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Biochemical and genetic studies
define the functions of
methylthiotransferases in
methanogenic and
methanotrophic archaea

Kaleb Boswinkle!, Thuc-Anh Dinh and Kylie D. Allen*

Department of Biochemistry, Virginia Tech, Blacksburg, VA, United States

Methylthiotransferases (MTTases) are radical S-adenosylmethionine (SAM)
enzymes that catalyze the addition of a methylthio (-SCH;) group to an
unreactive carbon center. These enzymes are responsible for the production of
2-methylthioadenosine (ms?A) derivatives found at position A37 of select tRNAs
in all domains of life. Additionally, some bacteria contain the RimO MTTase
that catalyzes the methylthiolation of the S12 ribosomal protein. Although the
functions of MTTases in bacteria and eukaryotes have been established via detailed
genetic and biochemical studies, MTTases from the archaeal domain of life are
understudied and the substrate specificity determinants of MT Tases remain unclear.
Here, we report the in vitro enzymatic activities of an MTTase (C4B56_06395)
from a thermophilic Ca. Methanophagales anaerobic methanotroph (ANME)
as well as the MTTase from a hyperthermophilic methanogen — MJ0867 from
Methanocaldococcus jannaschii. Both enzymes catalyze the methylthiolation of
Né-threonylcarbamoyladenosine (t°A) and N®-hydroxynorvalylcarbamoyladenosine
(hn®A) residues to produce 2-methylthio-Né-threonylcarbamoyladenosine
(Ms?t°A) and 2-methylthio-N°-hydroxynorvalylcarbamoyladenosine (ms?hn®A),
respectively. To further assess the function of archaeal MT Tases, we analyzed select
tRNA modifications in a model methanogen — Methanosarcina acetivorans —
and generated a deletion of the MTTase-encoding gene (MA1153). We found
that M. acetivorans produces ms?hn®A in exponential phase of growth, but does
not produce ms2t®A in detectable amounts. Upon deletion of MA1153, the ms?A
modification was absent, thus confirming the function of MtaB-family MTTases in
generating ms?hn®A modified nucleosides in select tRNAs.

KEYWORDS

methanogens, ANME archaea, methylthiotransferases, radical SAM enzymes, tRNA
modifications

Introduction

Sulfur is a versatile element found in a range of biomolecules including the amino acids
methionine and cysteine, and cofactors such as iron-sulfur (Fe-S) clusters, biotin, lipoic acid,
thiamine, coenzyme A, and molybdopterin. Additionally, various sulfur-containing modifications
exist on tRNA including derivatives where the keto oxygen on the base is replaced with sulfur as
well as 2-methylthio (ms?) derivatives of adenosine. The latter methylthiolated nucleosides include
2-methylthio-N°-isopentenyladenosine (ms*°A), 2-methylthio-N°-threonylcarbamoyladenosine
(ms’t°A), and 2-methylthio-N°-hydroxynorvalylcarbamoyladenosine (ms*hn°A) (Figure 1), as
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FIGURE 1

Structures of methylthiolated biomolecules. (A) 2-methylthioadenosine found at position 37 of specific tRNAs. The methylthiolated versions of three
different modified nucleosides are well described: 2-methylthio-N¢-isopentenyladenosine (ms?i®A), 2-methylthio-N¢-threonylcarbamoyladenosine
(ms?t°A), and 2-methylthio-N°-hydroxynorvalylcarbamoyladenosine (ms?hn®A). (B) B-methythioaspartate is found at position 89 of the S12 ribosomal
protein in many bacteria. (C) 172-methylthio-F,s, is present in ANME-1 and functions with methyl-coenzyme M reductase.
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well as a handful of other less common methylthiolated derivatives
(Cavuzic and Liu, 2017; Zheng et al., 2017; Boccaletto and Baginski,
2021). The ms*°A modification is widely distributed in bacteria and
in mitochondrial tRNAs of some eukaryotes, while ms*t°A is found in
some bacteria as well as eukaryotes and archaea (Jackman and
Alfonzo, 2013; Wei et al,, 2015; Landgraf et al., 2016). Some organisms,
such as Bacillus subtilis, produce both ms*°A and ms*°A, where the
former is present in tRNA™(GA4) and tRNA™ QU and the latter is
found in tRNA™VYY (Vold et al., 1982; Boccaletto and Baginski,
2021). Although seemingly less common, hn°A and ms’hn°A have
been identified in several bacteria and archaea (Reddy et al., 1992;
McCloskey et al., 2001; Noon et al., 2003; Yu et al., 2019; Boccaletto
and Baginski, 2021). The i°A, t°A, and hn®A modifications, with or
without the associated ms® derivatives, are found at position A37 of
UNN-decoding tRNAs (i°A and ms**A) and ANN-decoding tRNAs
(t°A, ms*t°A, hn°A, and ms*hn®A) (Schweizer et al., 2017; Yu et al.,
2019; Su et al., 2022). Position 37 is 3’-adjacent to the anticodon and
these modifications function to stabilize relatively weak A:U and U:A
base pairs in order to enhance translational fidelity (Zheng et al., 2017;
Su et al., 2022).

Methanogens are a diverse group of archaea with ancient
evolutionary origins (Battistuzzi et al., 2004; Adam et al., 2017). They
are found in a wide range of anaerobic environments including marine
and freshwater ecosystems, anoxic soils, anaerobic sewage digesters,
and as important components of animal microbiomes (Lyu et al.,
2018; Moissl-Eichinger et al., 2018; Borrel et al., 2020). As their sole
source of energy, methanogens carry out a form of anaerobic
respiration known as methanogenesis, which reduces simple oxidized
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carbon compounds to generate methane as an end product. Another
group of archaea related to methanogens carry out the anaerobic
oxidation of methane (AOM) and are known as anaerobic
methanotrophs (ANME) (Timmers et al., 2017). Consistent with their
anaerobic lifestyles and ancient evolutionary origins, methanogens
(and the related ANME) contain an abundance of Fe-S cluster proteins
(Major et al., 2004; Imlay, 2006; Liu et al., 2010, 2012; Johnson et al.,
2021). Additionally, these organisms contain two unique sulfur-
containing biomolecules, coenzyme M and coenzyme B, which are
cofactors of methyl-coenzyme M reductase - the key methane-
forming enzyme of methanogenesis and the initial methane activation
enzyme of AOM (Thauer, 2019). The key catalytic component of MCR
is coenzyme F,, the nickel tetrahydrocorphin prosthetic group.
Interestingly, some ANME - the ANME-1 clade [Ca. Methanophagales
(Adam et al., 2017)] - utilize a modified form of F,;, that contains a
methylthio group at the 17> position (Figure 1) (Mayr et al., 2008;
Shima et al., 2012). The impact of this modification on MCR catalysis
is unknown, but it is appealing to propose that the modification could
play a role in tuning the potential catalytic bias in ANME-1 MCR to
perform methane oxidation as opposed to methane formation.
However, it is important to note that other clades of ANME appear to
utilize the canonical, unmodified F,;, (Kaneko et al., 2014; Gendron
and Allen, 2022).

The methylthiolation reactions for ubiquitous tRNA modifications
described above, as well as for the related methylthiolation of the S12
ribosomal protein (Figure 1) occurring in select bacteria, are catalyzed
by methylthiotransferase (MTTase) enzymes belonging to the radical
S-adenosylmethionine (SAM) superfamily (Figure 2). Radical SAM
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Methylthiotransferase reaction schemes. (A) tRNA MTTases — MiaB and MtaB/e-MtaB - catalyze the methylthiolation of A37 residues of specific tRNAs.
(B) RimO catalyzes the methylthiolation of the p carbon of Asp89 of the S12 ribosomal protein. Each reaction requires two molecules of SAM: one is
used as a methyl group donor to synthesize the methylthio group and produce SAH as a product, while the other is used for radical SAM chemistry to
append the methylthio group to the respective substrate and produce 5’'-deoxyadenosine (5'-dAdoH) and methionine as products.

enzymes use SAM and a four-iron four-sulfur ([4Fe-4S]zs) cluster —
most commonly bound by three cysteines in a CX;CX,C motif - to
generate a highly reactive 5-deoxyadenosyl radical (5’-dAdoe) that
facilitates complex radical chemistry to catalyze a wide range of
reactions in all domains of life (Sofia et al., 2001; Holliday et al., 2018;
Oberg et al., 2022). In addition to the [4Fe-4S]zs cluster, MT Tases
contain an “auxiliary” cluster ([4Fe-4S],,,) that is involved in sulfur
incorporation (Forouhar et al., 2013; Landgraf et al., 2013; Zhang
et al., 2020). There are four major clades of MTTases based upon
2010;
Arragain et al., 2010). RimO is exclusively bacterial and is the only
known MTTase that does not act upon a tRNA substrate. Instead, it is
responsible for the methylthiolation of D88 of ribosomal protein S12

phylogenetic analysis of the MTTase family (Anton et al,

(Anton etal., 2008). MiaB, found in bacteria and eukaryotic organelles,
utilizes i°A-containing tRNA as a substrate to generate ms’*i°A. The
final two clades are responsible for methylthiolation of t°A-containing
tRNA in bacteria (MtaB) and archaea/eukaryotes (e-MtaB). It remains
unclear which MTTases are responsible for the production of
ms*hn®A; however, based on the structural similarity of the substrate
and the distribution among organisms that produce ms*hn®A, it is
proposed that members of MtaB and e-MtaB clades can perform this
reaction (Anton et al., 2008).

Here, we report the biochemical characterization of the MT Tase
homolog encoded in the genome of the G60 ANME-1 archaeon
(Krukenberg et al., 2018) as well as the in vitro activity of the MT Tase
from the hyperthermophilic methanogen Methanocaldococcus
jannaschii (Bult et al., 1996). Additionally, we generated a deletion of
the putative MTTase in Methanosarcina acetivorans to confirm the
function of an archaeal MTTase in vivo. Although we had originally
proposed that the ANME-1 MTTase may be responsible for the
methylthiolation of F, to produce 17>-methylthio-Fy, (mt-Fs,
Figure 1), we have not observed evidence for this activity and instead
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confirm that the MTTases studied here are responsible for the
methylthiolation of select tRNAs to produce ms’t°A and/or ms*hn°A.

Materials and methods
Chemicals

Ampicillin, kanamycin, isopropyl-#-D-thiogalactoside (IPTG),
and dithiothreitol (DTT) were from Gold Biotechnology.
S-adenosylmethionine (SAM) hydrochloride, FMN, FeCl;, cysteine,
sodium dithionite, as well as trace elements and vitamins for
methanogen media were from Millipore-Sigma. NADPH was from
Cayman Chemical Company. DNA oligonucleotides and gBlocks were
obtained from Integrated DNA Technologies (IDT). All other
standard reagents and supplies were from Genesee Scientific or
Research Products International unless stated otherwise.

