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Abstract

Background:The production of methane by methanogens is dependent on numerous iron-sulfur (Fe-S) cluster
proteins; yet, the machinery involved in Fe-S cluster biogenesis in methanogens remains largely unknown.
Methanogen genomes encode uncharacterized homologs of the core components of the ISC (IscS and IscU) and SUF
(SufBC) Fe-S cluster biogenesis systems found in bacteria and eukaryotes.Methanosarcina acetivoranscontains three
iscSUand twosufCBgene clusters. Here, we report genetic and biochemical characterization ofM. acetivorans iscSU2.

Results:Purified IscS2 exhibited pyridoxal 5�- phosphate-dependent release of sulfur from L-cysteine. Incubation of
purified IscU2 with IscS2, cysteine, and iron (Fe2+) resulted in the formation of [4Fe-4S] clusters in IscU2. IscU2
transferred a [4Fe-4S] cluster to purifiedM. acetivoransapo-aconitase. IscU2 also restored the aconitase activity in air-
exposedM. acetivoranscell lysate. These biochemical results demonstrate that IscS2 is a cysteine desulfurase and that
IscU2 is a Fe-S cluster scaffold.M. acetivoransstrain DJL60 deleted ofiscSU2was generated to ascertain the in vivo
importance of IscSU2. Strain DJL60 had Fe-S cluster content and growth similar to the parent strain but lower cysteine
desulfurase activity. Strain DJL60 also had lower intracellular persulfide content compared to the parent strain when
cysteine was an exogenous sulfur source, linking IscSU2 to sulfur metabolism.

Conclusions:This study establishes thatM. acetivoranscontains functional IscS and IscU, the core components of the
ISC Fe-S cluster biogenesis system and provides the first evidence that ISC operates in methanogens.

Background
Iron-sulfur (Fe-S) clusters are ubiquitous protein cofac-
tors that are involved in numerous cellular processes,
such as respiration, photosynthesis, DNA repair, and
regulation. A primary function of Fe-S clusters in pro-
teins is to mediate the transfer of electrons during
oxidation-reduction reactions [1]. As such, Fe-S proteins
serve critical roles in energy-conservation pathways in
almost all organisms and in steps leading to the produc-
tion of valuable metabolic products, including biofuels
(e.g. H2) [2, 3]. Simple Fe-S clusters include [2Fe-2S],

[3Fe-4S], and [4Fe-4S] clusters, with the [4Fe-4S] cluster
being the most prevalent [1, 4]. The metabolism of many
organisms also relies on enzymes that use more complex
Fe-S clusters, such as those found in the biotechnology
relevant enzymes hydrogenase, carbon monoxide de-
hydrogenase, and nitrogenase [5–7]. For example, nitro-
genase contains a [8Fe-7S] cluster and a Mo-8Fe-9S-C-
homocitrate cluster, in addition to [4Fe-4S] clusters [8].

Although Fe-S clusters in proteins are typically
oxygen-labile, aerobes rely on Fe-S proteins as obligate
components of respiratory systems [1]. However, Fe-S
proteins are far more abundant in strict anaerobes, spe-
cifically those that grow by respiration. Among anaer-
obes, methanogenic archaea (methanogens) and
acetogenic bacteria (acetogens) are predicted to contain
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the highest number of [4Fe-4S] cluster proteins, indicat-
ing that this cluster is critical for methanogenesis and
acetogenesis [4, 9]. Methanogenesis is a critical step in
the global carbon cycle and in the production of me-
thane as a biofuel. Numerous Fe-S proteins are involved
in methanogenesis [10–12]. For example, [4Fe-4S]
cluster-containing ferredoxin serves as a primary elec-
tron carrier and [4Fe-4S] cluster-containing heterodisul-
fide reductase plays a central role, including in electron
bifurcation [13, 14]. Recently, the bifurcating hydrogen-
ase/heterodisulfide reductase complex was shown to be
a dimer of protomers containing 22 [4Fe-4S] clusters,
while the bifunctional formyl-methanofuran dehydro-
genase complex, which catalyzes the reversible reduction
of CO2 to formyl-methanofuran, was shown to contain a
remarkable 46 electronically coupled [4Fe-4S] clusters
[15]. Many additional [4Fe-4S] proteins are involved in
the metabolism of methanogens, including several bio-
synthesis enzymes and regulatory proteins. Several infor-
mation processing enzymes in methanogens also harbor
[4Fe-4S] clusters, such as RNA polymerase [16]. In
addition, methanogens, along with related anaerobic
methanotrophs, are the only archaea that possess nitro-
genase and are therefore capable of nitrogen fixation
[17–19]. Despite methanogenesis having an absolute re-
quirement for Fe-S proteins, the factors and mechanisms
used by methanogens to assemble and traffic simple and
complex Fe-S clusters remain largely unknown.

