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ABSTRACT

N'-methylation of adenosine to m'A occurs in
several different positions in tRNAs from various
organisms. A methyl group at position N' prevents
Watson-Crick-type base pairing by adenosine and is
therefore important for regulation of structure and
stability of tRNA molecules. Thus far, only one family
of genes encoding enzymes responsible for m'A
methylation at position 58 has been identified, while
other m'A methyltransferases (MTases) remain
elusive. Here, we show that Bacillus subtilis open
reading frame yqfN is necessary and sufficient for
N'-adenosine methylation at position 22 of bacterial
tRNA. Thus, we propose to rename YqfN as TrmK,
according to the traditional nomenclature for bac-
terial tRNA MTases, or TrMet(m'A22) according to
the nomenclature from the MODOMICS database of
RNA modification enzymes. tRNAs purified from a
AtrmK strain are a good substrate in vitro for the
recombinant TrmK protein, which is sufficient for
m'A methylation at position 22 as are tRNAs from
Escherichia coli, which natively lacks m'A22. TrmK
is conserved in Gram-positive bacteria and present
in some Gram-negative bacteria, but its orthologs
are apparently absent from archaea and eukaryota.
Protein structure prediction indicates that the active
site of TrmK does not resemble the active site of the
m'A58 MTase Trml, suggesting that these two
enzymatic activities evolved independently.

INTRODUCTION

Transfer RNAs (tRNAs) contain a large number of
modified nucleosides generated posttranscriptionally by
a variety of enzymes (1). Among nucleoside modifications,
base and/or ribose methylations are by far the most fre-
quent and diverse. They are catalyzed by methyltrans-
ferases (MTases), a great majority of which wuse
S-adenosyl-L-methionine (AdoMet) as a methyl group
donor (2).

The modified nucleoside 1-methyladenosine (m'A) is
found at four different positions (9, 14, 22 and 58) in
tRNAs (3) and is also formed at position 57 as an inter-
mediate in the biosynthesis of 1-methylinosine (m'I) (4).
m'A9 occurs in mammalian mitochondrial tRNAs.
The presence of this modification in mitochondrial
tRNAM* avoids the formation of an alternative structure
of the tRNA by preventing the formation of a base pair
between A9 and U64 (5). An m'A9 activity was detected in
extracts prepared from mitochondrial fractions from
human HelLa cells; the corresponding gene, however, has
not been identified. m'A14 is rare and thus far has been
reported only in cytoplasmic tRNAP™ from several
mammals (3). A tRNA:m'Al4 MTase activity was
identified in an extract prepared from rat brain cortices
and the enzyme was partially purified (6). The gene
encoding this enzyme also remains unknown. Unlike the
two aforementioned positions of m'A modification, m'A58
is found in tRNAs from organisms belonging to the three
domains of life. The genes and corresponding enzymes
(Trm6 and Trml in eukaryota and prokaryota, respec-
tively) were identified and characterized in yeast (7) and

*To whom correspondence should be addressed. Tel: +48 22 597 0750; Fax: +48 22 597 0715; Email: iamb@genesilico.pl
Correspondence may also be addressed to Louis Droogmans. Tel: +32 2 526 7715; Fax: +32 2 526 7273; Email: Idroogma@ulb.ac.be

The authors wish it to be known that, in their opinion, the first two authors should be regarded as joint First Authors

© 2008 The Author(s)

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/
by-nc/2.0/uk/) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.



humans (8), in the bacteria Thermus thermophilus (9) and
Mycobacterium tuberculosis (10) and in the archacon
Pyrococcus abyssi (11). The archaeal tRNA:m'A58
MTase was shown to be a region-specific enzyme, also
forming m'A at position 57 (intermediate in the formation
of m'I). The yeast tRNA:m'A58 MTase is essential for
growth, its absence leading to degradation of the initiator
tRNA (7). On the other hand, a T thermophilus mutant, in
which the #rml gene has been inactivated, displays a
thermosensitive phenotype (9).

