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ABSTRACT

Conserved genes essential to sulfur assimilation and trafficking in aerobic organisms are missing in many methanogens, most of
which inhabit highly sulfidic, anaerobic environmental niches. This suggests that methanogens possess distinct pathways for the
synthesis of key metabolites and intermediates, including cysteine, homocysteine, and protein persulfide groups. Prior work
identified a novel tRNA-dependent two-step pathway for cysteine biosynthesis and a new metabolic transformation by which
sulfur is inserted into aspartate semialdehyde to produce homocysteine. Homocysteine biosynthesis requires two of the three
proteins previously identified in our laboratory by a comprehensive bioinformatics approach. Here, we show that the third pro-
tein identified in silico, the ApbE-like protein COG2122, facilitates sulfide assimilation in Methanosarcina acetivorans. Knock-
out strains lacking the gene encoding COG2122 are severely impaired for growth when sulfide is provided as the sole sulfur
source. However, rapid growth is recovered upon supplementation with cysteine, homocysteine, or cystathionine, suggesting
that COG2122 is required for efficient biosynthesis of both cysteine and homocysteine. Deletion of the gene encoding COG2122
does not influence the extent of sulfur modifications in tRNA or the prevalence of iron-sulfur clusters, indicating that the func-
tion of COG2122 could be limited to sulfide assimilation for cysteine and homocysteine biosynthesis alone.

IMPORTANCE

We have found that the conserved M. acetivorans ma1715 gene, which encodes an ApbE-like protein, is required for optimal
growth with sulfide as the sole sulfur source and supports both cysteine and homocysteine biosynthesis in vivo. Together with
related functional-genomics studies in methanogens, these findings make a key contribution to elucidating the novel pathways
of sulfide assimilation and sulfur trafficking in anaerobic microorganisms that existed before the advent of oxygenic photosyn-
thesis. The data suggest that the MA1715 protein is particularly important to sustaining robust physiological function when am-
bient sulfide concentrations are low. Phylogenetic analysis shows that MA1715 and other recently discovered methanogen sul-
fur-trafficking proteins share an evolutionary history with enzymes in the methanogenesis pathway. The newly characterized
genes thus likely formed an essential part of the core metabolic machinery of the ancestral euryarchaeote.

Genes that function in sulfate assimilation and sulfur traffick-
ing in aerobic organisms are often not identifiable in the ge-

nomes of methanogens and other anaerobes, suggesting that these
ancient organisms may retain metabolic vestiges characteristic of
life on the early earth (1). In aerobes, sulfur is imported into the
cell as sulfate, which is reduced to sulfide in an ATP-dependent
pathway (2). In turn, sulfide is incorporated directly into activated
serine and homoserine derivatives to yield cysteine (Cys) and ho-
mocysteine (Hcy), respectively (Fig. 1, left) (3). Cys and Hcy can
also be interconverted via the metabolic intermediate cystathio-
nine in a bidirectional transsulfuration pathway (Fig. 1, right).
The metabolic role of Hcy is limited to its use as the precursor to
methionine (Met) (Fig. 1, left), which is required for protein syn-
thesis and incorporation into S-adenosylmethionine. In contrast,
Cys is required for protein synthesis, plays a key role in the bio-
synthesis of coenzyme A and glutathione, and functions as a sulfur
donor for the synthesis of a wide range of sulfur-containing com-
pounds (1). Sulfur is mobilized from Cys by the activity of cysteine
desulfurase (CD), which removes sulfane (S°) from Cys to yield a
persulfide-modified Cys residue (C�-S-SH) in the active site (Fig. 1)
(4). The terminal sulfur atom of the persulfide modification is
then relayed as sulfane between Cys residues of different proteins
until it is incorporated into cofactors (thiamine, biotin, molyb-
dopterin, and iron-sulfur clusters), tRNA modifications, or the C

termini of ubiquitin-like proteins, which can serve as intermediate
sulfur carriers (4).

Many methanogens lack the pathway by which sulfate is re-
duced to sulfide, as well as the genes encoding O-acetylserine
sulfhydrylase (OASS), O-acetylhomoserine sulfhydrylase
(OAHS), and CD. Further, methanogens also often lack the gene
encoding cysteinyl-tRNA synthetase (CysRS), which ligates
tRNACys with Cys to yield Cys-tRNACys for protein synthesis (Fig.
1) (1, 5, 6). Cys-tRNACys biosynthesis in these methanogens is
accomplished by a two-step pathway in which tRNACys is first
ligated to phosphoserine (Sep) by phosphoseryl-tRNA synthetase
(SepRS), and the resulting Sep-tRNACys intermediate is then con-
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verted to Cys-tRNACys by Sep-tRNA:Cys-tRNA synthase (Sep-
CysS) (5). It has also been shown that free Cys is not synthesized
independently of tRNACys in Methanococcus maripaludis (5), con-
sistent with later findings showing that, in contrast to aerobic cells,
neither Hcy nor iron-sulfur clusters are synthesized with sulfur
originating from Cys in that organism (6). Studies of SepCysS
expressed in Escherichia coli suggested that the enzyme does not
efficiently use sulfide as a sulfur source in vitro (7) but instead
consumes sulfane from persulfide to form Cys-tRNACys (7, 8)
(Fig. 1). These discoveries provided key insights into the meth-
anogen-type strategy for sulfur assimilation. However, the genes
responsible for Hcy and persulfide biosynthesis, and the source of
sulfur provided to SepCysS in native methanogen cells, remained
elusive.