Strains and growth procedures

Transformed strains of E. coli DH5a (Zymo research) and E. coli-
CodonPlus (DE3)-RIL (Agilent Technologies) were grown in LB
(Miller) medium with the appropriate antibiotic(s). A Bacillus subtilis
strain lacking the MtaB-encoding gene (B. subtilis 168 AygeV::kan,
BKK25430) (Koo et al., 2017) was obtained from the Bacillus Genetic
Stock Center and grown in LB medium with 7.5 pg/mL kanamycin.
Methanococcus maripaludis S2 Mm902 (Walters et al., 2011; Tunckanat
et al., 2022) was obtained from the laboratory of Dr. John Leigh
(University of Washington) and grown in McCas medium (Moore and
Leigh, 2005) with H,/CO, (80/20, 40 psi). M. maripaludis S2 Mm902

was constructed as reported in Walters et al. (2011), except the ORF1
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was inserted into the upt gene (MMP0680) in the S2 wild-type strain
instead of M. maripaludis S2 Mm900 (Moore and Leigh, 2005).
Methanosarcina acetivorans WWM60 was obtained from Dr. Biswarup
Mukhopadhyay (Virginia Tech, originally from W. W. Metcalf,
University of Illinois at Urbana-Champaign) and was grown on high-
salt medium (Sowers et al, 1993) in methanol (100mM) or
trimethylamine (50mM). For the analysis of the ms*hn°A
modification, M. acetivorans (as well as the AMA1153 strain) was
grown in methanol and harvested in log phase at an ODy, of 0.7. For
anaerobic growth of methanogens (Wolfe, 2011), 20mL Balch tubes
(Chemglass), 125mL serum bottles (Wheaton), or 1 L bottles with a
Balch-type closure (Chemglass) were used.

General molecular biology procedures

For expression of putative MT Tases in E. coli, the respective genes
were cloned into pET15b. For expression of putative MTTases in
M. maripaludis S2 Mm902, the respective genes were cloned into
PJAR50CT constructs [a derivative of pMEV1 (Sarmiento et al., 2011)].
For generation of the MA1153 deletion in M. acetivorans WWM60, the
pDN201 Cas9 construct was used followed by recombination into
PAMGH40 (described further below) (Nayak and Metcalf, 2017; Nayak
and Metcalf, 2018). All constructs were created with Gibson assembly
(Gibson et al., 2009) using the HiFi Master Mix (New England Biolabs)
and the protocol recommended by the supplier. More detailed
molecular biology procedures, along with the sequences of gBlocks
(Supplementary Table S1) and primers (Supplementary Table S2), as
applicable, can be found in the supplementary material.

G60 ANME-1 MTTase expression and
purification

The G60 ANME-1 MTTase was expressed with an N-terminal
hexahistidine tag from pET15b in E. coli-CodonPlus (DE3)-
RIL. Transformed cells were grown routinely in 3L flasks containing
1.5L LB supplemented with 100pg/mL ampicillin at 37°C with
shaking at 200 RPM. At an ODy, of ~0.4, cysteine and FeCl, were
added to final concentrations of 25 uM each. Then, at an OD of ~0.7,
expression was induced with IPTG (100 pM). Cells were grown for an
additional four hours at 37°C and then harvested by centrifugation.
The cell pellet was stored at —20°C for future purification.

Purification of the G60 ANME-1 MTTase was carried out inside
an anaerobic chamber (Coy Laboratory Products) with an atmosphere
of 97% N, and 3% H,. Buffer A consisted of 50 mM HEPES, 500 mM
KCl, 10mM imidazole, 5mM DTT, pH 8.0 and Buffer B was the same
except with 500 mM imidazole. The cell pellet (14 g) was resuspended
in 40mL of anaerobic buffer A and sonicated on ice. A Misonex
sonicator equipped with a microtip was employed with the duty cycle
setat 50 (%/1s) and the power at 4 (microtip limit). Cells were sonicated
15 times for 2 min each with a one-minute rest between each sonication
round. Phenylmethylsulfonyl fluoride (1 mM) was added after the first
round of sonication. Homogenized cells were transferred to a sealed
anaerobic centrifuge tube and centrifuged at 27,000 x g (30 min). The
supernatant was filtered by passing it through a syringe connected to a
0.45 pm filter and then applied to a gravity flow column containing 2 x
6cm of Ni Sepharose 6 Fast Flow resin (Cytiva). The column was
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washed with 15mL buffer A, then eluted in a stepwise gradient of
increasing buffer B consisting of 6 mL fractions of 5% buffer B, 10%
buffer B, 20% buffer B, 50% buffer B, and finally 100% buffer B. The G60
ANME-1 MTTase eluted in the 20% B and 50% B fractions, which were
combined and concentrated with a 30 kD Amicon Ultra centrifugal
filter unit (Millipore-Sigma). The protein was finally exchanged into
50mM HEPES, 500 mM KCI, 5mM DTT, pH 8.0 using a PD-10 desalt
column (Cytiva). Purifications were assessed by SDS-PAGE and protein
concentration was determined using a Bradford assay (Bradford, 1976).
The amount of iron bound to purified protein was determined using a
well described ferrozine assay (Fish, 1988). For storage, the protein was
aliquoted into 1 mL anaerobic cryovials containing O-ring seals
(Olympus) then flash frozen in liquid N, and stored at —80°C.

Methanococcus maripaludis culture,
transformation, and MjMTTase purification

Methanococcus maripaludis S2 Mm902 was transformed with
pJAR50 MTTase constructs (BSM_21210 or MJ0867) using
polyethylene glycol-mediated transformation procedures (Sarmiento
etal,, 2011) with 1 pg of purified plasmid and a 5mL overnight culture.
The transformations were plated on McCas agar medium in an
anaerobic chamber with an atmosphere of 77% N,/20% CO,/3% H,
followed by incubation at 37°C in a sealed pressurized vessel
containing a paper towel soaked in 10% Na,S and an atmosphere of
H,/CO, (80/20) (30psi). Colonies appeared after ~3days. After
verification of successful transformation by PCR, the strains were
cultured in 1L anaerobic bottles (Chemglass) containing 300 mL
McCas medium supplemented with 0.125 mg/mL puromycin with
40 psi H,/CO, (80/20) at 37°C with gentle shaking until ODj,~ 1.0.
Cells were harvested anaerobically via centrifugation in sealed bottles
and the pellet was used immediately for protein purification.

The MjMT Tase (MJ0687) was expressed from pKB604 (derived
from pJAR50CT, see methods in Supplementary material for more
details), under the control of Py, with a C-terminal twin strep tag. A
typical purification was from 1.2L of culture (4 x 300mL). Cells (~1.5g)
were harvested anaerobically in sealed centrifuge bottles and the pellet
was resuspended in 5mL Strep buffer W (100mM Tris, 150 mM NaCl,
pH 8.0). The cells were lysed by sonication on ice followed by
centrifugation at 27,000 x g for 45 min. The supernatant was filtered and
applied to a gravity flow column containing 2 x 6cm of Strep-Tactin
Sepharose resin (IBA Lifesciences). The column was washed 5 times,
each with 2mL of Strep buffer W. The protein was then eluted in 6
fractions, each with 1mL of Strep buffer W containing 2.5mM
desthiobiotin. MjMT Tase eluted in fractions 2 and 3, which were then
combined and concentrated with a 30 kD Amicon Ultra centrifugal filter
unit. The concentrated protein was then exchanged into 50 mM HEPES,
300mM KCl, 5mM DTT, pH 8.0 using a PD-10 desalt column (Cytiva).
The final protein sample was stored as aliquots of 1 mL in anaerobic
cryovials, flash frozen in liquid N,, and stored at -80 °C.

Electron paramagnetic resonance (EPR)
spectroscopy

Samples (300 uL) were prepared in the anaerobic chamber and
contained 108 uM G60 ANME-1 MTTase in 50 mM HEPES, 300 mM
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KCI, pH 8.0. When applicable, sodium dithionite and SAM were
added at concentrations of 4mM and 1mM, respectively. The
reactions were incubated at room temperature for 10 min and then
transferred to 4mm EPR tubes (Norrell), frozen in cold isopentane
(~77K), and stored in liquid N,. Low temperature X-band EPR spectra
were obtained on a Bruker ER073 EMX Spectrophotometer with an
EMX High Sensitivity Probehead and a liquid helium variable
temperature system (ER4112HV). Spectra were recorded under the
following conditions: 9.376 GHz, 10 G modulation amplitude, 3,400 G
center field, 1,000 G sweep width, Il mW power, 0.3 s time constant,
10K, 3 x 1 min scans.

In vitro enzyme assays with coenzyme F3,

Reactions with purified F,;, were carried out to assess whether the
G60 ANME-1 MTTase catalyzed the synthesis of mt-F,;. Coenzyme
Fy was purified from M. maripaludis cells using the following
procedure. Cells (~1 g wet weight) were resuspended in 3 mL H,O and
lysed by sonication. Formic acid was added to a final concentration of
1% followed by centrifugation at 4,400 x g. The supernatant was
neutralized with NaOH, and diluted 2x with 50 mM Tris, pH 7.5. The
resulting sample was filtered and then applied to a gravity flow column
with Q Sepharose Fast Flow resin (2 x 10cm) equilibrated with 50 mM
Tris, pH 7.5. After washing with 10 mL of 50 mM Tris, pH 7.5, the F,3,
was eluted with 6 mL of 20mM formic acid. After removal of formic
acid via evaporation under vacuum at 30°C (down to ~500 uL), the
concentration of F;, was determined by using an extinction coefficient
of 23.0mM™" cm™ at 430nm (Pfaltz et al, 1982, 1987). These
preparations contain some sarcinapterin (methanopterin with a
glutamate residue) in addition to F,;. Enzyme reactions with the
resulting F,;, and purified MTTase were carried out in an anaerobic
chamber in a reaction volume of 500 pL in 50 mM HEPES, 300 mM
KCl, 5mM DTT, pH 8.0. Reactions contained the following
components: G60 ANME-1 MTTase (50pM), coenzyme Fi3
(~75pM), SAM (1 mM), sodium sulfide (500 pM), and a reducing
agent — either sodium dithionite (2mM), titanium citrate (2mM), or
NAPDH (2mM) and FMN (50 uM). The latter biologically relevant
reducing system has recently been reported to support radical SAM
enzyme catalysis in vitro (Eastman et al., 2023). It was an especially
desirable option for this reaction since the normal reducing agent —
sodium dithionite - also reduces the F,;,. In one set of reactions,
M. acetivorans cell extract was also supplied in addition to these
components. To prepare the methanogen cell extract, cells (1.2 g) were
resuspended in 3mL of reaction buffer and sonicated on ice (duty
cycle set at 50 (%/1s) and the power at 4, four rounds of 30's sonication
with 1 min rest between each round). Then, 100 pL of this extract was
added to the reaction containing the additional components listed
above (three reactions with cell extract were set up with each
containing a different reducing agent described above). Reactions
were incubated at 50°C for three hours or 18 h at 37°C followed by the
addition of 1 volume acetonitrile. After removing the precipitated
protein by centrifugation, the supernatant was concentrated to
~100pL by drying at 30°C under vacuum.