Two generalized systems (ISC and SUF) are known to
function in the biogenesis of Fe-S clusters in bacteria
and eukaryotes. A third system (NIF) is specific to bio-
genesis of the simple and complex Fe-S clusters in the
components of nitrogenases found in bacteria [20–23].
For general Fe-S cluster biogenesis, bacteria typically
have ISC but may have SUF alone or both ISC and SUF
systems (e.g.Escherichia coli). ISC is the primary system
in E. coli, whereas SUF appears important during times of
increased oxidative stress and/or Fe limitation [20]. In eu-
karyotes, the ISC system functions in mitochondria, and
the SUF system is primarilypresent in chloroplasts [23, 24].
The core components of all three systems include a pyri-
doxal 5� - phosphate (PLP)-dependent cysteine desulfurase
(IscS, SufS, or NifS) that liberates sulfur from cysteine,
forming a persulfide, followed by sulfur transfer to an Fe-
containing scaffold (IscU,SufB(D)C, or NifU). The Fe-S
cluster is assembled on the scaffold and subsequently deliv-
ered to target apo-proteins, often with the help of accessory
and/or carrier proteins. Other accessory proteins may also
be involved in cluster assembly [20, 22, 23]. The core scaf-
fold of the SUF system (SufBC) appears universally encoded
in the genomes of archaea, and many archaeal genomes
also encode homologs of the minimal components of the
ISC system (IscS and IscU) [25]. The functional role(s) of
these components in archaea are poorly understood.

All sequenced methanogens contain at least onesufBC
gene cluster, typically arranged assufC then sufB [25].
Thus, SufBC may serve as a general Fe-S cluster scaffold
in all methanogens. Many sequenced methanogen ge-
nomes also encode homologs of IscS and IscU, typically
arranged asiscSU. Methanogen genomes do not encode
NifS or NifU, indicating that methanogens lack a
nitrogenase-specific Fe-S cluster biogenesis system. To
begin to understand the role and importance of IscSU to
methanogens, we report here the genetic and biochem-
ical characterization of IscSU from the genetically tract-
able methanogenMethanosarcina acetivorans.

Results
M. acetivoranscontains three distinct iscSUgene clusters
The genome ofM. acetivorans contains threeisc gene
clusters, each arranged asiscSU, and lacking the add-
itional genes found in bacteria, such as in the well-
characterizedisc operon ofE. coli (Fig. S1) [26]. We have
designated the threeiscSU clusters in M. acetivorans as
isc1, isc2, and isc3, based on gene annotation order. The
iscS1 and iscU1 genes are clustered with four additional
genes of unknown function. A similar gene arrangement
is found in other Methanosarcina species including
Methanosarcina barkeri and Methanosarcina mazei. The
iscS2 and iscU2 genes are clustered with genes encoding
enzymes involved in methionine and NAD biosynthesis. A
similar gene arrangement is present in many Methanomi-
crobia, including M. barkeri. The genes encoding IscS3
and IscU3 are not clustered with additional genes. A simi-
lar gene cluster is found in bothM. barkeri andM. mazei.

IscS1, IscS2, and IscS3 share 45–61% sequence identity
to each other, and each is similar in molecular weight
and sequence identity to well-characterized IscS fromE.
coli (Table 1). The PLP-binding and active site residues
identified in E. coli IscS are conserved in theM. acetivor-
ans IscS homologs, except for PLP-binding residues in
IscS1 (Table1 and Fig. S2) [27]. IscU1, IscU2, and IscU3
share 49–68% sequence identity to each other, and each
protein also has > 50% sequence identity toE. coli IscU
(Table 1). The Fe-S cluster binding/transfer and Hsp70
chaperone (HscA)-interacting residues (LPPVK) identi-
fied in E. coli IscU are conserved in the threeM. aceti-
vorans IscU proteins [24, 28]. However, one of the
cysteines involved in Fe-S cluster binding byE. coli IscU is
replaced with histidine inM. acetivorans IscU3 (Table1 and
Fig. S3). Outside of methanogens,M. acetivorans IscS and
IscU homologs have highest sequence identity (50–68%) to
putative IscS and IscU proteins found in Clostridia (e.g.
Ruminiclostridium thermocellum), consistent with some
genes inMethanosarcina acquired fromClostridia via hori-
zontal transfer [29]. These results indicate thatM. acetivor-
ans possesses three distinct copies of the core components
of the ISC system. However, some of the functionally
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important residues inE. coli IscS and IscU are not conserved
in IscS1 and IscU3, respectively, Furthermore, only IscS2 and
IscU2 have been consistently detected in the proteome ofM.
acetivorans [30–33], indicating that IscS2 and IscU2 may
serve as the primary ISC system. Thus, IscS2 and IscU2 were
chosen for initial biochemical and genetic characterization.