We took a bioinformatics approach to identify new genes for
Hcy and persulfide synthesis in methanogens (9). Genotype-de-
pendent growth and metabolite-labeling experiments revealed
that the Methanosarcina acetivorans genes ma1821 and ma1822
encode proteins (COG1900a and a genomically linked ferredoxin)
that together catalyze sulfur insertion into Hcy using aspartate-4-
semialdehyde as a precursor (9, 10) (Fig. 1). A third M. acetivorans
gene, ma1715, was also identified in silico (9). This gene encodes
the uncharacterized protein domain COG2122, a distant homolog
of the ApbE enzyme, which cleaves flavin adenine dinucleotide
(FAD) to flavin mononucleotide (FMN) and AMP for thiamine
biosynthesis and iron-sulfur cluster maintenance (11). Alignment
of COG2122 proteins from methanogens revealed the presence of
a single conserved Cys residue, but the portion of ApbE that binds
FAD is not conserved in the protein encoded by ma1715, suggest-
ing that it may have a different function (see Fig. S4 in the supple-
mental material) (12, 13). Genes encoding COG2122 are exclu-
sively present in strict anaerobes, occur in all genomes that encode

SepCysS and/or COG1900a, share an evolutionary history with
methanogenesis enzymes, and are often genomically linked with
ma1715 and genes dedicated to Met biosynthesis (9). These obser-
vations suggest that COG2122, COG1900a, and SepCysS may per-
form closely related functions in methanogens.

Here, the physiological role of COG2122 in M. acetivorans is
investigated using genotype-dependent growth experiments. We
establish that its gene, ma1715, is required for efficient growth
with sulfide as the sole sulfur source and provide further evidence
suggesting that it may mobilize sulfur for the reactions catalyzed
by SepCysS and COG1900a. However, ma1715 is not required to
maintain cellular levels of iron-sulfur clusters or sulfur modifica-
tions in tRNA, suggesting that its function may be limited to
amino acid biosynthesis. Finally, the evolutionary history of
COG2122 is revisited in light of the finding that methanogens are
also present in the Bathyarchaeota (14). This further supports the
notion that COG2122 shares an evolutionary history with metha-
nogenesis.

MATERIALS AND METHODS
Strains and media. All M. acetivorans strains were derived from the wild-
type-like strain WWM75 (Table 1) (15). Anaerobic high-salt media based
on formulations of Sowers et al. and Metcalf et al. (16, 17) were employed
throughout, as described previously (9). Methanol was used universally as
the methanogenesis substrate.

Plasmid construction. The knockout vector for ma1715 (pBR23) was
constructed by ligating a 2-kb fusion of the genomic DNA sequences that
flank ma1715 into the SpeI and KpnI restriction sites of pMP44 (Table 1).
Upstream and downstream flanking regions were amplified separately by
PCR using primers 1 and 2 and primers 3 and 4, respectively. Subse-
quently, they were fused by overlap extension PCR using primers 1 and 4
(see Table S2 in the supplemental material for a list of primers).

The MA1715 expression plasmid (pBR60) was constructed by ligating
the ma1715 gene, augmented with the coding sequence for a polyhistidine
tag, into the tetracycline-inducible autonomously replicating plasmid
pBR31 (Table 1). The ma1715 gene was PCR amplified from genomic
DNA using primers 5 and 6 and subsequently ligated into the NdeI and
XhoI sties of pET-22b(�) (Novagen) to yield plasmid pBR6. Using prim-
ers 7 and 8, the augmented ma1715 gene was PCR amplified from pBR6
and ligated into the SphI and ApaI sites of pBR31 (see Table S2 in the
supplemental material for a list of primers).

Construction of knockout strains. pBR23 was employed to excise the
ma1715 gene from M. acetivorans strains WWM75, BJR09, and BJR22 to
yield the markerless deletion strains BJR02, BJR24, and BJR23, respec-
tively (Table 1). Transformants undergoing recombination were selected
for puromycin resistance as described previously (18, 19). The resulting
merodiploid intermediate strains were resolved by counterselective plat-
ing and purification in the presence of 0.2 mg/ml 8-aza-2,6-diaminopu-
rine (8-ADP). Knockout strains were first identified by PCR and later
confirmed by DNA-DNA hybridization directly targeting the ma1715
gene. The DNA probe was synthesized by PCR using primers 9 and 10
(see Table S2 in the supplemental material). In anticipation of Cys or
Hcy auxotrophy, HSMet medium, a minimal medium supplemented
with 0.4 mM sodium sulfide, 3 mM Cys, and 3 mM Met, was employed
as needed (9).

Sulfur-source-dependent growth experiments. M. acetivorans
strains were grown anaerobically on sulfur-source-free HSDTT medium
supplemented with various sulfur sources that were added after autoclav-
ing, immediately prior to inoculation, as described previously (9). Growth
(10 ml) was monitored by determining the A600, measured after inserting
sealed culture tubes directly into a spectrophotometer (9).