In the present work, we focus our attention on the
MTase that catalyzes m'A at position 22 in tRNA. So far,
this modification has been found only in tRNAS" and
tRNAT" (tRNAs with a long extra arm) from Bacillus
subtilis (12,13) and Mycoplasma capricolum (14). Earlier
studies showed that an AdoMet-dependent m'A MTase
activity is present in B. subtilis extracts (15). This B. subtilis
enzyme modifies adenosine in the sequence 5-AA,,GG
C-3" and requires that the target nucleoside, which is part of
the D-loop, is not paired (16). In this work, we demonstrate
that this enzyme, hereafter named TrmK, is encoded by the
yqfN gene in B. subtilis.

MATERIALS AND METHODS
Bioinformatics analyses

Searches of the non-redundant version of current sequence
databases (nr) were carried out at the NCBI using PSI-
BLAST (17) with default parameters, except for using a
stringent expectation (e)-value threshold of 1e-30 to
restrict the analysis to YqfN orthologs and prevent
‘explosion’ of the search by inclusion of all members of
the large Rossmann fold methyltransferase (RFM) super-
family. Multiple sequence alignment of the YqfN protein
family was calculated using PROMALS (18) with default
parameters. Comparisons between the YqfN family and
families in the Clusters of Orthologous Groups (COGQG)
database were done with HHpred (19). Based on the YqfN
family alignment, a phylogenetic tree was calculated with
MEGA 3.1 (20), using the Neighbor-Joining method, with
the JTT model of substitutions and pairwise deletions.
The stability of individual nodes was calculated using the
bootstrap test (1000 replicates).

Secondary structure prediction, identification of ordered
and disordered regions and tertiary fold recognition (FR)
was carried out via the GeneSilico MetaServer (21), which

Table 1. Sequence of used oligonucleotides
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is a gateway for >30 third-party methods (for references to
original methods see http://genesilico.pl/meta2/). Based on
the FR alignments to the top-scoring templates we
constructed the homology model of YqfN using the
so-called ‘FRankenstein’s Monster’ method (22,23),
which has been validated as one of the best approaches
for template-based modeling in CASP5 and CASP6. The
C-terminal extension has been modeled using the
ROSETTA method (24) for de novo (template free) protein
structure prediction. Model quality has been assessed using
PROQ (25). Mapping of sequence conservation onto the
model was done via the COLORADO3D server (26), using
the Rate4Site method, with the JTT substitution matrix
and ML model for rate inference.

Cloning of the B. subtilis yqfN gene

The B. subtilis yqfN gene was amplified by PCR from
B. subtilis strain 168 DNA using oligonucleotides yqfn-1/3
and yqfn-2 (Table 1) and Pwo DNA polymerase (Roche
Diagnostics, Rotkreuz, Switzerland). The 716 bp amplified
product was cloned into the PCRII blunt vector using the
PCR cloning kit of (Invitrogen, Carlsbad, USA), giving
PCR-yqfN. The cloned fragment was verified by sequen-
cing. The 705bp Ndel-Xhol fragment of PCR-ygfN was
then cloned between the Ndel and Xhol restriction sites of
the pET28b expression vector, resulting in the plasmid
pET-ygfN. This plasmid allowed T7 expression in
Escherichia coli of the B. subtilis YqfN protein bearing
an N-terminal His-tag.