For LC-MS analysis of F;, reactions, a Waters Acquity UPLC
with a TQD mass spectrometer equipped with an Acquity Premier
BEH C18 (2.1 x 75mm, 1.7 um) column was employed. Solvent A
was 0.1% (v/v) formic acid in water and solvent B was 100%
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methanol. The flow rate was 0.35mL/min and the LC program
consisted of 2 min at 95% A followed by a 10 min linear gradient to
50% B, then a 3 min gradient to 95% B. The injection volume was
typically 2 pL. The source temperature was 150°C, the desolvation
temperature was 500°C, the desolvation gas flow was 800 L/h, and
the cone gas flow was 50 L/h. The mass spectrometer was operated
in positive mode and scanned for m/z values ranging from 400
to 1,200.

tRNA purification and digestion

Protocols were adapted from published procedures (Yu et al.,
2019; Avcilar-Kucukgoze et al., 2020). All solutions for tRNA
preparations were treated with diethyl pyrocarbonate (DEPC) to 0.1%
with stirring overnight followed by autoclaving. A typical tRNA
purification from M. acetivorans cells used a~1g cell pellet while a
typical tRNA purification from B. subtilis cells used a~5g cell pellet.
Cell pellets were washed with 0.9% NaCl (6mL/g of cells) then
resuspended in 50 mM sodium acetate, 10 mM magnesium acetate,
pH 5 (4mL/g of cells). M. acetivorans cells, but not B. subtilis cells,
were sonicated at this stage. For sonication, a Misonex sonicator
equipped with a microtip was employed with the duty cycle set at 50
(%/1s) and the power at 4 (microtip limit). Cells were sonicated on ice
three times for 30s each with a one-minute rest between. To this
suspension was added an equal amount saturated phenol in 0.1 M
citrate, pH 4.3 (Millipore-Sigma). The emulsion was incubated with
shaking (200 RPM) for 15min at room temperature, followed by
centrifugation at 5,000 x g (15min). The upper aqueous phase was
transferred to a new tube and 5mL chloroform was added, followed
by centrifugation again to remove the remaining phenol. The aqueous
phase was removed, adjusted to 0.2 M NaCl, followed by addition of 1
volume isopropanol. This was incubated at —20°C for 30 min followed
by centrifugation at 5,000 x g (15min). The pellet was washed with
70% ethanol then resuspended in 50mM sodium acetate, 10 mM
MgCl,, and 150 mM NaCl pH 6.5 (2mL/g of cells). LiCl was added to
a final concentration of 2M and the sample was incubated on ice for
one hour, followed by centrifugation at 10,000 x g for 15min. The
supernatant containing RNA was transferred to a new tube and 1
volume isopropanol was added followed by incubation at —20°C for
30 min and centrifugation at 10,000 x g. The pellet was washed with
70% ethanol, then resuspended in molecular grade water. To further
purify tRNAs from this mixture, the solution was subjected to anion
exchange chromatography using the NucleoBond RNA/DNA 400 kit
(Macherey-Nagel) according to the manufacturer’s instructions. The
resulting tRNA was resuspended in 100pL water, then stored
at —80°C.

To analyze modification profiles of extracts, tRNAs were digested
and dephosphorylated to the respective nucleosides. Purified tRNA
(100 pg) in a volume of 40 pL was incubated at 100°C for three minutes
and then cooled in an ice-water bath. The pH was adjusted with 4 pL
of 100 mM ammonium acetate, pH 5.3, followed by the addition of
10U nuclease P1 (New England Biolabs) and incubation at 37°C
overnight (at least 12hours). Then, 5puL 100mM ammonium
bicarbonate was added followed by 0.01 U of Crotalus adamanteus
phosphodiesterase I (Millipore-Sigma) and incubation at 42°C for two
hours. Then, 1U alkaline phosphatase (calf intestinal; Promega) was
added and this was incubated for an additional two hours. Finally, this
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solution was concentrated to 35 pL by drying at 30°C under vacuum
followed by LC-MS analysis.

LC-MS analysis of nucleosides was carried out using a Waters
Acquity UPLC with a TQD mass spectrometer equipped with an
Acquity Premier BEH C18 (2.1 x 75mm, 1.7 pm) column. Solvent A
was 0.1% (v/v) formic acid in water and solvent B was 100% methanol.
The flow rate was 0.35 mL/min and the LC program consisted of 2 min
at 98% A followed by a 13 min linear gradient to 75% B, then a 15min
gradient to 100% B and 3min at 100% B. The injection volume was
typically 5uL. The source temperature was 150°C, the desolations
temperature was 500°C, the desolvation gas flow was 800 L/h, and the
cone gas flow was 50L/h. The mass spectrometer was operated in
positive mode and scanned for m/z values ranging from 100 to 800.
The main ions detected by mass spectrophotometry are the molecular
ion and the base fragment ion. These two m/z values are well
characterized for dozens of nucleosides. These masses in combination
with elution times are used to identify specific nucleosides.

In vitro enzyme assays with tRNA

Reactions (150 pL) were carried out in anaerobic conditions in
50 mM HEPES, 500 mM KCl, pH 8 with purified tRNA from either
the B. subtilis AmtaB strain (BKK25430) (100 ug tRNA per reaction)
or from the M. acetivorans AMA1153 strain (50 ug tRNA per reaction).
The G60 ANME-1 MTTase reactions contained 40 pM protein, while
the MjMTTase reactions contained 10pM protein. The additional
reaction components consisted of: 500 uM sodium sulfide, I mM
SAM, and a reducing agent (3mM sodium dithionite or 2mM
NADPH and 50 pM FMN). The reactions were incubated at 50°C for
3h, after which protein was precipitated with addition of 150 uL (1
vol) of acetonitrile. After centrifugation, the supernatant was
transferred to a new tube and concentrated to ~40 puL by drying under
vacuum at 45°C. RNA was isolated via ethanol precipitation, then
digested to nucleosides as described above.

Generation of a MA1153 deletion in
Methanosarcina acetivorans

Cas9-mediated genome editing tools developed by Nayak and
Metcalf (2017, 2018) were used to delete the putative MTTase
encoding gene (MA1153) in M. acetivorans WWM60. The single-
guide RNA (sgRNA) construct and the homology directed repair
(HDR) gBlocks IDT
(Supplementary Table S1) and designed with appropriate overlaps for

template were obtained as from
Gibson assembly. The sgRNA construct was designed with the
following elements: the mtaCB1 promoter, two sgRNAs separated by
a 30-bp linker, and the mtaCBI terminator. This was assembled into
pDN201 (Nayak and Metcalf, 2017, 2018) using the AscI restriction
site. After confirmation of successful insertion of the sgRNA
component, the construct was digested with Pmel followed by
assembly with the HDR template. The construct was designed to leave
60bp at each end of the gene to maintain potential promoter and
terminator elements for surrounding genes. The sequence was
confirmed by whole-plasmid sequencing (Plasmidsaurus - Eugene,
OR). The sequence-verified plasmid was then recombined with

PAMGA40 (Guss et al., 2008) followed by restriction digest confirmation
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and transformation into M. acetivorans WWM60 (Guss et al., 2008)
via liposome-mediated transformation procedures (Metcalf et al.,
1997; Buan et al., 2011) with 10 mL of a late exponential phase culture
and 2 pg of plasmid DNA. Transformants were plated on high-salt
agar medium in an anaerobic chamber and plates were incubated at
37°C in a sealed vessel containing N,/CO, (80/20) (20 psi) and a paper
towel soaked in a 10% solution of Na,S. Colonies appeared after
12 days. The desired MA1153 deletion strain was confirmed by PCR
(Supplementary Figure S1) using primers flanking the deletion site
(Supplementary Table S2) as well as Sanger sequencing of the
PCR product.

Results

Identification and initial characterization of
an ANME-1 MTTase

In this work, we originally set out to identify the putative MTTase
required for 17*-methylthio-F,3, biosynthesis (mt-F, Figure 1). Analysis
of available metagenome data revealed a single likely MT Tase encoded
in ANME-1 genomes (Supplementary Table S3), of the ANME-2
genomes, only ANME-2a have a significant MTTase homolog
(Supplementary Table S3). Since mt-F,3, is established to be present in
ANME-1 organisms, while being absent in most ANME-2-rich
environments (Mayr et al., 2008; Shima et al., 2012; Allen et al., 2014;
Kaneko et al,, 2014), we hypothesized that the MTTase present in
ANME-1 genomes would be responsible for the biosynthesis of mt-F,s.
The structure of mt-F,;, was originally determined by isolating the
cofactor from ANME-rich microbial mats collected at methane seeps in
the Black Sea (Mayr et al., 2008). Later, mt-F,;, was identified in the
crystal structure of the ANME-1 MCR purified from the Black Sea mat
biomass (Shima et al.,, 2012). Thus, we initially chose to investigate
BSM_21210, the MTTase encoded in the Black Sea mat ANME-1
genome (Meyerdierks et al., 2010). BSM_21210 shares 30% identity and
48% similarity to MtaB from B. subtilis and 38% identity and 55%
similarity to e-MtaB (MJ0867) from Methanocaldococcus jannashii (see
sequence alignment in Supplementary Figure S2). With the goal of
obtaining purified protein for enzyme activity studies, the BSM_21210
gene was assembled into pET15b and heterologously expressed in E. coli.
Multiple expression and purification conditions were attempted, but
although the enzyme exhibited high level expression, it was present in
the insoluble fraction, and we were unable to obtain purified protein
suitable for in vitro studies. We also attempted to express and purify the
protein in a model methanogen, M. maripaludis. Unfortunately, both
N-terminally and C-terminally hexahistidine-tagged versions of the
BSM MTTase, under the control of the constitutive promoter Phmva,
expressed at very low levels in M. maripaludis and we could not recover
enough protein for in vitro studies.