IscS2 is a cysteine desulfurase
Recombinant IscS2 was over-produced inE. coli and
purified to homogeneity (Fig.1a). Purified IscS2 was
pale-yellow and exhibited an UV-visible spectrum with
an absorbance maximum at 420 nm (Fig.1b), consistent
with the presence of PLP [34]. Purified IscS2 was able to
remove sulfur from L-cysteine (Table2) confirming
IscS2 is a cysteine desulfurase. To determine if the cyst-
eine desulfurase activity of IscS2 is dependent on PLP
and if recombinant IscS2 contained full incorporation of
PLP, assays were performed in the presence and absence
of PLP (Table2). A 57% increase in the cysteine desul-
furase activity of IscS2 was observed when PLP was
added to the assay. IscS2 reconstituted with PLP
(IscS2PLP) exhibited the same specific activity both in the
absence and presence of additional PLP. An increase in
the absorbance at 420 nm was also observed with
IscS2PLP (Fig.1b). These data are consistent with full in-
corporation of PLP in IscS2PLP. IscS2PLP was used in all
subsequent experiments. Size-exclusion chromatography
of IscS2PLP revealed the purified protein exists as a ho-
modimer (Fig. 1c), similar to previously characterized
IscS [27, 34]. Taken together, these results reveal that
IscS2 is a PLP-dependent cysteine desulfurase.

IscU2 is capable of binding Fe-S clusters
Recombinant IscU2 was expressed inE. coli and purified
to homogeneity under anoxic conditions (Fig.2a).

Purified IscU2 was pale-red and exhibited an UV-visible
spectrum with minor absorbance maxima at 360 nm and
438 nm (Fig.2b). As-purified IscU2 contained both iron
and acid-labile sulfide (Table3). However, the A438/A280 ra-
tio and the iron/sulfide content was low indicating that a
substantial portion of purified IscU2 was devoid of Fe-S
clusters. IscU devoid of cluster(apo-IscU) typically exists as
a monomer and subsequently dimerizes upon incorpor-
ation of [2Fe-2S] clusters. The two [2Fe-2S] clusters in di-
meric IscU can then reductively couple to form a single
[4Fe-4S] cluster [35, 36]. Size-exclusion chromatography of
as-purified IscU2 yielded a major peak consistent with
monomeric IscU2 and a minor peak consistent with di-
meric IscU2 (Fig.2c), indicating that the majority of as-
purified IscU2 is in the apo-form. To test the ability of
IscU2 to bind Fe-S clusters, IscS2-dependent and chemical-
dependent reconstitution of Fe-S clusters in IscU2 were
performed. IscS2-dependent reconstituted IscU2
(IscU2S-FeS) was generated by the anoxic incubation of as-
purified IscU2 with cysteine, iron and a catalytic amount of
IscS2. Chemical-dependentreconstituted IscU (IscU2C-FeS)
was generated by the anoxic incubation of as-purified IscU2
with a molar excess of sodium sulfide and iron. A substan-
tial increase in the iron and acid-labile sulfur content and
the A438/A280 ratio was observed for both IscU2S-FeSand
IscU2C-FeS (Table 3), consistent with an increase in Fe-S
clusters in both samples. The UV-visible spectra of
IscU2S-FeSand IscU2C-FeSwere similar and showed a sub-
stantial increase in the absorbance at 360 nm and 438 nm
(Fig. 2b). Size-exclusion chromatography revealed
IscU2C-FeS was dimeric (Fig.2c), demonstrating that Fe-S
cluster binding causes dimerization of IscU2. The UV-
visible spectra and levels of iron and sulfur in IscU2S-FeS

and IscU2C-FeS are consistent with the presence of a two
[2Fe-2S] clusters or a single [4Fe-4S] cluster per dimer.