Expression and purification of the recombinant YqfN protein

The His-tagged B. subtilis YqfN protein was expressed in
the E. coli strain BL21(DE3). This strain transformed by
pET-yqgfN was grown at 37°C in 21 of LB supplemented
with kanamycin (30 pg/ml) to an optical density of 0.5at
660nm. At this stage IPTG was added (I mM final) to
induce recombinant protein expression. Cells were har-
vested after another 3 h of incubation and resuspended in
20 ml of buffer A (Tris—HCI 50 mM, MgCl, 10 mM, pH 8)
and sonicated for 30min at a power of 200 Watts. The
extract was centrifuged for 1 h at 50000g. The bulk of the
nucleic acids were removed by adding 0.15ml of a 10%
polyethyleneimine solution for each milliliter of super-
natant of the above step. The solution was stirred on ice for
20 min and centrifuged for 15 min at 15000g. The pellet was
discarded and solid ammonium sulfate was added to 33%

Name Sequence of oligonucleotide Use

Yqfn-1  5-TCGACATATGGCCGATATCGGCTCTGAC-3’ Amplification of a truncated variant of ygfN gene
Yqfn-2  5-TCGACTCGAGTTAGCCATGATCGATTACCTCCTTTAACAGCTC-3’

Yqfn-3  5-TCGACATATGAACGAATTAAAATTATCTAAACGATTG-3 Amplification of a full-length variant of ygfN gene
Yqfn-2  5-TCGACTCGAGTTAGCCATGATCGATTACCTCCTTTAACAGCTC-3/

Yqfn-4  5-TACCAAGCTTGGGAGACGGACTGGAAGTG-3 Amplification of a central part of ygfN gene
Yqfn-5  5-TACGGGATCCGAAAGGGCCAACGAGCATC-3

tser-1 5'-TATCGCTTAATACGACTCACTATAGGAGAGCTGTCCGAGTGGTCG-3'
tser-2 5'-TATCGCCCTGGTGGCGGAGAGCAAGGGATTCG-3'

p-ext 5" CACGATTTCCAATC-3’

Amplification of tRNAS gene

Primer extension
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saturation. After stirring for 15min, the precipitate was
removed by centrifugation at 18000g for 15min. The
supernatant was saturated at 90% ammonium sulfate in the
same conditions as described above. The pellet was
collected by centrifugation at 18000g for 15min and
dissolved in 8 ml buffer A. The sample was loaded on a
Nickel Sepharose chelating column (1.6 x 10cm) equili-
brated in Tris=HCI 50mM, MgCl, 10mM and NaCl
500 mM, pH 8 and eluted with a gradient of imidazole from
0 to 1 M in the same buffer. Electrophoretically pure YqfN
protein (12 mg) was obtained after chromatography on a
Superose P12 molecular sieve column equilibrated with
Tris—HCI 50 mM, MgCl, 10 mM, NaCl 100 mM, pH 8.

Clomnsg and T7 in vitro transcription of the B. subtilis
tRNA>" (GGA) gene

The sequence encoding the B. subtilis tRNAS" (GGA) was
amplified by PCR using oligonucleotides tser-1 and tser-2
(Table 1) and Pwo DNA polymerase. The PCR product
was cloned into the Smal site of the pUCIS vector, giving
plasmid pUC-tser in which the tRNA sequence is flanked
by a 5 T7 promoter and a 3’ Mval restriction site. The
plasmid insert was verified by sequencing. The general
procedure for the generation of in vitro transcripts of tRNA
genes is based on the method described previously (27)
Radioactive (**P) in vitro transcripts were obtained using
Myval di §ested pUC-tser plasmid as template. [¢->*P]-ATP
and [o-**P]-GTP were from ICN Biomedicals, Irvine, USA
and T7 RNA polymerase from Roche Diagnostics.
Radioactive transcripts were purified by 10% polyacryla-
mide gel electrophoresis.