Since we encountered difficulties with BSM_21210, we next
focused our studies on a homologous MTTase from a thermophilic
ANME-1 that would hopefully be more amenable to biochemical
investigation. Krukenburg et al. cultivated and characterized an
ANME-1a thermophile from Guaymas basin hydrothermal sediment
that grows at 60°C (“G60”) (Krukenberg et al., 2018). Small molecule
extracts from these cultures were previously demonstrated to contain
mt-F (Allen et al., 2014). Analysis of the genome revealed a likely
MTTase - C4B56_06395 (PXF52554.1) - that shares 63% identity and
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FIGURE 3

Purification and characterization of [4Fe-4S] cluster(s) of G60 ANME-
1 MTTase. (A) SDS-PAGE gel stained with Coomassie showing
purified his-tagged G60 ANME-1 MTTase which migrates consistent
with the expected molecular weight of 50 kDa (including N-terminal
tag). (B) UV-Vis spectrum of as-purified protein (solid line) compared
to dithionite-reduced (dashed line). (C) Electron paramagnetic
resonance spectroscopy of as-purified protein (bottom spectrum)
compared to in the presence of dithionite (middle spectrum) and
dithionite + SAM (top spectrum).

78% similarity to BSM_21210. Additionally, this is the only homolog
of any sulfur-inserting radical SAM enzyme in the G60 ANME-1
genome (Supplementary Table S4). Thus, we assembled the gene into
pET15b with an N-terminal hexahistidine-tag for expression in
E. coli-CodonPlus (DE3)-RIL. The G60 ANME-1 MTTase was highly
expressed in a soluble form and we typically obtained about 5mg of
purified protein per gram (wet weight) of E. coli cells (Figure 3A).
Additionally, the protein had a prominent brown color, a hallmark of
iron-sulfur cluster containing enzymes, and the UV-Vis spectrum
showed a broad absorbance band at ~420 nm (Figure 3B, solid line),
characteristic of the expected [4Fe-4S]** clusters. Upon reduction with
sodium dithionite, the 420 nm peak was bleached (Figure 3B, dashed
line), indicating reduction to the [4Fe-4S]'* state. Further
characterization of the Fe-S cluster bound by the G60 ANME-1
MTTase using electron paramagnetic resonance (EPR) spectroscopy
showed that the as-purified enzyme contains a signal indicative of a
[3Fe-4S]" cluster(s) (Figure 3C, bottom spectrum) (Doan et al., 1994;
Liu and Graslund, 2000). Upon reduction with sodium dithionite, an
EPR signal at g~ 1.93 is observed, which corresponds to reduced [4Fe-
4S]™ cluster(s), and the addition of SAM results in subtle lineshape
changes consistent with the interaction of SAM with the radical SAM
cluster (Figure 3C, middle and top spectra, respectively) (Broderick
etal, 2014). A ferrozine assay for iron determination showed that the
purified G60 ANME-1 MTTase contained 5.8 +0.4 mol Fe per mol
protein. Although not ideal for the expected two [4Fe-4S] clusters, this
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FIGURE 4

In vitro enzyme assay with G60 ANME-1 MTTase and Fy3. LC-MS
analysis of a representative reaction with purified F,3, as a potential
substrate. Extracted ion chromatograms are shown for Fys, (Mm/z 905)
— multiple peaks are observed due to isomerization occurring during
the incubation at 50°C for the enzyme reaction — and the potential
product, mt-F.s0 (m/z 951). Multiple reaction conditions were tested
and are discussed in the materials and methods.

value suggested that at least a portion of the purified protein was
sufficiently loaded with the correct cofactors and, together with the
spectroscopic data reported above, we were confident moving forward
with enzymatic activity assays.

In vitro methylthiolation activity of the G60
ANME-1 MTTase

With the purified G60 ANME-1 MTTase in hand, in vitro enzyme
assays with purified F,; obtained from methanogen cells were
performed. We tried several different reaction conditions (various
reducing systems and the addition of methanogen cell lysates, see
materials and methods for complete description); however, the
production of mt-F,;, by this putative MT Tase was never observed (see
representative LC-MS results in Figure 4). Based on our experience
with the unmodified coenzyme, the limit of detection for mt-F,;, in our
LC-MS experiment is expected to be ~1 pmol - this would correspond
to 0.1uM product produced in the enzyme assay containing
~75 M F,3 and 50 pM protein (1.25mg in 500 pL reaction). Thus, our
negative results suggest that the MTTase homolog encoded in ANME-1
genomes is not responsible for the synthesis of mt-F,3.

Since the ANME-1 MTTase did not appear to catalyze the
methylthiolation of F,;), we next considered that the enzyme instead
acted upon a tRNA substrate to catalyze the production of
2-methylthiolated adenosine (ms?A) residues at position A37 of select
tRNA(s) (Figure 1). As mentioned above, available ANME-1
metagenomes contain a single MT Tase homolog and, although the ms*A
tRNA modification has not specifically been analyzed in ANME, the
modification is widespread in all domains of life. The MTTases present
in archaea are members of the “e-MtaB” clade and are responsible for the
methylthiolation of t°A to produce ms*t°A (Anton et al., 2010; Arragain
etal, 2010). It was important to confirm this activity so that we could
more confidently rule out a function in F,3, modification.
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To obtain the putative tRNA substrate for in vitro reactions
with the G60 ANME-1 MTTase, we obtained a Bacillus subtilis
strain that lacks the gene encoding MtaB - B. subtilis 168
AyqeV::kan (BKK25430, here we will call this strain AmtaB for
clarity). In this organism, the ms’t°A modification is present at
position A37 in tRNAY* VU9 Thus, deletion of the gene results in
tRNAY VU9 with the t°A modification, but lacking the ms?
modification. When we incubated the purified tRNA from
B. subtilis AmtaB with our purified enzyme in the presence of
dithionite and SAM, a clear peak was observed for ms*t°A that
corresponds to the ms*t°A found in wild-type B. subtilis, but is
absent in the control reaction lacking enzyme (Figure 5). Thus,
this result demonstrates that the G60 ANME-1 MTTase catalyzes
the methylthiolation of t°A-contining tRNAY* (VYY) Importantly,
it also demonstrates that the enzyme was active in our in vitro
reaction conditions, allowing us to conclude that the enzyme is
likely not responsible for methylthiolation of F,j,.

In vivo confirmation of MTTase function in
Methanosarcina acetivorans

Although tRNA modification research in archaea is limited, both
ms*t®A as well as ms’hn®A have been identified in organisms belonging
to this domain of life (Reddy et al., 1992; Noon et al., 2003; Yu et al,
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FIGURE 5
In vitro enzyme assay with G60 ANME-1 MTTase and tRNA. LC-MS
analysis of a representative reaction with bulk tRNA from a B. subtilis
AmtaB strain. Overlaid extracted ion chromatograms are shown for
t°A (m/z 413, dark blue) and ms?t®A (m/z 459, light blue) for (A) the
control reaction lacking the enzyme compared to (B) the full
reaction containing enzyme. See materials and methods for detailed
reaction conditions and sample processing.
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2019). Archaeal genomes generally encode only one MTTase, but it is
unclear whether the same enzyme is responsible for the production of
both methylthiolated nucleosides. MJ0867 — e-MtaB in M. jannaschii
- was shown to rescue the production of ms*°A in a strain of B. subtilis
lacking MtaB activity, demonstrating that this enzyme can use t°A-
containing tRNA as a substrate (Anton et al., 2010), which is also
consistent with the in vitro result reported above with the G60
ANME-1 MTTase. To gain further insights into the function of
archaeal MTTases in the synthesis of ms’A modified tRNAs, we chose
to investigate the in vivo function of the MTTase in M. acetivorans — a
model methanogen with robust genetic tools. The Cas9-mediated
genome editing tools developed by Nayak and Metcalf (Nayak and
Metcalf, 2017) were used to generate a deletion of the MTTase
homolog (MA1153). Transfer RNA from the resulting M. acetivorans
AMA1153 strain was then purified and digested to nucleosides for
LC-MS analysis compared to wild-type.

Analysis of tRNA modifications of interest in M. acetivorans
WWM60 (wild-type) revealed t°A, hn°A, and ms’hn°A, but not
ms*t°A (Figure 6A). It is important to note that hn°A has the same
mass as m*t°A, which can make its assignment more challenging.
We confirmed the identity of hn®A in M. acetivorans through high-
resolution LC-MS analysis, which revealed an exact mass of m/z
427.1575 (expected is 427.1572) as well as, most importantly, the
characteristic fragment ions at m/z 136.0615 and m/z 162.0409 that
correspond to the adenine nucleobase without a methyl group and are
consistent with the assignment of hn°A (Noon et al., 2003; Yu et al.,
2019) (Supplementary Figure S3). It is also important to note that the
extracted ion chromatogram for the ms*t°A mass (m/z 456) contains
a peak (Figure 6); however, it eluted about 0.8 min after the true
ms*t°A and it lacks the characteristic fragment ions. Most notably, the
m/z 327 ion, corresponding to the modified adenine base fragment
ion, is absent (see mass spectra in Supplementary Figure S4).
Interestingly, ms’hn°A was only identified in cells isolated in
exponential phase of growth and was not observed in stationary phase
cultures. Analysis of the M. acetivorans AMA1153 strain revealed the
absence of ms*hn°A (Figure 6B), thus supporting the role of this
MTTase in generating the ms’hn®A modification. The M. acetivorans
AMAL1153 strain (which still contains the genome-editing plasmid)
exhibited moderately slower growth compared to wild-type when
grown in standard high salt medium with methanol at 37°C (see
growth curve in Supplementary Figure S5).

In vitro activity of G60 ANME-1 MTTase
with hn®A-containing tRNA

To confirm that the archaeal MT Tase could use hn°A-containing
tRNA as a substrate, we used bulk tRNA from the M. acetivorans
AMA1153 strain in in vitro assays with the G60 ANME-1 MTTase.
Thus, these reactions contain both t*A-containing tRNA as well as
hn®A-contining tRNA (Figure 6B). Based on the LC-MS analysis of
the digested nucleosides, the G60 ANME-1 MTTase catalyzed the
production of ms*t®A as well as ms’hn°A (Figures 7A-C). Assuming
the two nucleosides with highly similar structures have similar
ionization efficiencies, the G60 ANME-1 MTTase exhibited similar
activities with t°A-containing tRNA compared to hn®A-containing
tRNA as evidenced by the similar peak intensities observed for ms*°A
compared to ms’hn°A (Figure 7C).
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Modified nucleosides in Methanosarcina acetivorans WWM60 compared to the AMA1153 strain. Extracted ion chromatograms are shown for modified
nucleosides of interest in (A) M. acetivorans WWM60 compared to (B) the AMA1153 strain. The respective peak intensities are labeled. Both strains were
grown in high-salt medium with 100 MM methanol at 37°C to an ODg, of 0.7. The peak in the m/z 459 chromatogram is not mst°A (see Figure S4).