Table 1 Comparison of predictedM. acetivoransIscS and IscU

Canonical
Protein (kDa)

Functional motif(s) or
residues

M. acetivorans
homolog

Gene ID: Percent identity toE.
coli IscS/U

Motif or residues in corresponding M.
acetivoransprotein

E. coliIscS (45.1
kDa)

323-SSGSACTS-330a IscS1: MA0808d

(42.2 kDa)
MA_
RS04215

43 318-STGSACFS-325

IscS2: MA2718d

(43.3 kDa)
MA_
RS14225

48 232-STGSACNS-330

IscS3: MA3264
(43.6 kDa)

MA_
RS17030

48 317-STGSACSS-324

E. coliIscU (13.8
kDa)

C37, D39, C63, C106b

99-LPPVK-103c
IscU1: MA0807
(24.2 kDa)

MA_
RS04210

50 C45, D47, C72, C116
109-LPPIK-113

IscU2: MA2717d

(13.9 kDa)
MA_
RS14220

54 C34, D36, C59, C103
96-LPPIK-100

IscU3: MA3265
(14.0 kDa)

MA_
RS17035

50 H32, D34, C57, C101
94-LPPGK-98

a Cysteine desulfurase active site motif
b Residues critical for Fe-S cluster binding and transfer
c Residues critical for interaction with the HscA chaperone
d Detected inM. acetivoransproteome (see text)
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EPR analysis of the as-purified IscU2 did not produce
a signal under the conditions tested (data not shown),
likely due to the low Fe-S cluster content. However, both
IscU2S-FeS and IscU2C-FeS generated EPR spectra upon
the addition of dithionite (Fig.3). Both reduced samples
showed a similar EPR signal that can be attributed to
[4Fe-4S]+ clusters, consistent with reductive coupling of
the [2Fe-2S] clusters into a single [4Fe-4S] in dimeric

IscU2 [35]. From the presence of signals at aroundg = 2
(330 mT) and higherg values (lower field values) it can
be concluded that the clusters display several different
spin states. The signal in the 300–400 mT region are
due to S = 1/2 species. The peak atg = 4.3 is due to the
spin ±3/2 doublet of an S = 5/2 species with E/D = 0.333.
This peak can be due to a 4Fe cluster or adventitiously
bound iron. The peaks atg = 5.09 and 6.23 are due to

Fig. 1 Purified IscS2 binds PLP and is a homodimer.a SDS-PAGE analysis of purified IscS2 (cropped image of original). Lane 1, MW marker; lane 2,
IscS2 (2.5μg).b UV-visible spectra of 20μM IscS2 (dotted line) or IscS2PLP(solid line) in 50 mM Tris pH 7.2, 150 mM NaCl.c Size-exclusion
chromatography of IscS2. IscS2 (3.3 mg loaded) was analyzed by size-exclusion chromatography with 50 mM Tris pH 8.0, 150 mM NaCl, 2 mM DTT,
10% glycerol. The molecular weight of IscS2 was calculated from a standard curve (inset). The square represents the Ve/Vo of IscS2 with a
calculated molecular weight of 84 kDa, consistent with homodimer (87 kDa)
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the spin ±1/2 doublet of an S = 5/2 species with E/D =
0.032, the peak atg = 5.56 is due to the same spin state
but is due to the spin ±3/2 doublet. The peak atg = 7.52
is due to the spin ±1/2 doublet of a S = 7/2 species with
E/D = 0. The as-such sample (Fig.3a, trace C) does not
show signals due to [4Fe-4S]2+ since in that redox state
the spin is 0. The sharp signal at around 330 mT is due to
a [3Fe-4S]1+ species. The multitude of spin states point to-
wards a highly variable environment for the clusters
present in the binding site on IscU2. These results are
consistent with IscU2 as an Fe-S cluster scaffold protein,
whereby IscS2 can catalyze the formation of [4Fe-4S] clus-
ters in apo-IscU2 in the presence of iron and cysteine.