tRINA MTase assays

The two types of tRNA MTase assays used in this work
were described in (9). The first method consisted in
measuring the amount of '*C trdnsferred to total E. coli
or B. subtilis ygfN tRNA using [methyl-"*C] AdoMet as
methyl donor. The reaction mixture (400 ul) consisted
of 50 mM Tris—HCI, 10 mM MgCl,, 100 pg total tRNA, 25
nCi [methyl-"*C] AdoMet (50 mCi/mmol; GE Healthcare,
Piscataway, USA) and extract or enzyme. The second t%/pe
of tRNA MTase assay involved in vitro transcribed,
labeled tRNAs as substrates (28). Modified nucleotldes
were analyzed by 2D-TLC on cellulose plates (Merck,
Whitehouse Station, USA). First dimension developed
with solvent A (isobutyric acid/concentrated NH4,OH/
water; 66/1/33; v/v/v); second dimension developed with
solvent B (0.1 M sodium phosphate pH 6.8/(NH4),SO4/
n-propanol; 100/60/2; v/w/v). The nucleotides were identi-
fied using a reference map (29).

yqfN gene inactivation in B. subtilis

B. subtilis ygfN inactivation was performed according to
(30), using the pMUTIN integrational vector (conferring
erythromyecin resistance) in which a 324 bp fragment of the
central part of the ygfN gene (yqfN. was cloned.
Integration of this pMUTIN-y¢fN,. plasmid occurs into
the target gene ygfN. The 324 bp yqfN. fragment was PCR
amplified using oligonucleotides mut-1 and mut-2 (Table 1)
which contain a HindIII and a BamHI restriction site,

respectively, to facilitate its cloning into the HindIII and
BamHI sites of the pMUTIN vector. The resulting plasmid
pMUTIN-ygfN_.was transformed into B. subtilis according
to (31). Transformants were selected on erythromycin
plates (200 mg/1).

Detection of m'A by HPLC

A sample of ~200 pg of totally hydrolyzed tRNA from the
B. subtilis WT and AtrmK strain was injected on a Supelco
Discovery C18 (250 x 4.6) mm HPLC column equilibrated
with ammonium acetate 0.25M, pH 8. The column was
eluted with a linear gradient of acetonitrile/water (40/60)
at a flow rate of 1.2 ml/min. The nucleosides were detected
by UV absorption at 254 nm.

Mapping of m'A residue

Two different tRNA sources were used. On one hand total
tRNA was isolated from WT and AtrmK B. subtilis cells.
tRNAs with a long extra arm (tRNAS" of B. subtilis has
an extra arm) were isolated from a 10% polyacrylamide
gel. On the other hand B. subtilis tRNAS" was synthesized
in vitro using the T7 RNA polymerase high yield kit from
Fermentas, Vilnius, Lithuania. Two micrograms of these
tRNAs were used for hybridization with a 5" end labeled
primer (Table 1). The primer (0.5 pmol) was annealed to
the tRNA in 50 mM Tris—HCI, pH 8.6, 60 mM NaCl and
10mM DTT for 2min at 90°C and then gradually cooled
down to room temperature. Primer extension and
sequencing reactions were performed as described in (32).

RESULTS

Prediction that quN is the MTase responsible for the
formation of m'A22 in tRNA and correction of its
amino acid sequence

As a part of a large-scale project aiming at identification
of new RNA MTases (33) we searched for families from
the RFM superfamily (34), whose pattern of phylogenetic
occurrence, as indicated in the COG database (35),
exhibited similarity to patterns of occurrence of known
RNA methylations without known enzymes (1,36). In the
course of this analysis, we identified the COG2384 family
as potential candidates for the so far uncharactenzed
enzymes responsible for the biosynthesis of m'A mod-
ification present at the position 22 of tRNAS" and
tRNA™" in B. subtilis and M. capricolum, but not present
in E. coli, Mycobacteria and Archaea [among organisms,
for which tRNA sequences are available (3)]. Searches of
the non-redundant sequence database at the NCBI using
PSI-BLAST queried by the consensus sequence derived
from COG2384 revealed a family of orthologs conserved
in Firmicutes (including Bacillus and Mycoplasma), but
absent from E. coli, Mycobacteria and Archaea (Figure 1).
Independently, de Crecy-Lagard and coworkers have also
found the agreement between the phyletic patterns of
m'A22 and COG2384, and proposed that these proteins
may be MTases responsible for this modification (37).