Detection of thiolated tRNAs in the cellular lysates of stationary-
phase M. acetivorans cultures. The strains of interest were grown anaer-
obically to saturation on 10 ml HSDTT medium supplemented with vari-
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FIG 1 (Left) Model for sulfur assimilation. In M. acetivorans, the biosynthesis
of cysteine and homocysteine is facilitated by a combination of methanogen-
type (pink), universal (black), and conventional-type (blue) enzymes. Al-
though the conventional-type enzymes found in most aerobes are often absent
from other methanogens, those depicted here were presumably acquired by
lateral gene transfer and are present in M. acetivorans. Sulfane (circled S) is
relayed as persulfide (dashed arrows) between proteins to support the biosyn-
thesis of cofactors and tRNA modifications. Catalysis by SepCysS and
COG1900a may also proceed by a persulfide-dependent mechanism.
COG2122 may be required for the biosynthesis of a yet-unidentified sulfur-
containing metabolic intermediate (intX) of Cys-tRNA and homocysteine
biosynthesis (see the text). MS, methionine synthase. (Right) Schematic depic-
tion of transsulfuration pathways for interconversion of Cys and Hcy through
the cystathionine (Cysth) intermediate. CBS, cystathionine �-synthase; CBL,
cystathionine �-lyase; CGL, cystathionine �-lyase; CGS, cystathionine �-syn-
thase. � indicates that the Cys-to-Hcy pathway is not present in M. acetiv-
orans. The Hcy-to-Cys pathway may be present. See the text for details.

Sulfide Assimilation in Methanogens

July 2016 Volume 198 Number 14 jb.asm.org 1975Journal of Bacteriology

http://jb.asm.org


ous sulfur sources (9). All subsequent manipulations were performed
aerobically. Cells were first harvested by centrifugation (1 min; 16,000
relative centrifugal force [RCF]) and subsequently lysed by resuspension
to a 400-�l mixture containing 5 mM Tris · HCl (pH 7.5), 5 mM MgCl2,
and 50% Tris-saturated phenol (pH 8.0). The resuspensions were vor-
texed for 1 min. The organic and aqueous phases were then separated by
centrifugation (2 min; 16,000 RCF). Nucleic acids were precipitated from
the aqueous layer over the course of a 1-h incubation on ice in the pres-
ence of 1.25 M ammonium acetate (pH 5.2) and 50% isopropanol. The
precipitated nucleic acids were recovered by centrifugation (30 min;
16,000 RCF; 4°C). The pellets were washed with 500 �l ice-cold 70%
ethanol and recovered by centrifugation (10 min; 16,000 RCF; 4°C). The
washed pellets were dried under vacuum and then resuspended in 40 �l of
a solution containing 10 mM Tris·HCl (pH 7.5), 10 mM MgCl2, 1 mM
CaCl2, and 10 �g/ml DNase I. The solutions were incubated for 30 min at
room temperature and then stored at �20°C. To specifically label tRNAs
at the 3= internucleotide linkage, aliquots (5 �l from each crude RNA
solution) were reacted with tRNA nucleotidyltransferase in the presence
of [�-32P]ATP in a reaction volume of 80 �l, essentially as described
previously (20). The labeled tRNAs were gel purified and subsequently
subjected to electrophoresis through a matrix containing 10% polyacryl-
amide (19:1 acrylamide-bisacrylamide), 8 M urea, 1� Tris-borate-EDTA
(TBE), and (N-acryloylamino)phenyl mercury (APM), which specifically
retards the migration of sulfur-containing compounds (21, 22). The la-
beled tRNAs were then visualized by phosphorimaging.

Preparation of cellular lysates from actively dividing M. acetivorans
cultures. All manipulations were carried out anaerobically. Strains were
grown to late exponential phase (0.5 	 A600 	 0.7) in duplicate on 1,000

ml HSDTT medium supplemented with 0.2 mM sodium sulfide. Cells were
harvested by centrifugation (20 min; 10,000 RCF; 4°C) and subsequently
washed three times with 10 ml high-salt wash buffer, which contained 100
mM Tris · HCl (pH 8.0) and 1,000 mM KCl. The buffer was purged with
anaerobic N2 prior to use. The washed cell pellets (0.4 to 0.5 ml per strain)
were pooled and resuspended in 1 ml lysis buffer (100 mM ammonium
acetate [pH 8.5] purged with anaerobic N2-CO2 [80%/20%] prior to use).
The resuspended cells were lysed by sonication (0.5 min) and then cleared
by centrifugation (30 min; 16,000 RCF). Approximately 0.9 ml of cleared
lysate was recovered from each strain. The lysates were then dialyzed three
times for 4 h each time against 300 ml lysis buffer. The protein content was
assessed by bicinchoninic acid (BCA) assay (Sigma). The lysates contained
approximately 15 mg/ml protein and were stored anaerobically at �20°C
as 0.1-mg protein aliquots.

Quantitation of acid-labile sulfide. Dialyzed lysates of BJR22 and
BJR23 (see above) were processed as described previously with 0.3 to 0.6
mg of protein per sample (6). Three independent experiments were per-
formed for each strain.