In vitro enzymatic activity of the
Methanocaldococcus jannaschii MTTase

To compare the activity of another archaeal MTTase, we chose to
investigate MJ0867 from M. jannaschii (“MjMT Tase”). As mentioned
above, the function of this protein in methylthiolation of t°A-
containing tRNA was previously shown through heterologous
expression experiments in B. subtilis (Anton et al., 2010). However,
recent analysis of tRNA modification in M. jannaschii revealed
ms*t°A as a minor component compared to t°A, while the amount of
ms’hn®A was similar to hn®A (Yu et al., 2019), thus suggesting that
MJ0867 prefers the hn®A-containing tRNA(s) substrate in vivo. This
enzyme was not amenable to heterologous expression in E. coli; thus,
we turned to expression in M. maripaludis - a Methanococcales
methanogen closely related to M. jannaschii. Since there are abundant
nickel binding proteins in methanogens, his-tagged protein
purifications from these organisms often contain a few major
impurities. Thus, MjMTTase was expressed with a C-terminal twin
strep tag from pJAR50. The enzyme was successfully expressed and
purified (Supplementary Figure S6A) from M. maripaludis with a
characteristic brown color and a UV-vis spectrum with a broad
absorbance band at ~420nm indicative of a [4Fe-4S] cluster-
containing protein (Supplementary Figure S6B). Interestingly, the
absorbance spectrum had an intense peak at 260 nm that obscured
the 280nm peak, which we hypothesized was due to the protein
binding RNA during the expression and purification process. This
will be discussed more later.

In vitro enzymatic activity assays revealed that the purified
MjMTTase catalyzed the synthesis of ms*t°A using bulk tRNA from
B. subtilis AmtaB as a substrate (Supplementary Figure S7). Notably,
the enzyme demonstrated comparable activities in the presence of the
strong chemical reductant, sodium dithionite, as well as NADPH/
FMN, a biologically-relevant reducing system recently reported for
radical SAM enzyme reduction (Supplementary Figure S7) (Eastman
etal., 2023). We also tested the activity of MjMTTase with the tRNA
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isolated from M. acetivorans AMA1153. Interestingly, the enzyme
exhibited substantially lower activity with hn®A-containing tRNA
compared to t°A-containing tRNA (Figures 7D-F).

To confirm that the methylthiolation activity observed in vitro
was due to the added tRNA in the reactions and not due to
M. maripaludis tRNA bound to the purified protein (see 260 nm
absorbance in Supplementary Figure S6B), we performed control
reactions where all reaction components were added except
tRNA. Analysis of digested nucleosides from these control
experiments revealed characteristic peaks for the abundant and well-
ionizing purine nucleosides - adenosine and guanosine - thus,
demonstrating that MjMTTase is purified with bound RNA
(Supplementary Figure S8A). However, we did not observe peaks
for any of the nucleoside modifications of interest here
(Supplementary Figure S8B). Thus, the in vitro activity was confirmed
to be a result of methylthiolation activity with the added tRNA [either
from B. subtilis AmtaB (Supplementary Figure S7) or M. acetivorans
AMA1153 (Figure 7B)] and not due to the products/substrates being
already bound to the purified protein.

Discussion

RNAs
modification in all domains of life. Depending on the location of a

Transfer undergo extensive posttranscriptional
given modification within the tertiary structure of a tRNA molecule,
the modification may have a role in translational fidelity, structural
stability, or cellular protection and recognition (Gustilo et al., 2008;
Zheng et al., 2017). The methylthio group addition occurs on
adenosine residues exclusively at position A37 (Figure 1) in select
tRNAs that decode ANN or UNN codons. Modifications at this
position stabilize the codon-anticodon interactions, thus enhancing
translational fidelity. A37 is typically modified first at the 6 position
with an isopentenyl group (i°A), a threonyl group (t°A), or a
hydroxynorvalyl group (hn®). Specific tRNAs with these modifications
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Activities of G60 ANME-1 MTTase and MjMTTase with t°A-containing tRNA compared to hn®A-containing tRNA. LC—MS analysis of in vitro reactions
with (A—C) G60 ANME-1 MTTase compared to (D—F) MjMTTase in the presence of tRNA isolated from M. acetivorans AMA1153. (A,D) Overlaid
extracted ion chromatograms for t°A and ms?t®A. (B,E) Overlaid extracted ion chromatograms for hn®A and ms?hn®A. (C,F) The associated peak
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then serve as a substrate for an MTTase enzyme that adds the
2-methylthio group (ms®) (Figure 2A). Besides tRNA, the only other
known substrate for MT Tase family members is the S12 ribosomal
protein where the f carbon of Asp88 is methylthiolated by the enzyme
RimO (Anton et al., 2008) (Figure 2B).

Structurally, MT Tases consist of three domains - an N-terminal
MTTase domain, a central radical SAM domain, and a C-terminal
TRAM domain that was previously defined as an RNA-binding
domain (Anantharaman et al., 2001; Lee et al., 2005). These enzymes
bind two [4Fe-4S] clusters — the [4Fe-4S]s cluster in the radical SAM
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domain and an auxiliary [4Fe-4S],, cluster in the N-terminal MTTase
domain. MTTases catalyze two distinct half reactions. First, traditional
nucleophilic substitution chemistry with SAM generates a methylthio
group associated with the auxiliary cluster (Forouhar et al., 2013;
Landgrafetal, 2013; Zhang et al., 2020). Then, radical SAM chemistry
with a second molecule of SAM produces 5-dAdos initiated by an
electron from the reduced [4Fe-4S]gs cluster. This radical is proposed
to abstract a C2 hydrogen from the A37 residue of the respective
tRNA substrate to facilitate installation of the methylthio group
(Esakova et al., 2021).
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Here, we describe the function of archaeal MT Tases through in
vitro and in vivo experiments. We chose to investigate an ANME-1
MTTase to elucidate the substrate(s) of this enzyme and to test our
hypothesis that this MT Tase could be responsible for the modification
of coenzyme F,;, to generate mt-F,3, (Figure 1), the coenzyme used by
MCR in ANME-1 to initiate AOM (Mayr et al., 2008; Shima et al.,
2012). However, in vitro enzyme assays with F;, did not result in the
synthesis of mt-F,;, by the G60 ANME-1 MT Tase, suggesting that the
enzyme does not catalyze this reaction. Since this is the only enzyme
encoded in ANME-1 genomes with significant homology to any
radical SAM sulfur inserting enzyme, this result raises important
questions regarding the origin of mt-F,3, in ANME-1. Non-enzymatic
methylthiolation has been described for quinone-containing antibiotics
where the required methanethiol is a catabolite of methionine (Li et al.,
2013). However, the quinone moiety is essential to activate the
molecule for chemical methylthiolation; thus, this chemistry does not
seem plausible for Fy. Indeed, in preliminary experiments with
purified F,;, and methanethiolate, we have not observed evidence for
chemical methylthiolation. Another possibility is that F;, is not the
direct substrate, but instead a precursor in the biosynthetic pathway
(Zheng et al., 2016) serves as the substrate for the methylthiolation
reaction. However, since unmodified F,;, as well as mt-F,;, are detected
in ANME-1 cultures (Allen et al., 2014), it seems most likely that F,3,
is the precursor for mt-F,;. Thus, we currently conclude that yet-to-be
discovered enzyme(s) catalyze the methylthiolation of F,3, and/or that
other proteins/cofactors/substrates are required for methylthiolation
of F 30 by the ANME-1 MTTase.

The G60 ANME-1 MTTase as well as MjMTTase catalyzed the
methylthiolation of t°A-containing tRNA and hn°A-containing tRNA
to produce ms’t*A and ms’hn°A, respectively. Interestingly,
MjMTTase seemed to prefer the t°A-containing substrate in these
experiments. This result was somewhat surprising since the ms’hn®A
modification was shown to be the major ms? species in M. jannaschii,
whereas ms*t°A was a more minor component (Yu et al., 2019).
However, it is important to note that tRNA modifications have not
been mapped in M. acetivorans, so it is possible that the ideal
substrate for MjMT Tase was not present or was not in high enough
abundance in our in vitro reactions using bulk tRNA from
M. acetivorans. Ms*hn°A was mapped to position 37 of tRNAM(CAUD
in M. jannaschii, while ms*t°A was in too low abundance to
be associated with a specific tRNA in this organism (Yu et al., 2019).
To our knowledge, ms*hn°A has not been mapped to specific tRNA(s)
in any other organism except M. jannaschii.

Our work on these archaeal MTTases supports the previous
hypothesis concerning the role of MtaB and e-MtaB clades in the
biosynthesis of ms’hn°A (Anton et al., 2008) and is consistent with
previous results that t°A and hn°A likely share the same biosynthetic
pathway (Yu et al, 2019; Swinehart et al., 2020). Although the
biosynthetic origin of hydroxynorvaline is unknown, the bacterial
enzymes responsible for t°A biosynthesis can also perform hn°A
biosynthesis using provided hydroxynorvaline as a substrate
(Swinehart et al., 2020). Thus, the hn®A modification is likely
incorporated with the same biosynthetic machinery as t°A.

An interesting aspect of the MTTase family is understanding
what dictates substrate specificity. That is, different tRNAs for MiaB
and MtaB/e-MtaB, and a protein substrate for RimO. Although the
TRAM domain was originally implicated as playing an important role
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in RNA-binding, it is now clear that all three MTTase domains are
important for substrate binding and recognition. In early studies by
Anton et al., chimeric constructs were generated with MiaB and
MtaB in B. subtilis, and the results suggested that the differential
recognition of the i® or t* modification by these enzymes is
accomplished by the MT Tase domain or the radical SAM domain,
and not by the TRAM domain (Anton et al., 2010). More recently,
crystal structures of MiaB demonstrated that all three domains of the
enzyme are engaged in interactions with the tRNA substrate and
specific residues of the enzyme have been identified that provide key
interactions to recognize the A36 residue as well as the i® modification
of A37 (Esakova et al., 2021). A hydrophobic pocket - consisting of
residues from the MTTase domain and the radical SAM domain —
was identified to recognize and accommodate the isopentenyl group.
It will be important to obtain structures of MtaB and e-MtaB
MTTases in the future to further define substrate specificity
determinants of MT Tases.

