutation was confirmed by PCR (Figure 27C). The growth phenotypes of the M.
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Figure 29. The MMP0704 protein purified from M. maripaludis contains a [4Fe-4S] cluster
that can be transferred to apo-AcnB. (A) UV-Vis spectra of anoxically purified MMP0704 (20
µM) in the as-purified (red) and after DTH reduced (grey) states. (Inset) The as-purified
protein was brownish in color. (B) Oxygen sensitivity of anoxically purified MMP0704. The
red arrow indicates the decrease of the absorbance at ~ 420 nm when the protein was exposed
to air. (C) The X-band EPR spectra of anoxically purified MMP0704 (1.2 mM) in the aspurified (top red trace) and DTH reduced (bottom grey trace) states. The DTH reduced
spectrum was simulated as a nearly axial species with g∥ = 2.05 and g⊥ = 1.90 (dashed trace).
Both spectra of the as-purified and reduced samples contain an organic radical contaminant at
approximately g = 2.003. Experimental conditions: microwave power, 1 mW; microwave
frequency, 9.476 GHz; modulation amplitude, 10 G; temperature, 7.4 K. (D) Activation of
apo-AcnB by [4Fe-4S]-containing MMP0704. Apo-AcnB was incubated with as-purified
MMP0704, and the aconitase activity was followed by the formation of NADPH as described
in the materials and methods section. As controls, the as-purified MMP0704, apo-AcnB, and
as-purified AcnB were assayed individually. Data are mean ± standard deviation from three
replicates.
49

maripaludis Δmmp0704 mutant strain and the parent strain S0001 were compared under various
conditions. No significant growth deficiency was observed in rich (supplemented with acetate,
casamino acids, and yeast extracts) or minimal medium (with CO2 as the sole carbon source)
(Figure 30A). Furthermore, the Δmmp0704 mutant and the parent strains grew similarly under
Fe-limiting conditions (with 0.5 µM, 1 µM, 5 µM, and 10 µM Fe in the minimal medium)
(Figure 30B). These results suggest that MMP0704 is nonessential in M. maripaludis and may
only be involved in the maturation of a specific target protein(s) under certain growth conditions.

Figure 30. Growth of the M. maripaludis parent strain S0001 (closed circle) and the
Δmmp0704 mutant strain (open circle). (A) Growth in the McC medium (red), McNA
medium (purple), and minimal McN medium (blue). The standard McN medium contains 25
µM ferrous ammonium sulfate. (B) Growth in the Fe-limiting McN medium with 0.5 (blue),
1.5 (purple), 5 (orange), or 10 (red) µM ferrous ammonium sulfate. Data are mean ± standard
deviation from three replicate cultures.
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CHAPTER 5. CONCLUSIONS
Methanogens and bacteria living in syntrophic consortia take advantage of the metabolic
abilities of their syntrophic partners to overcome energetic barriers and break down compounds
that they cannot digest by themselves. Methanogenesis and anaerobic oxidization of methane
(AOM) are the main processes involved in these syntrophic consortia. Interspecies electron
transfer, which is a major type of microbial communication in syntrophic processes, has a
significant impact on the global carbon cycle. Direct interspecies electron transfer (DIET) is
achieved by electrical contacts between the electron donor and acceptor cells. DIET is potentially
an important mechanism for electron transfer in syntrophic anaerobic consortia, especially in
methanogenesis and AOM processes. DIET has so far been reported in the cocultures of G.
metallireducens and G. sulfurreducens, G. metallireducens and M. harundinacea, G.
metallireducens and M. barkeri, ANME-2 and sulfate-reducing Deltaproteobacteria, and
ANME-1 and sulfate reducing HotSeep-1. However, there is still much work needed to
understand the mechanism of DIET and its contribution to the global cycling of carbon and other
nutrients.
Many essential enzymes involved in methanogenesis are iron-sulfur proteins. Fe-S clusters
are synthesized by different systems depending on the organism and organelles. In bacteria, the
ISC system is the housekeeping system, while the SUF system is activated under iron-limiting
and oxidative stress conditions. Some bacteria only have SUF system. Eukaryotes use the ISC
system in the mitochondria, the SUF system in the plastid, and the CIA system in the cytosol and
nucleus. However, the mechanism which methanogens use for Fe-S cluster biosynthesis is still
unclear. In this work, we studied three Fe-S cluster related proteins conserved in almost all
archaea: SufB, SufC, and the Nbp35/ApbC homolog (MMP0704), to investigate Fe-S cluster
biosynthesis in methanogens.
We found that methanogens use the SUF system to synthesize Fe-S clusters. In this SUF
system, a SufB2C2 complex is a scaffold protein. It contains a labile [4Fe-4S] cluster and can
transfer the cluster to and activate apo-AcnB. The labile [4Fe-4S] cluster on the SufB2C2
complex is located on the C-terminus of SufC protein. Three conserved cysteine residues on the
MMPSufC proteins, C218, C237, C240, are essential for the Fe-S cluster assembly and transfer
abilities of the MMPSufB2C2 complex. Moreover, SufC is an Fe-S protein. Its [4Fe-4S] cluster
can also be transferred to and activate apo-AcnB. But its transfer ability is 2-fold lower than the
SufB2C2 complex, suggesting that the SufB combination on SufC can enhance the Fe-S cluster
transfer reaction. Additionally, we found that SufC is an ATPase in M. maripaludis, and that its
activity can also be highly enhanced when it binds to SufB. However, whether the ATPase
activity is required for the Fe-S cluster assembly and transfer abilities of SufB2C2 complex is still
not clear. The lysine residue (K40) in the Walker A motif of SufC is required for ATP hydrolysis
as reported in E. coli. Therefore, the lysine residue can be mutated to investigate the importance
of the ATPase activity in the future.
We also found that MMP0704 is a specific scaffold/carrier protein for Fe-S cluster
maturation in methanogens. Although conserved in archaea, MMP0704 is not an essential
scaffold/carrier protein for Fe-S maturation in M. maripaludis as shown by our knockout
mutagenesis study and is not essential for cell growth, which is consistent with a previous whole
genome transposon mutagenesis in M. maripaludis (152). Previous work also showed that
MMP0704 can be reconstituted with a Fe-S cluster in vitro and can correct the tricarballylate
growth defect of an S. enterica apbC mutant (148). Our work here showed the as-purified
51

MMP0704 from M. maripaludis is an [4Fe-4S] protein and this [4Fe-4S] can be transferred to
activate AcnB, suggesting that MMP0704 is an Fe-S cluster scaffold/carrier protein for Fe-S
maturation. Moreover, the growth phenotype study on the MMP0704 mutant showed no growth
defect under Fe-limiting conditions. This result supports the notion that MMP0704 is not a
general scaffold/carrier used to assemble or transfer Fe-S clusters to most proteins and it could
be a specific scaffold/carrier for one or several non-essential Fe-S proteins. The physiological
target(s) of Mmp0704 awaits further studies. Additionally, whether MMP0704 is a scaffold or
carrier protein still needs further investigation.
In conclusion, we found methanogens use this SUF system to synthesize Fe-S cluster and the
SufB2C2 complex as scaffold protein. Methanogens were suggested to use cysteine as sulfur
donor before. However, the iron donor for the Fe-S cluster, the electron donor, and the general
carrier proteins for Fe-S cluster biosynthesis in methanogens still need further investigation.
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