Measurement of tRNA thiolation activity. tRNATyr from Methano-
caldococcus jannaschii was transcribed in vitro with T7 RNA polymerase as
described previously (23). After gel purification, the tRNA was radiola-
beled at the 3= internucleotide linkage with 32P using tRNA nucleotidyl-
transferase (see above). The labeled transcript (	150 nM) was incubated
at room temperature in 20-�l reaction mixtures containing 20 mM
HEPES · KOH (pH 7.5), 10 mM MgCl2, 75 mM KCl, 2.5 mM MgCl2 · ATP,
and dialyzed cellular lysate (5 mg/ml protein). The reactions were
quenched by 2-fold dilution in a solution containing 94% formamide, 1%
SDS, 0.025% bromophenol blue, 0.025% xylene cyanol FF, and 5 mM

TABLE 1 M. acetivorans strains and plasmids used in this study

Strain or
plasmid Description Parent strain Manipulation Relevant characteristics

Source or
reference

Strains
WWM75 Wild typea M. acetivorans C2A 
hpt::(PmcrB Tetr �C31 int attB) 19
BJR01 
ma1821-
ma1822b WWM75 
ma1821-
ma1822 15
BJR02 
ma1715 WWM75 
ma1715 This study
BJR09 OASSc knockout WWM75 OASS knockout 15
BJR22 OASS-OAHSd double

knockout
BJR09 OAHS knockout 15

BJR23 OASS-OAHS-MA1715
triple knockout

BJR22 
ma1715 This study

BJR24 OASS-MA1715 double
knockout

BJR09 
ma1715 This study

Plasmids
pMP44 Facilitates markerless exchange in

M. acetivorans
22

pBR23 Fused ma1715-flanking sequences
inserted into pMP44 via SpeI/
KpnI; used to construct BJR02,
BJR23, and BJR24

This study

pET22b E. coli expression vector for
C-terminal 6�His fusion proteins

Novagen

pBR06 ma1715 gene sequence inserted into
pET22b via NdeI/XhoI

This study

pBR31 M. acetivorans expression vector;
tetracycline inducible

(15)

pBR60 COG2122-6�His coding sequence
from pBR06 inserted into pBR31
via SphI/BamHI

This study

a The strain contains modifications from the original M. acetivorans isolate but is referred to as wild type for the purposes of this study.
b Encodes COG1900a and its associated ferredoxin.
c OASS is an E. coli-like cysteine biosynthesis enzyme.
d OAHS is a yeast-like homocysteine biosynthesis enzyme.
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EDTA (pH 8.0). The quenched samples were subjected to APM gel elec-
trophoresis (see above) and analyzed by phosphorimaging.

Phylogenetic reconstruction of COG2122. Protein sequences were
acquired following a blastp search of all translated archaeal genomes using
the MA1715 protein sequence as a query. All search results below the
expectation threshold of 10�20 were downloaded. After truncated se-
quences (	230 amino acids [aa]) were discarded, a multiple-sequence
alignment was generated with ClustalW, using default parameters. A
neighbor-joining tree was then constructed using the Poisson model, a
uniform distribution of rates, and complete deletion of gaps, as directed
within the graphic user interface of MEGA 6. Bootstrapping support val-
ues, which reflect a percentage of 1,000 replicates, are shown adjacent to
selected nodes.

RESULTS
COG2122 is required for optimal growth of M. acetivorans
when sulfide is the sole sulfur source. Strong genomic cooccur-
rence suggests that the function of COG2122 is related to SepCysS
and COG1900a. All genomes that encode SepCysS and/or
COG1900a also encode COG2122, while fewer than 2% of ge-
nomes that encode COG2122 lack genes for either SepCysS or
COG1900a (9). In part because sulfide-dependent SepCysS activ-
ity is inefficient in vitro (5, 24), we postulated that COG2122 could
play a role in converting sulfide to metabolic intermediates for
incorporation into Cys and Hcy. To test this hypothesis, we took a
reverse-genetics approach, using M. acetivorans as a model organ-
ism. In contrast with more streamlined hydrogenotrophic meth-
anogens, M. acetivorans possesses an apparently redundant full set
of acquired, nonancestral sulfide assimilation genes (Fig. 1). We
posited that the presence of these genes, which encode OASS,
OAHS, CD, and CysRS, might be necessary to obtain a viable
strain after deleting the gene encoding COG2122. Consistent with
this notion, a genome-wide transposon mutagenesis analysis of
M. maripaludis has suggested that COG2122 is essential (25).

We first constructed a single-deletion strain lacking the
ma1715 gene, which encodes COG2122 in M. acetivorans (Table
1). We used an established markerless approach to excise the cod-
ing region of ma1715 from the chromosome and demonstrated
that the desired manipulation had occurred using PCR and hy-
bridization analyses (Fig. 2). As a precautionary measure to over-
come potential growth defects associated with deleting ma1715,
manipulations to construct the deletion strain were performed
with a sulfur-rich growth medium that contained sodium sulfide,
Cys, and Met.

To establish a link between COG2122 and sulfide assimilation,
we tested the 
ma1715 single-deletion strain for its ability to uti-
lize sodium sulfide as its sole sulfur source. Relative to the wild-
type parent strain, the 
ma1715 strain was severely impaired for
sulfide-dependent growth. This was most apparent at lower sul-
fide concentrations (0.05 to 0.2 mM), which did not support any
growth of the deletion strain (Fig. 3). In comparison, wild-type M.
acetivorans was capable of robust growth at both 0.05 mM and 0.2
mM sulfide, although the growth yield was attenuated at the lower
concentration. Growth of the 
ma1715 strain was partially re-
stored at 0.8 mM sulfide and nearly fully restored when 3.2 mM
sulfide was present in the growth medium.