Consistent with the structural information described above,
previous work demonstrated that MiaB requires the i°A
modification to be present to catalyze the methylthiolation
reaction (Pierrel et al., 2004). However, recently, Koshla et al.
reported that the Streptomyces albidoflavus J1074 MiaB can
methylthiolate unmodified adenosine residues in tRNA to
produce ms?A (Koshla et al., 2023). Additionally, the presence of
ms’A has been reported in E. coli (Kellner et al., 2014). In our in
vitro reactions with bulk tRNA from either B.
M. acetivorans, we did not detect ms*A, suggesting that these

subtilis or

archaeal MTTases cannot methylthiolate unmodified adenosine
residues. Furthermore, ms?A has not been previously reported in
archaea and was not observed here in our targeted analysis of
M. acetivorans tRNA modifications. Other recent work reported
the identification of the thiohemiacetal - msms?i°A - in E. coli, a
modification shown to be catalyzed by MiaB (Dal Magro et al.,
2018). We did not observe evidence for this msms? modification
in any of our in vitro reactions with the archaeal MT Tases studied
here. Therefore, the e-MtaB enzymes likely do not catalyze the
sequential methylthiolation reaction.

An important observation in this work is that the ms’hn®A
nucleoside was only identified in M. acetivorans when cells were
harvested in exponential phase of growth and not in stationary phase.
This indicates that the ms® modification may be growth phase
dependent and/or that a substrate/cofactor (i.e., sulfur and/or iron) is
depleted during stationary phase growth. Additionally, due to the
seemingly dynamic nature of the ms* modification as well as its
oftentimes low abundance, it is possible that it is not detected during
tRNA modification analyses. In B. subtilis, the ms*t°A modification is
also more prevalent in exponentially growing cells compared to
stationary phase (Vold, 1973; Vold et al., 1982). On the other hand,
ms*i°A exhibits the opposite pattern where ms*°A levels are high
relative to i°A in stationary phase compared to exponential phase in
B. subtilis (Vold, 1978).

In summary, we confirm that the e-MtaB MTTases in archaea
catalyze the synthesis of ms’hn®A as well as ms*t°A. Future biochemical
and structural work will be required to further understand the
substrate specificity determinants of these enzymes as well as
combining physiological and genetic experiments to uncover potential
regulatory aspects of the ms? tRNA modification.

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1304671
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Boswinkle et al.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary material, further inquiries can be directed
to the corresponding author.

Author contributions

KB: Conceptualization, Investigation, Methodology, Writing —
review & editing. T-AD: Investigation, Methodology, Writing - review
& editing. KA: Conceptualization, Formal analysis, Funding
acquisition, Investigation, Methodology, Project administration,
Resources, Supervision, Visualization, Writing - original draft,
Writing - review & editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. Work on
modified F430s and methylthiotransferases in the Allen lab is funded
by the Department of Energy (DE-SC0022338 to KA).

Acknowledgments

We thank Biswarup Mukhopadhyay and Christian Heryakusuma
for providing the constructs and strains for the M. acetivorans Cas9
genome editing tools, as well as Dipti Nayak and William W. Metcalf
who originally provided the materials to Virginia Tech. Thank you to

References

Adam, P. S,, Borrel, G., Brochier-Armanet, C., and Gribaldo, S. (2017). The growing
tree of Archaea: new perspectives on their diversity, evolution and ecology. ISME J. 11,
2407-2425. doi: 10.1038/ismej.2017.122

Allen, K. D., Wegener, G., and White, R. H. (2014). Discovery of multiple modified F430
coenzymes in methanogens and anaerobic methanotrophic archaea suggests possible new
roles for F430 in nature. Appl. Environ. Microbiol. 80, 6403-6412. doi: 10.1128/AEM.02202-14

Anantharaman, V., Koonin, E. V., and Aravind, L. (2001). TRAM, a predicted RNA-
binding domain, common to tRNA uracil methylation and adenine thiolation enzymes,
FEMS Microbiol. Lett. 197, 215-221.

Anton, B. P, Russell, S. P, Vertrees, J., Kasif, S., Raleigh, E. A., Limbach, P. A,, et al.
(2010). Functional characterization of the YmcB and YqeV tRNA methylthiotransferases
of Bacillus subtilis. Nucleic Acids Res. 38, 6195-6205. doi: 10.1093/nar/gkq364

Anton, B. P, Saleh, L., Benner, J. S., Raleigh, E. A, Kasif, S., and Roberts, R. J. (2008).
RimO, a MiaB-like enzyme, methylthiolates the universally conserved Asp88 residue of
ribosomal protein S12 in Escherichia coli. Proc. Natl. Acad. Sci. U. S. A. 105, 1826-1831.
doi: 10.1073/pnas.0708608105

Arragain, S., Handelman, S. K., Forouhar, E, Wei, E. Y., Tomizawa, K., Hunt, J. E, et al.
(2010). Identification of eukaryotic and prokaryotic methylthiotransferase for
biosynthesis of 2-methylthio-N6-threonylcarbamoyladenosine in tRNA. J. Biol. Chem.
285, 28425-28433. doi: 10.1074/jbc.M110.106831

Avcilar-Kucukgoze, I., Gamper, H., Hou, Y. M., and Kashina, A. (2020). Purification
and use of tRNA for enzymatic post-translational addition of amino acids to proteins.
STAR Protoc 1:100207. doi: 10.1016/j.xpro.2020.100207

Battistuzzi, F. U., Feijao, A., and Hedges, S. B. (2004) A genomic timescale of
prokaryote evolution: Insights into the origin of methanogenesis, phototrophy, and the
colonization of land, BMC Evol. Biol. 44, 4, doi: 10.1186/1471-2148-4-44

Boccaletto, P, and Baginski, B. (2021). MODOMICS: an operational guide to the use
of the RNA modification pathways database. Methods Mol. Biol. 2284, 481-505. doi:
10.1007/978-1-0716-1307-8_26

Frontiers in Microbiology

10.3389/fmicb.2023.1304671

Aleksei Gendron for early work with cloning BSM21210, to Sherry
Hildreth for performing the high-resolution LC-MS analysis to
confirm hn°A identity in M. acetivorans and to Troy Stich for valuable
advice on assigning EPR signals.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

The author(s) declared that they were an editorial board member
of Frontiers, at the time of submission. This had no impact on the peer
review process and the final decision.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fmicb.2023.1304671/
full#supplementary-material

Borrel, G., Brugere, J. E, Gribaldo, S., Schmitz, R. A., and Moissl-Eichinger, C. (2020).
The host-associated archaeome, nature reviews. Microbiology 18, 622-636. doi: 10.1038/
541579-020-0407-y

Bradford, M. M. (1976). A rapid and sensitive method for the quantitation of
microgram quantities of protein utilizing the principle of protein-dye binding. Anal.
Biochem. 72, 248-254. doi: 10.1016/0003-2697(76)90527-3

Broderick, J. B., Duffus, B. R., Duschene, K. S., and Shepard, E. M. (2014). Radical
S-adenosylmethionine enzymes. Chem. Rev. 114, 4229-4317. doi: 10.1021/cr4004709

Buan, N., Kulkarni, G., and Metcalf, W. (2011). Genetic methods for methanosarcina
species. Methods Enzymol. 494, 23-42. doi: 10.1016/B978-0-12-385112-3.00002-0

Bult, C. J., White, O., Olsen, G. J., Zhou, L., Fleischmann, R. D., Sutton, G. G, et al.
(1996). Complete genome sequence of the methanogenic archaeon. Science, 1058-1073.
doi: 10.1126/science.273.5278.1058

Cavuzic, M., and Liu, Y. (2017). Biosynthesis of sulfur-containing tRNA modifications:
a comparison of bacterial, archaeal, and eukaryotic pathways. Biomol. Ther. 7. doi:
10.3390/biom7010027

Dal Magro, C., Keller, P,, Kotter, A., Werner, S., Duarte, V., Marchand, V,, et al. (2018).
A vastly increased chemical variety of RNA modifications containing a Thioacetal
structure. Angew. Chem. Int. Ed. Engl. 57, 7893-7897. doi: 10.1002/anie.201713188

Doan, P. E,, Fan, C., and Hoffman, B. M. (1994) Pulsed 1,2H ENDOR and 2H-2H
TRIPLE Resonance of H-Bonds and Cysteinyl -CH2 of the D. gigas Hydrogenase
[3Fe-4S]+ Cluster. J. Am. Chem. Soc. 116, 1033-1041. doi: 10.1021/ja000822026

Eastman, K. A. S., Jochimsen, A., and Bandarian, V. (2023) Intermolecular electron
transfer in radical SAM enzymes as a new paradigm for reductive activation, J. Biol.
Chem. 105058:299. doi: 10.1016/j.jbc.2023.105058

Esakova, O. A., Grove, T. L., Yennawar, N. H., Arcinas, A. J., Wang, B., Krebs, C., et al.
(2021). Structural basis for tRNA methylthiolation by the radical SAM enzyme MiaB.
Nature 597, 566-570. doi: 10.1038/s41586-021-03904-6

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1304671
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1304671/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1304671/full#supplementary-material
https://doi.org/10.1038/ismej.2017.122
https://doi.org/10.1128/AEM.02202-14
https://doi.org/10.1093/nar/gkq364
https://doi.org/10.1073/pnas.0708608105
https://doi.org/10.1074/jbc.M110.106831
https://doi.org/10.1016/j.xpro.2020.100207
https://doi.org/10.1186/1471-2148-4-44
https://doi.org/10.1007/978-1-0716-1307-8_26
https://doi.org/10.1038/s41579-020-0407-y
https://doi.org/10.1038/s41579-020-0407-y
https://doi.org/10.1016/0003-2697(76)90527-3
https://doi.org/10.1021/cr4004709
https://doi.org/10.1016/B978-0-12-385112-3.00002-0
https://doi.org/10.1126/science.273.5278.1058
https://doi.org/10.3390/biom7010027
https://doi.org/10.1002/anie.201713188
https://doi.org/10.1021/ja00082a026
https://doi.org/10.1016/j.jbc.2023.105058
https://doi.org/10.1038/s41586-021-03904-6

Boswinkle et al.