M. acetivoranscontains a [4Fe-4S] cluster aconitase
Aconitase is a member of the dehydratase family of en-
zymes that requires a [4Fe-4S] cluster for activity and is
the most common acceptor protein used in Fe-S cluster
transfer assays [20]. The activity of aconitase can be
measured spectrophotometrically in a coupled assay with
isocitrate dehydrogenase, whereby the reduction of
NADP+ with isocitrate is measured at 340 nm [37]. IscU
from several organisms is documented to transfer clus-
ters to apo-aconitase [38–40]. Given the substantial in-
formation on cluster transfer to aconitase by IscU,
aconitase is an ideal acceptor protein to initially assess
cluster transfer from IscU2.M. acetivorans encodes a
single aconitase homolog (MA0250), andM. acetivorans
cell lysate contains detectable aconitase activity (5.2
nmol NADPH min− 1 mg− 1 protein) as measured by the
coupled assay. Recombinant MA0250 was expressed in
E. coli and purified to homogeneity (Fig. S4A). As-
purified MA0250 lacked aconitase activity. However,

after chemical reconstitution with iron and sulfide, puri-
fied MA0250 exhibited robust aconitase activity (100
nmol NADPH min− 1 mg− 1 protein) and a broad absorb-
ance maximum around 400 nm in UV-visible spectrum,
consistent with the presence of a [4Fe-4S] cluster (Fig.
S4B). These results reveal that MA0250 is an aconitase
(designated here as AcnA) with activity dependent on
the presence of a [4Fe-4S] cluster.

Cluster-loaded IscU2 can restore the activity ofM.
acetivoransapo-aconitase
Anoxic incubation of apo-AcnA with IscU2S-FeSresulted
in rapid and complete recovery of aconitase activity,
whereas incubation with iron and sulfide, at the same
molar concentration as found in IscU2S-FeS, did not re-
store any activity to apo-AcnA over the same timeframe
(Fig.4). The ability of cluster loaded IscU2 to restore aco-
nitase activity was also examined using cell lysate. Consist-
ent with AcnA containing an oxygen-labile [4Fe-4S]
cluster required for activity, exposure of cell lysate to air
resulted in a complete loss of aconitase activity, even when
the cell lysate was made anoxic again (Table4). The
addition of as-purified IscU2 during the anoxic incubation
of air-exposed lysate also did not restore aconitase activity.
However, anoxic incubation of air-exposed cell lysate with
IscU2S-FeSpartially restored aconitase activity (Table4).
Overall, these data demonstrate that cluster-loaded IscU2
is capable of transferring Fe-S clusters to apo-AcnA, con-
sistent with IscU2 as an Fe-S cluster scaffold.

Deletion of iscSU2impacts sulfur metabolism in M.
acetivorans
The results from the biochemical characterization of re-
combinant IscS2 and IscU2 reveal properties consistent
with each protein functioning in Fe-S cluster biogenesis.
To determine the importance of IscS2 and IscU2 toM.
acetivorans physiology, a mutant strain (DJL60) was gen-
erated with iscSU2 deleted and replaced with thepac-
hpt genes (Fig.5a). The mutant was isolated using HS
medium supplemented with both cysteine and sulfide.
PCR (Fig.5b) and DNA sequencing verified the DJL60
mutant. Thus, neither IscS2 nor IscU2 are essential to
M. acetivorans.

To test the impact of the loss of IscSU2 onM. aceti-
vorans, first the growth of strain DJL60 with cysteine,
sulfide, or cysteine + sulfide was compared to the parent
strain WWM73. Growth studies were performed in HS
medium supplemented with 1.5 mM dithiothreitol
(DTT), designated here as HSDTT medium, to maintain
similar redox conditions with the different sulfur
sources. DTT cannot be used as a sulfur source byM.
acetivorans [41]. The growth profiles of strains WWM73
and DJL60 were similar with the different exogenous
sulfur sources (Fig.6). However, compared to strain

Table 2 Effect of PLP on cysteine desulfurase activity of purified
IscS2

Sample Cysteine desulfurase activityb

IscS2 21.5 ± 1.2

IscS2 + PLP 33.8 ± 0.5

IscS2PLPa 35.1 ± 2.1

IscS2PLP+ PLP 33.4 ± 0.5
a IscS2 reconstituted with PLP
b Cysteine desulfurase activity (nmol sulfur min− 1 mg− 1 IscS2) of 5μM IscS2 or
IscS2PLPin the absence or presence of additional PLP (50μM). Results are
means from triplicates ±1 standard deviation

Table 3 Comparison of the properties of purifiedM. acetivorans
IscU2

Protein A438/A280 �438 (mM−1 cm− 1) Irona Sulfideb

IscU2 0.10 0.90 0.57 ± 0.06 0.44 ± 0.04

IscU2C-FeS 0.26 6.07 2.47 ± 0.11 1.99 ± 0.24

IscU2S-FeS 0.27 5.91 3.15 ± 0.24 3.15 ± 0.39
a nmol iron/nmol of IscU2
b nmol acid-labile sulfide/nmol of IscU2
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