To confirm that the observed growth phenotype arose from
deleting the ma1715 gene, we tested whether growth of the

ma1715 strain could be recovered at low sulfide concentrations
by reintroducing the ma1715 gene on an autonomously replicat-
ing plasmid. Transformants were then assayed for growth in the

presence of 0.05 mM sulfide. The transformed cells indeed exhib-
ited substantially recovered growth, indicating that deletion of
ma1715 was responsible for the sulfide concentration dependence
phenotype (see Fig. S1 in the supplemental material).

The inability of the 
ma1715 strain to grow at low sulfide con-
centrations suggests that the gene may indeed encode a sulfide
assimilation protein of critical importance. The phenotype of the

ma1715 strain is particularly striking, considering that this sin-
gle-deletion strain still retains the genes coding for OAHS and
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FIG 2 Deletion of ma1715 from M. acetivorans. (A) Reference map for the
genomic neighborhood of ma1715 featuring the deleted chromosomal seg-
ment (open rectangle) and its flanking EcoRV sites, in addition to the PCR
primers (half-arrows) and ma1715-hybridizing probe (thick line segment)
that were used to confirm the deletions. (B) Genotyping PCR products for
knockout strains BJR02 (
ma1715), BJR24 (OASS-MA1715 double knock-
out), and BJR23 (OASS-OAHS-MA1715 triple knockout) were resolved on an
agarose gel. A wild-type (wt)-like control strain (WWM75) was also analyzed.
(C) Gene deletions were confirmed by Southern blotting. The blots were visu-
alized by phosphorimaging.
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OASS, which insert sulfide into activated precursors for biosyn-
thesis of Hcy and Cys, respectively (9). OAHS and OASS are the
only two known proteins able to incorporate sulfide into these
metabolites, which then serve as precursors for the biosynthesis of
Met, protein persulfides, and Cys-tRNACys through pathways fa-
cilitated by enzymes known to be present in M. acetivorans (Fig.
1). It appears that either OAHS or OASS, or both, cannot function
efficiently at ambient sulfide concentrations of 0.2 mM or lower in
a cellular background lacking the ma1715 gene product. This
would lead to deficient Hcy and/or Cys levels, blocking the growth
of the 
ma1715 strain at these low sulfide concentrations.

To further explore the interplay of ma1715 and the OASS and
OAHS genes, we next characterized the growth phenotype of an
OASS-OAHS double-knockout strain that we had previously con-
structed (9). In sharp contrast to the behavior of the 
ma1715
strain, the OASS-OAHS double-knockout strain was unimpaired
for growth at all sulfide concentrations tested (Fig. 3). Therefore,
the ma1715 gene product alone is capable of channeling sulfide for
the biosynthesis of all sulfur-containing cellular metabolites, in-
cluding iron-sulfur clusters, tRNA modifications, and cofactors,
such as coenzyme M and coenzyme B (Fig. 1). The ability of the
MA1715 protein to fully sustain cellular function is consistent
with its ubiquitous presence and with the absence of OAHS and
OASS in many methanogens (9).

We next constructed new M. acetivorans strains containing
knockouts of the sulfide assimilation genes in other combinations.
As expected, we found that an OASS-MA1715 double-deletion
strain, like the 
ma1715 strain, also could not be propagated at
ambient sulfide concentrations of 0.2 mM or lower (see Fig. S2 in
the supplemental material). This suggests that the presence of
OASS in the 
ma1715 strain does not exert an inhibitory effect.
Strikingly, however, further deletion of the OAHS gene to produce
the OASS-OAHS-MA1715 triple knockout allowed growth even

at sulfide concentrations as low as 0.05 mM (Fig. 3). The OASS-
OAHS-MA1715 triple-knockout strain exhibited a doubling time
2- to 3-fold longer than those of the wild-type and OASS-OAHS
double-deletion strains, indicating significant impairment. None-
theless, it is remarkable that deletion of all three genes still gener-
ated a viable strain. These findings show that ma1715 is not essen-
tial in M. acetivorans and demonstrate that other mechanisms for
assimilating sulfide must exist (see Discussion).

The ability of the OASS-OAHS-MA1715 triple-knockout
strain to grow at 0.05 mM and 0.2 mM sulfide suggests that OAHS
may play an inhibitory role in the 
ma1715 and OASS-MA1715
double-knockout strains, explaining why these deletion strains are
not viable at low sulfide concentrations. To study this further, we
analyzed the capacity of a 
ma1821-
ma1822 double-knockout
strain to grow with sulfide as the sole sulfur source. MA1821 and
MA1822 together catalyze the conversion of aspartate semialde-
hyde to Hcy and are essential for Hcy biosynthesis in an M. ace-
tivorans strain that lacks the OAHS gene (9, 10). We found that the

ma1821-
ma1822 strain grew comparably to wild-type-like M.
acetivorans at 0.05 mM sulfide (see Fig. S1 in the supplemental
material). Since OAHS activity is required for sulfide-dependent
homocysteine biosynthesis (and growth) in the 
ma1821-

ma1822 strain, we infer that the enzyme is capable of converting
sulfide to Hcy at these low concentrations. Possibly, the appropri-
ation of sulfide for Hcy biosynthesis by OAHS in the 
ma1715 and
OASS-MA1715 double-deletion strains precludes its availability
for the alternate assimilation mechanisms that must be present in
the OASS-OAHS-MA1715 triple-knockout strain. Such alternate
mechanisms may not be able to mobilize sulfide as efficiently as
OAHS, explaining the growth-inhibitory effect of the enzyme.