Fish, W. W. (1988). Rapid colorimetric micromethod for the quantitation of
complexed iron in biological samples. Methods Enzymol. 158, 357-364. doi:
10.1016/0076-6879(88)58067-9

Forouhar, F, Arragain, S., Atta, M., Gambarelli, S., Mouesca, J. M., Hussain, M., et al.
(2013). Two Fe-S clusters catalyze sulfur insertion by radical-SAM
methylthiotransferases. Nat. Chem. Biol. 9, 333-338. doi: 10.1038/nchembio.1229

Gendron, A., and Allen, K. D. (2022). Overview of diverse methyl/alkyl-coenzyme M
reductases and considerations for their potential heterologous expression. Front.
Microbiol. 13:867342. doi: 10.3389/fmicb.2022.867342

Gibson, D. G., Young, L., Chuang, R. Y., Venter, J. C., Hutchison, C. A., and
Smith, H. O. (2009). Enzymatic assembly of DNA molecules up to several hundred
kilobases. Nat. Methods 6, 343-345. doi: 10.1038/nmeth.1318

Guss, A. M., Rother, M., Zhang, J. K., Kulkarni, G., and Metcalf, W. W. (2008). New
methods for tightly regulated gene expression and highly efficient chromosomal
integration of cloned genes for Methanosarcina species. Archaea 2, 193-203. doi:
10.1155/2008/534081

Gustilo, E. M., Vendeix, F. A., and Agris, P. E. (2008). tRNA's modifications bring order
to gene expression. Curr. Opin. Microbiol. 11, 134-140. doi: 10.1016/j.mib.2008.02.003

Holliday, G. L., Akiva, E., Meng, E. C., Brown, S. D., Calhoun, S., Pieper, U,, et al.
(2018). Atlas of the radical SAM superfamily: divergent evolution of function using a
"plug and play" domain. Methods Enzymol. 606, 1-71. doi: 10.1016/bs.mie.2018.06.004

Imlay, J. A. (2006). Iron-Sulphur clusters and the problem with oxygen. Mol. Microbiol.
59, 1073-1082. doi: 10.1111/j.1365-2958.2006.05028.x

Jackman, J. E., and Alfonzo, J. D. (2013). Transfer RNA modifications: nature's
combinatorial chemistry playground. Wiley Interdiscip Rev RNA 4, 35-48. doi: 10.1002/
wrna.1144

Johnson, C., England, A., Munro-Ehrlich, M., Colman, D. R., DuBois, J. L., and
Boyd, E. S. (2021). Pathways of Iron and sulfur acquisition, cofactor assembly,
destination, and storage in diverse archaeal methanogens and Alkanotrophs. J. Bacteriol.
203:€0011721. doi: 10.1128/JB.00117-21

Kaneko, M., Takano, Y., Chikaraishi, Y., Ogawa, N. O., Asakawa, S., Watanabe, T,, et al.
(2014). Quantitative analysis of coenzyme F430 in environmental samples: a new
diagnostic tool for methanogenesis and anaerobic methane oxidation. Anal. Chem. 86,
3633-3638. doi: 10.1021/ac500305j

Kellner, S., Neumann, J., Rosenkranz, D., Lebedeva, S., Ketting, R. E, Zischler, H., et al.
(2014). Profiling of RNA modifications by multiplexed stable isotope labelling. Chem.
Commun. (Camb.) 50, 3516-3518. doi: 10.1039/c3cc49114e

Koo, B. M., Kritikos, G., Farelli, J. D., Todor, H., Tong, K., Kimsey, H., et al. (2017).
Construction and analysis of two genome-scale deletion libraries for Bacillus subtilis.
Cell Syst 4:€297, 291-305.€7. doi: 10.1016/j.cels.2016.12.013

Koshla, O., Vogt, L. M., Rydkin, O., Sehin, Y., Ostash, I., Helm, M., et al. (2023).
Landscape of post-transcriptional tRNA modifications in Streptomyces albidoflavus
J1074 as portrayed by mass spectrometry and genomic data mining. J. Bacteriol.
205:€0029422. doi: 10.1128/jb.00294-22

Krukenberg, V., Riedel, D., Gruber-Vodicka, H. R,, Buttigieg, P. L., Tegetmeyer, H. E.,
Boetius, A., et al. (2018). Gene expression and ultrastructure of meso- and thermophilic
methanotrophic consortia. Environ. Microbiol. 20, 1651-1666. doi: 10.1111/1462-2920.14077

Landgraf, B. J., Arcinas, A. J., Lee, K. H., and Booker, S. J. (2013). Identification of an
intermediate methyl carrier in the radical S-adenosylmethionine methylthiotransferases
RimO and MiaB. J. Am. Chem. Soc. 135, 15404-15416. doi: 10.1021/ja4048448

Landgraf, B. ]., McCarthy, E. L., and Booker, S. . (2016). Radical S-Adenosylmethionine
enzymes in human health and disease. Annu. Rev. Biochem. 85, 485-514. doi: 10.1146/
annurev-biochem-060713-035504

Lee, T. T., Agarwalla, S., and Stroud, R. M. (2005). A unique RNA fold in the RumA-
RNA-cofactor ternary complex contributes to substrate selectivity and enzymatic
function. Cells 120, 599-611. doi: 10.1016/j.cell.2004.12.037

Li, S., Cui, J., Lu, X., Zheng, Z., Liu, X., Ni, S, et al. (2013). Methanethiol as a catabolite
of methionine provides methylthio- group for chemical formation of
19-S-methylgeldanamycin and 17,19-dimethylthioherbimycin a. J. Antibiot. (Tokyo) 66,
499-503. doi: 10.1038/ja.2013.31

Liu, Y, Beer, L. L., and Whitman, W. B. (2012). Methanogens: a window into ancient
sulfur metabolism. Trends Microbiol. 20, 251-258. doi: 10.1016/j.tim.2012.02.002

Liu, A., and Graslund, A. (2000). Electron paramagnetic resonance evidence for a
novel interconversion of [3Fe-4S]+ and [4Fe-4S]+ clusters with endogenous iron and
sulfide in anaerobic ribonucleotide reductase activase in vitro. J. Biol. Chem. 275,
12367-12373. doi: 10.1074/jbc.275.17.12367

Liu, Y., Sieprawska-Lupa, M., Whitman, W. B., and White, R. H. (2010). Cysteine is
not the sulfur source for iron-sulfur cluster and methionine biosynthesis in the
methanogenic archaeon Methanococcus maripaludis. J. Biol. Chem. 285, 31923-31929.
doi: 10.1074/jbc.M110.152447

Lyu, Z., Shao, N., Akinyemi, T., and Whitman, W. B. (2018). Methanogenesis. Curr.
Biol. 28, R727-R732. doi: 10.1016/j.cub.2018.05.021

Major, T. A, Burd, H., and Whitman, W. B. (2004). Abundance of 4Fe-4S motifs in the
genomes of methanogens and other prokaryotes, FEMS Microbiol. Lett. 239, 117-123. doi:
10.1016/j.femsle.2004.08.027

Frontiers in Microbiology

13

10.3389/fmicb.2023.1304671

Mayr, S., Latkoczy, C., Kruger, M., Gunther, D., Shima, S., Thauer, R. K., et al. (2008).
Structure of an F430 variant from archaea associated with anaerobic oxidation of
methane. J. Am. Chem. Soc. 130, 10758-10767. doi: 10.1021/ja802929z

McCloskey, J. A., Graham, D. E., Zhou, S., Crain, P. E, Ibba, M., Konisky, J., et al.
(2001). Post-transcriptional modification in archaeal tRNAs: identities and phylogenetic
relations of nucleotides from mesophilic and hyperthermophilic Methanococcales.
Nucleic Acids Res. 29, 4699-4706. doi: 10.1093/nar/29.22.4699

Metcalf, W. W, Zhang, J. K., Apolinario, E., Sowers, K. R., and Wolfe, R. S. (1997). A
genetic system for Archaea of the genus Methanosarcina: liposome-mediated
transformation and construction of shuttle vectors. Proc. Natl. Acad. Sci. U. S. A. 94,
2626-2631. doi: 10.1073/pnas.94.6.2626

Meyerdierks, A., Kube, M., Kostadinov, I, Teeling, H., Glockner, E. O., Reinhardt, R, et al.
(2010). Metagenome and mRNA expression analyses of anaerobic methanotrophic archaea
of the ANME-1 group. Environ. Microbiol. 12,422-439. doi: 10.1111/j.1462-2920.2009.02083 x

Moissl-Eichinger, C., Pausan, M., Taffner, J., Berg, G., Bang, C., and Schmitz, R. A.
(2018). Archaea are interactive components of complex microbiomes. Trends Microbiol.
26, 70-85. doi: 10.1016/j.tim.2017.07.004

Moore, B. C., and Leigh, J. A. (2005). Markerless mutagenesis in Methanococcus
maripaludis demonstrates roles for alanine dehydrogenase, alanine racemase, and
alanine permease. J. Bacteriol. 187, 972-979. doi: 10.1128/JB.187.3.972-979.2005

Nayak, D. D., and Metcalf, W. W. (2017). Cas9-mediated genome editing in the
methanogenic archaeon Methanosarcina acetivorans. Proc. Natl. Acad. Sci. U. S. A. 114,
2976-2981. doi: 10.1073/pnas.1618596114

Nayak, D. D., and Metcalf, W. W. (2018). Genetic techniques for studies of methyl-
coenzyme M reductase from Methanosarcina acetivorans C2A. Methods Enzymol. 613,
325-347. doi: 10.1016/bs.mie.2018.10.012

Noon, K. R., Guymon, R., Crain, P. E, McCloskey, J. A., Thomm, M., Lim, J., et al.
(2003). Influence of temperature on tRNA modification in archaea: Methanococcoides
burtonii (optimum growth temperature [Topt], 23 degrees C) and Stetteria hydrogenophila
(Topt, 95 degrees C). J. Bacteriol. 185, 5483-5490. doi: 10.1128/]B.185.18.5483-5490.2003

Oberg, N., Precord, T. W, Gerlt, J. A., and Mitchell, D. A. (2022). RadicalSAM.org: a
resource to interpret sequence-function space and discover new radical SAM enzyme
Chemisry. ACS Bio Med Chem Au 2, 22-35. doi: 10.1021/acsbiomedchemau.1c00048

Pfaltz, A., Jaun, B., Fassler, A., Eschenmoser, A., Jaenchen, R., Gilles, H. H., et al.
(1982). Factor-F430 from methanogenic Bacteria - structure of the Porphinoid ligand
system. Helv. Chim. Acta 65, 828-865. doi: 10.1002/hlca.19820650320

Pfaltz, A., Kobelt, A., Huster, R., and Thauer, R. K. (1987). Biosynthesis of coenzyme
F430 in methanogenic bacteria. Identification of 15,17(3)-seco-F430-17(3)-acid as an
intermediate. Eur. J. Biochem. 170, 459-467. doi: 10.1111/j.1432-1033.1987.tb13722.x

Pierrel, F, Douki, T., Fontecave, M., and Atta, M. (2004). MiaB protein is a bifunctional
radical-S-adenosylmethionine enzyme involved in thiolation and methylation of tRNA.
J. Biol. Chem. 279, 47555-47563. doi: 10.1074/jbc.M408562200

Reddy, D. M,, Crain, P. E, Edmonds, C. G., Gupta, R., Hashizume, T., Stetter, K. O.,
etal. (1992). Structure determination of two new amino acid-containing derivatives of
adenosine from tRNA of thermophilic bacteria and archaea. Nucleic Acids Res. 20,
5607-5615. doi: 10.1093/nar/20.21.5607