COG2122 is not implicated in the biosynthesis of iron-sulfur
clusters or thiolated tRNA. To examine whether the COG2122
protein has a role in the biosynthesis of downstream sulfur-con-
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FIG 3 Growth of M. acetivorans strains with different concentrations of sodium sulfide present as the sole sulfur source. The wild-type-like and 
ma1715 strains
are compared across the top row, whereas the OASS-OAHS double-knockout and OASS-OAHS-MA1715 triple-knockout strains are compared across the
bottom row. All the data points represent averages of the results of at least four independent experiments. The error bars reflect standard deviations. Prior to each
experiment, the strains were grown for at least 12 generations with 0.8 mM sodium sulfide as the sole sulfur source.
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taining metabolites, we measured iron cluster formation and
tRNA thiolation in several of the knockout strains. The abundance
of acid-labile sulfide, which approximates the sulfur content of
iron-sulfur clusters, was determined in dialyzed cell extracts of the
OASS-OAHS double-knockout and OASS-OAHS-MA1715 tri-
ple-knockout strains that were grown using 0.2 mM sulfide as the
sole sulfur source, using the methylene blue method (6, 26). We
observed similar acid-labile sulfide contents in each strain (see
Table S1 in the supplemental material), suggesting that ma1715
does not play a crucial role in iron-sulfur cluster biosynthesis.

To detect sulfur modifications in tRNA, we performed electro-
phoresis experiments using APM-containing polyacrylamide gels.
APM gels retard the migration of sulfur-containing compounds,
allowing direct comparison of the abundances of modified and
unmodified tRNAs. To simultaneously monitor all tRNAs and
limit the required amount of tRNA to microgram quantities, we
specifically radiolabeled bulk tRNA from crude nucleic acid ex-
tracts at the 3= internucleotide linkage using tRNA nucleotidyl-
transferase. These experiments were conducted using tRNA ex-
tracted from stationary-phase cultures grown with 3.2 mM sulfide
as the sole sulfur source. They reveal the presence of similarly high
levels of tRNA thiolation in wild-type M. acetivorans, 
ma1715,
OASS-OAHS double-knockout, and OASS-OAHS-MA1715 tri-
ple-knockout strains (Fig. 4A; see Table S1 in the supplemental
material). Supplementing the media used to grow these cultures
with 3 mM Cys and 3 mM Met produced identical results. We also
directly assayed cell extracts from actively growing cultures of
OASS-OAHS double-knockout and OASS-OAHS-MA1715 tri-
ple-knockout strains for tRNA thiolation activity. Dialyzed ex-
tracts from strains grown with 0.2 mM sulfide as the sole sulfur
source were incubated with a radiolabeled, in vitro-transcribed
tRNA lacking posttranscriptional modifications. Comparable lev-
els of tRNA thiolation were produced in each extract. Thus, both
sets of experiments suggest that COG2122 is not required for
tRNA thiolation in M. acetivorans (Fig. 4B).

Growth of the OASS-OAHS-MA1715 triple-knockout strain
in media with sulfur-containing amino acids. We next com-
pared the growth of the OASS-OAHS-MA1715 triple-knockout

strain with that of its parent OASS-OAHS double-knockout strain
under conditions in which 0.2 mM sulfide was supplemented with
0.75 mM Hcy, 2 mM Cys, 1 mM cystathionine, or 2 mM Met (Fig.
5). The OASS-OAHS double-knockout strain already grew ro-
bustly with 0.2 mM sulfide alone, and so, growth was only slightly
improved by further addition of these amino acids. In contrast,
the relatively weak growth of the OASS-OAHS-MA1715 triple-
knockout strain at 0.2 mM sulfide was greatly accelerated by sup-
plementation with either Hcy or Cys (Fig. 5). These data are con-
sistent with the notion that COG2122 is required for the efficient
biosynthesis of both Cys and Hcy. The triple knockout was also
fully reconstituted by supplementation with cystathionine. Ro-
bust growth with either Hcy or cystathionine supplementation is
consistent with the existence of a pathway from Hcy through cys-
tathionine to Cys, as in other microbes, despite the apparent ab-
sence in M. acetivorans of all the genes involved in the transsulfu-
ration pathways that interconvert Hcy and Cys (1). It is important
to note, however, that cystathionine supplementation does not
complement Hcy auxotrophy in an MA1821-MA1822-OAHS tri-
ple-knockout M. acetivorans strain (9). Thus, Cys-to-Hcy transul-
furation does not function in this organism. The robust growth
from Cys supplementation in the OASS-OAHS-MA1715 triple-
knockout strain may instead arise because cysteine desulfurases
direct sulfur to MA1821-MA1822 for Hcy synthesis (see Discus-
sion).

Unlike with the other three amino acids, Met supplementation
of the OASS-OAHS-MA1715 triple-knockout strain growing at
0.2 mM sulfide did not reconstitute robust growth (Fig. 5). This
suggests that Met recycling (through S-adenosylmethionine and
S-adenosylhomocysteine) is inadequate to meet cellular demand
for Hcy and that the metabolic utility of Hcy extends beyond Met
biosynthesis in M. acetivorans. In particular, the absence of OASS
in the OASS-OAHS-MA1715 triple-knockout strain suggests that
Hcy provides sulfur for Cys biosynthesis.

Finally, we characterized the growth of the OASS-OAHS-
MA1715 triple-knockout strain with Hcy as the sole sulfur source.
While 0.8 mM sulfide promoted growth of the triple knockout to
levels comparable to that observed in the wild-type strain (albeit
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FIG 4 Deletion of ma1715 does not impair tRNA thiolation in M. acetivorans. (A) Radiolabeled tRNAs from M. acetivorans cells grown to saturation were
analyzed by APM gel electrophoresis. Strains were cultured to saturation on sulfide-containing medium with (�) or without (�) added cysteine and methionine.
Thiolated (E. coli bulk tRNA) and unthiolated (in vitro transcript tRNA) control samples were also analyzed. The gels were visualized by phosphorimaging. (B)
tRNA thiolation activities of M. acetivorans cellular lysates, obtained from actively growing cultures, were compared using APM gel electrophoresis. A radiola-
beled, unmodified tRNA transcript was incubated for 60 s with either dialyzed cellular lysate (�) or buffer (�). Reactions were performed anaerobically and in
the absence of sulfide or any other exogenously added sulfur source. The gels were visualized by phosphorimaging.
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with nearly a 3-fold increase in the doubling time), 0.8 mM Hcy as
the sole sulfur source supported only very weak growth (see Fig. S3
in the supplemental material). Therefore, sulfide appears to func-
tion more efficiently than Hcy in promoting sulfur trafficking by
mechanisms independent of OAHS, OASS, and MA1715. The ad-
vantage provided by sulfide, however, disappears at higher con-
centrations of about 3 mM Hcy (Fig. 3; see Fig. S3 in the supple-
mental material).

We also noted that the slow growth of the triple knockout
observed with 0.2 mM sulfide (Fig. 5) was restored to wild-type
levels when 0.75 mM Hcy was added, even though 0.8 mM Hcy
supports only very weak growth when it is the sole sulfur source
(Fig. 5; see Fig. S3 in the supplemental material). One interpreta-
tion of this finding is that there are multiple pathways by which
sulfur can be incorporated into downstream metabolites. Em-
ploying more than one such pathway through the use of multiple
sulfur sources has synergistic effects compared to those of either
individual pathway alone.

Revisiting the evolutionary history of COG2122. The recent
finding that the phylum Bathyarchaeota also contains methano-
gens allows phylogenetic reconstructions that provide new in-
sights into the evolution of ancient anaerobic biochemical pro-
cesses. Recent analysis of methanogenesis protein phylogeny,
including sequence information from Bathyarchaeota, suggested
vertical inheritance of genes encoding methanogenesis enzymes,
allowing the inference that methanogenesis emerged prior to the
divergence of the Bathyarchaeota and Euryarchaeota (27).

Previously, we generated phylogenetic reconstructions of
COG2122 and COG1900a suggesting that the genes encoding
both proteins were vertically inherited from the ancestral euryar-
chaeote (9). To determine whether COG2122 is ancestral to the
Bathyarchaeota and Euryarchaeota, we generated a new phyloge-
netic reconstruction of COG2122 that included all the archaeal
homologs. An unrooted tree clearly distinguished bathyarchaeal
sequences from euryarchaeal sequences (Fig. 6). Moreover, its to-
pology was suggestive of vertical inheritance, since it resembled
those from reported reconstructions of mcrA and organismal phy-
logenies (14, 27). Thus, we infer that COG2122 shares an evolu-

tionary history with methanogenesis dating back to the common
ancestor of the Euryarchaeota and Bathyarchaeota.

DISCUSSION

We have demonstrated that the conserved protein MA1715 of M.
acetivorans, a member of the COG2122 family, plays a key role in
sulfide assimilation and trafficking in that organism. The most
likely role of MA1715 is to directly bind and mobilize sulfide for
insertion into metabolic precursors of both Cys and Hcy (Fig. 1).
This proposed function is supported by three lines of experimen-
tal evidence. First, the 
ma1715 and OASS-MA1715 double-de-
letion strains do not grow at submillimolar sulfide concentrations,
while the OASS-OAHS-MA1715 triple-knockout strain exhibits
weak growth under these conditions (Fig. 3; see Fig. S2 in the
supplemental material). Thus, while COG2122 is not always es-
sential for cell growth, it is required for optimal growth with sul-
fide as the sole sulfur source in all the genetic backgrounds tested.
Next, the OASS-OAHS double-deletion strain exhibited wild-type
levels of growth at all sulfide concentrations tested (Fig. 3). OASS
and OAHS are the only enzymes in M. acetivorans previously
known to assimilate sulfide for Cys and Hcy biosynthesis. There-
fore, unless other sulfide-mobilizing enzymes for Cys and Hcy
biosynthesis remain undiscovered, it appears that COG2122 is
capable of replacing the functions of both of these enzymes. Fi-
nally, supplementing cultures of the OASS-OAHS-MA1715 tri-
ple-knockout strain grown at low sulfide concentrations with ei-
ther Cys or Hcy fully restored growth to wild-type levels (Fig. 5).
Together with the wild-type growth properties of the OASS-
OAHS double-deletion strain, this suggests that COG2122 plays
an important role in both Cys and Hcy biosynthesis in M. acetiv-
orans.