Sarmiento, E, Leigh, J. A., and Whitman, W. B. (2011). Genetic systems for
hydrogenotrophic methanogens. Methods Enzymol. 494, 43-73. doi: 10.1016/
B978-0-12-385112-3.00003-2

Schweizer, U., Bohleber, S., and Fradejas-Villar, N. (2017). The modified base
isopentenyladenosine and its derivatives in tRNA. RNA Biol. 14, 1197-1208. doi:
10.1080/15476286.2017.1294309

Shima, S., Krueger, M., Weinert, T., Demmer, U,, Kahnt, J., Thauer, R. K., et al. (2012).
Structure of a methyl-coenzyme M reductase from Black Sea mats that oxidize methane
anaerobically. Nature 481, 98-101. doi: 10.1038/nature10663

Sofia, H.J,, Chen, G., Hetzler, B. G., Reyes-Spindola, J. E, and Miller, N. E. (2001). Radical
SAM, a novel protein superfamily linking unresolved steps in familiar biosynthetic pathways
with radical mechanisms: functional characterization using new analysis and information
visualization methods. Nucleic Acids Res. 29, 1097-1106. doi: 10.1093/nar/29.5.1097

Sowers, K. R., Boone, J. E., and Gunsalus, R. P. (1993). Disaggregation of
Methanosarcina spp. and growth as single cells at elevated Osmolarity. Appl. Environ.
Microbiol. 59, 3832-3839. doi: 10.1128/aem.59.11.3832-3839.1993

Su, C,, Jin, M., and Zhang, W. (2022). Conservation and diversification of tRNA t(6)
A-modifying enzymes across the three domains of life. Int. J. Mol. Sci. 23. doi: 10.3390/
{jms232113600

Swinehart, W., Deutsch, C., Sarachan, K. L., Luthra, A., Bacusmo, J. M., de
Crecy-Lagard, V., et al. (2020). Specificity in the biosynthesis of the universal tRNA
nucleoside N(6)-threonylcarbamoyl adenosine (#(6)a)-TsaD is the gatekeeper. RNA 26,
1094-1103. doi: 10.1261/rna.075747.120

Thauer, R. K. (2019). Methyl (alkyl)-coenzyme M reductases: nickel F-430-containing
enzymes involved in anaerobic methane formation and in anaerobic oxidation of methane or
of short chain alkanes. Biochemistry 58, 5198-5220. doi: 10.1021/acs.biochem.9b00164

Timmers, P. H., Welte, C. U,, Koehorst, J. ], Plugge, C. M, Jetten, M. S., and Stams, A. J.
(2017). Reverse Methanogenesis and respiration in Methanotrophic Archaea. Archaea
2017, 1-22. doi: 10.1155/2017/1654237

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1304671
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1016/0076-6879(88)58067-9
https://doi.org/10.1038/nchembio.1229
https://doi.org/10.3389/fmicb.2022.867342
https://doi.org/10.1038/nmeth.1318
https://doi.org/10.1155/2008/534081
https://doi.org/10.1016/j.mib.2008.02.003
https://doi.org/10.1016/bs.mie.2018.06.004
https://doi.org/10.1111/j.1365-2958.2006.05028.x
https://doi.org/10.1002/wrna.1144
https://doi.org/10.1002/wrna.1144
https://doi.org/10.1128/JB.00117-21
https://doi.org/10.1021/ac500305j
https://doi.org/10.1039/c3cc49114e
https://doi.org/10.1016/j.cels.2016.12.013
https://doi.org/10.1128/jb.00294-22
https://doi.org/10.1111/1462-2920.14077
https://doi.org/10.1021/ja4048448
https://doi.org/10.1146/annurev-biochem-060713-035504
https://doi.org/10.1146/annurev-biochem-060713-035504
https://doi.org/10.1016/j.cell.2004.12.037
https://doi.org/10.1038/ja.2013.31
https://doi.org/10.1016/j.tim.2012.02.002
https://doi.org/10.1074/jbc.275.17.12367
https://doi.org/10.1074/jbc.M110.152447
https://doi.org/10.1016/j.cub.2018.05.021
https://doi.org/10.1016/j.femsle.2004.08.027
https://doi.org/10.1021/ja802929z
https://doi.org/10.1093/nar/29.22.4699
https://doi.org/10.1073/pnas.94.6.2626
https://doi.org/10.1111/j.1462-2920.2009.02083.x
https://doi.org/10.1016/j.tim.2017.07.004
https://doi.org/10.1128/JB.187.3.972-979.2005
https://doi.org/10.1073/pnas.1618596114
https://doi.org/10.1016/bs.mie.2018.10.012
https://doi.org/10.1128/JB.185.18.5483-5490.2003
http://RadicalSAM.org
https://doi.org/10.1021/acsbiomedchemau.1c00048
https://doi.org/10.1002/hlca.19820650320
https://doi.org/10.1111/j.1432-1033.1987.tb13722.x
https://doi.org/10.1074/jbc.M408562200
https://doi.org/10.1093/nar/20.21.5607
https://doi.org/10.1016/B978-0-12-385112-3.00003-2
https://doi.org/10.1016/B978-0-12-385112-3.00003-2
https://doi.org/10.1080/15476286.2017.1294309
https://doi.org/10.1038/nature10663
https://doi.org/10.1093/nar/29.5.1097
https://doi.org/10.1128/aem.59.11.3832-3839.1993
https://doi.org/10.3390/ijms232113600
https://doi.org/10.3390/ijms232113600
https://doi.org/10.1261/rna.075747.120
https://doi.org/10.1021/acs.biochem.9b00164
https://doi.org/10.1155/2017/1654237

Boswinkle et al.

Tunckanat, T., Gendron, A., Sadler, Z., Neitz, A., Byquist, S., Lie, T. J., et al. (2022).
Lysine 2,3-aminomutase and a newly discovered glutamate 2,3-aminomutase produce
beta-amino acids involved in salt tolerance in methanogenic Archaea. Biochemistry 61,
1077-1090. doi: 10.1021/acs.biochem.2c00014

Vold, B. S. (1973). Analysis of isoaccepting transfer ribonucleic acid species of
Bacillus subtilis: changes in chromatography of transfer ribonucleic acids associated
with stage of development. J. Bacteriol. 114, 178-182. doi: 10.1128/jb.114.1.
178-182.1973

Vold, B. S. (1978). Post-transcriptional modifications of the anticodon loop
region: alterations in isoaccepting species of tRNA's during development in
Bacillus  subtilis. J.  Bacteriol. 135, 124-132. doi: 10.1128/jb.135.1.
124-132.1978

Vold, B. S., Keith, D. E. Jr., Buck, M., McCloskey, J. A., and Pang, H. (1982). Lysine
tRNAs from Bacillus subtilis 168: structural analysis. Nucleic Acids Res. 10, 3125-3132.
doi: 10.1093/nar/10.10.3125

Walters, A. D., Smith, S. E., and Chong, J. P. (2011). Shuttle vector system for
Methanococcus maripaludis with improved transformation efficiency. Appl. Environ.
Microbiol. 77, 2549-2551. doi: 10.1128/AEM.02919-10

Frontiers in Microbiology

10.3389/fmicb.2023.1304671

Wei, E Y., Zhou, B., Suzuki, T., Miyata, K., Ujihara, Y., Horiguchi, H., et al. (2015).
Cdk5rap1-mediated 2-methylthio modification of mitochondrial tRNAs governs protein
translation and contributes to myopathy in mice and humans. Cell Metab. 21, 428-442.
doi: 10.1016/j.cmet.2015.01.019

Wolfe, R. S. (2011). Techniques for cultivating methanogens. Methods Enzymol. 494,
1-22. doi: 10.1016/B978-0-12-385112-3.00001-9

Yu, N., Jora, M., Solivio, B., Thakur, P., Acevedo-Rocha, C. G., Randau, L., et al. (2019).
tRNA modification profiles and codon-decoding strategies in Methanocaldococcus
jannaschii. J. Bacteriol. 201. doi: 10.1128/JB.00690-18

Zhang, B., Arcinas, A. J., Radle, M. I, Silakov, A., Booker, S. J., and Krebs, C. (2020).
First step in catalysis of the radical S-Adenosylmethionine Methylthiotransferase MiaB
yields an intermediate with a [3Fe-4S](0)-like auxiliary cluster. J. Am. Chem. Soc. 142,
1911-1924. doi: 10.1021/jacs.9b11093

Zheng, C., Black, K. A., and Dos Santos, P. C. (2017). Diverse mechanisms of sulfur decoration
in bacterial tRNA and their cellular functions. Biomol. Ther. 7. doi: 10.3390/biom7010033

Zheng, K., Ngo, P. D., Owens, V. L., Yang, X. P, and Mansoorabadj, S. O. (2016). The
biosynthetic pathway of coenzyme F430 in methanogenic and methanotrophic archaea.
Science 354, 339-342. doi: 10.1126/science.aag2947

14 frontiersin.org


https://doi.org/10.3389/fmicb.2023.1304671
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1021/acs.biochem.2c00014
https://doi.org/10.1128/jb.114.1.178-182.1973
https://doi.org/10.1128/jb.114.1.178-182.1973
https://doi.org/10.1128/jb.135.1.124-132.1978
https://doi.org/10.1128/jb.135.1.124-132.1978
https://doi.org/10.1093/nar/10.10.3125
https://doi.org/10.1128/AEM.02919-10
https://doi.org/10.1016/j.cmet.2015.01.019
https://doi.org/10.1016/B978-0-12-385112-3.00001-9
https://doi.org/10.1128/JB.00690-18
https://doi.org/10.1021/jacs.9b11093
https://doi.org/10.3390/biom7010033
https://doi.org/10.1126/science.aag2947

	Biochemical and genetic studies define the functions of methylthiotransferases in methanogenic and methanotrophic archaea
	Introduction
	Materials and methods
	Chemicals
	Strains and growth procedures
	General molecular biology procedures
	G60 ANME-1 MTTase expression and purification
	Methanococcus maripaludis culture, transformation, and MjMTTase purification
	Electron paramagnetic resonance (EPR) spectroscopy
	In vitro enzyme assays with coenzyme F430
	tRNA purification and digestion
	In vitro enzyme assays with tRNA
	Generation of a MA1153 deletion in Methanosarcina acetivorans

	Results
	Identification and initial characterization of an ANME-1 MTTase
	In vitro methylthiolation activity of the G60 ANME-1 MTTase
	In vivo confirmation of MTTase function in Methanosarcina acetivorans
	In vitro activity of G60 ANME-1 MTTase with hn6A-containing tRNA
	In vitro enzymatic activity of the Methanocaldococcus jannaschii MTTase

	Discussion
	Data availability statement
	Author contributions

	References