The data show that M. acetivorans harbors at least three distinct
pathways by which sulfur is incorporated into Cys and Hcy. In
addition to the acquired OASS and OAHS enzymes (pathway 1)
and the anaerobe-specific MA1715 protein (pathway 2), a third
pathway must operate under low sulfide concentrations when all
three of these activities are absent (Fig. 3). It is likely that in wild-
type cells this additional pathway operates only at high ambient

OASS-OAHS-MA1715 triple knockout OASS-OAHS double knockout

+Cys

+Hcy
+cysth

+Met

+Cys
+Hcy

no supp.

no supp.

FIG 5 Growth of M. acetivorans strains in the presence of 0.2 mM sodium sulfide and amino acid supplements. Cultures of the OASS-OAHS-MA1715
triple-knockout (left) and OASS-OAHS double-knockout (right) strains were supplemented with 0.75 mM homocysteine (�Hcy), 2 mM cysteine (�Cys), 1 mM
cystathionine (�cysth), or 2 mM methionine (�Met). Unsupplemented cultures (no supp.) are also shown. All the data points represent averages of the results
of at least four independent experiments. The error bars reflect standard deviations. Prior to each experiment, the strains were grown for at least 12 generations
under the reported assay conditions. The data for both unsupplemented growth experiments were replotted from Fig. 3.
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sulfide concentrations. Sulfide oxidation and incorporation into
Cys and Hcy in the OASS-OAHS-MA1715 triple-knockout strain
might be enabled by nonenzymatic processes or by as yet undis-
covered enzymatic activities (6). Further, while efficient SepCysS
function likely requires persulfide formation (7), the extent to
which protein persulfidation and relay are essential in methano-
gens remains largely unknown. It is possible that pathways of sul-
fur incorporation into Cys, Hcy, cofactors, and tRNA exhibit var-
ied dependencies on persulfide formation, depending on the
ambient sulfide concentrations. Further, some enzymes that in-
corporate sulfur into products may be able to function either
through persulfide formation or via direct binding and oxidation
of sulfide (10, 28). While MA1715 may promote persulfide forma-
tion on SepCysS and MA1821 for Cys and Hcy biosynthesis, its
dispensability for iron-sulfur cluster formation and tRNA thiola-
tion suggests that persulfide intermediates are less important to
these processes (Fig. 4) (6, 28).

Sequence homology searches did not detect genes in M. acetiv-
orans that interconvert Cys and Hcy through cystathionine, which
are prevalent in many other organisms (Fig. 1, right). However,
our findings that robust growth of the OASS-OAHS-MA1715 tri-
ple-knockout strain can be recovered by supplementation with
either Hcy or cystathionine nonetheless suggest the presence of
still-undiscovered enzymes that can convert these metabolites to
Cys. Although robust growth recovery of the OASS-OAHS-
MA1715 triple-knockout strain is also achieved by supplementing
the growth medium with Cys, we previously found that cystathi-
onine did not relieve Hcy auxotrophy in an M. acetivorans strain
lacking both COG1900a and OAHS (9). Therefore, enzymes that
convert Cys to cystathionine and subsequently to Hcy appear not
to be present. Growth recovery by Cys supplementation may in-
stead be due to cysteine-dependent persulfide relay by cysteine
desulfurases, possibly resulting in the transfer of sulfane sulfur to
COG1900a for Hcy biosynthesis.

COG2122 is a member of the large ApbE-like protein family,
many of whose members bind FAD (12, 13). Interestingly, struc-
ture-based sequence alignments suggest that the COG2122 pro-
tein in M. acetivorans and other methanogens lacks the FAD-bind-
ing portion of the structure (see Fig. S4 in the supplemental
material). Since sulfide activation does not require electron trans-
fer, we speculate that COG2122 may facilitate the nucleophilic
attack of sulfide on a different metabolite. Interestingly, in the
Archaea and Eukarya, selenocysteine is biosynthesized as seleno-
cysteinyl-tRNASec (Sec-tRNASec) in a pathway that involves initial
formation of Sep-tRNASec from Ser-tRNASec, followed by conver-
sion to Sec-tRNASec via attack of selenophosphate (29). By anal-
ogy, thiophosphate formed by COG2122 (perhaps via reaction of
sulfide with a compound containing a high-energy phosphate
linkage) could promote conversion of Sep-tRNACys to Cys-
tRNACys. An indirect role for COG2122 as an activator of SepCysS
and COG1900a is also plausible but seems unlikely considering
that Cys supplementation restores rapid growth of the OASS-
OAHS-MA1715 triple-knockout strain (Fig. 5). Since this strain
lacks OAHS, rapid growth implies that COG1900a is highly active
for Hcy biosynthesis, even though COG2122 is absent.

Finally, since an updated phylogenetic reconstruction of archaeal
COG2122 proteins is congruous with reported organismal phylog-
enies, COG2122 proteins are likely to share an evolutionary history
with methanogenesis and may thus participate in an ancient strategy
for sulfide assimilation that emerged prior to the divergence of the

Bathyarchaeota and Euryarchaeota. Although the precise mecha-
nism by which COG2122 enhances sulfide assimilation remains to
be elucidated, the experiments reported here nonetheless signifi-
cantly advance our understanding of how anaerobes possessing
SepCysS and COG1900a assimilate sulfide into Cys and Hcy.
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