As a representative sequence for experimental valida-
tion we selected the YqfN protein from B. subtilis because
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Figure 1. Multiple sequence alignment of the YqfN/TrmK family. Only representative sequences are shown and named using a six-letter abbreviation
for genus and species, e.g. Bacsub for B. subtilis, followed by the NCBI GI number. Full alignment is available as Supplementary Data 1. The amino
acid residues of B. subtilis YqfN/TrmK are numbered. The template structures detected by FR and used for modeling are shown at the bottom,

identified by their PDB accession numbers. Invariant and conserved

residues are highlighted in black and dark grey, respectively. Secondary

structures taken from the final model of YqfN/TrmK and observed in template structures are indicated as tubes and arrows (helices and strands,
respectively). Secondary structure of YqfN/TrmK is colored black in regions based on conserved parts of the templates, while regions folded de novo
are shown in light grey. Residues predicted to be involved in AdoMet binding (‘$’) or RNA binding and/or catalysis (‘&’) are indicated above the
alignment. The previously proposed (apparently incorrect) N-terminal methionine is indicated by ‘inverted filled triangle’.

of the relative ease of genetic manipulations with
B. subtilis and the availability of tRNA sequences from
this organism with experimentally determined position of
modified nucleosides (3). However, analysis of the
COG2384 multiple sequence alignment (Figure 1) revealed
that the YqfN sequence present in the database under
Gene Identification (GI) no. 1731002 is N-terminally
truncated compared to most of its orthologs. Therefore,
we checked for alternative start codons lying upstream
from the postulated 5’ end of the ygfN open reading frame
(ORF). We found that a tentative translation starting from
the alternative codon GTG (66 nucleotides upstream from
the one putative ATG codon from the GenBank entry)
possesses an N-terminal extension of the YqfN amino acid
sequence ‘MNELKLSKRLQTVAEYIPNGAYV’ that res-
embles the typical N-terminus of YqfN orthologs
(Figure 1). This finding has been supported by protein
structure prediction (see below), which suggested that the
N-terminal amino acid sequence of the YqfN that is
missing from the variant in GenBank, is involved in the
formation of the N-terminal o-helix that might be impor-
tant both for protein stability and enzymatic activity.

The B. subtilis full-length yqﬂV gene encodes an MTase
involved in the formation of m'A in tRNA (TrmK)

Two versions of the B. subtilis yqfN gene, with or without
the 66 nucleotides extension, were PCR amplified

and cloned into the pET28 expression vector, allowing
the production of N-terminally His-tagged proteins
(‘full length’ or ‘truncated’, respectively) in E. coli. After
IPTG induction both the full length and the truncated His-
tagged proteins showed equal expression in E. coli (data not
shown). The MTase activity in extracts of E. coli cells
expressmg the YqfN protems was measured at 37°C during
30min with [methyl-'*C] AdoMet and unfractionated
E. coli tRNA as a substrate. Crude E. coli tRNA was
used, since it does not contain m'A22. Moreover, it was
previously shown that an MTase present in B. subtilis
extract could catalyze the formation of m'A in the D-loop
of E. coli tRNA (16). Incorporation of '*C-methyl
into E. coli tRNA was only detected in the presence of
the extract containing the full-length enzyme. The 22
N-terminal amino acids missing from the original YqfN
sequence in the database are thus important for the MTase
activity of YqfN. We propose to rename YqfN as TrmK,
according to the traditional nomenclature for bacterial
tRNA MTases, or TrMet(m'A22) according to the
nomenclature from the MODOMICS database of RNA
modification enzymes.

The His-tagged full-length TrmK protein was purified to
homogeneity by ammonium sulfate precipitation followed
by immobilized metal ion affinity chromatography
(Figure 2A). The activity of the purified enzyme was
measured using different kind of substrates. First, unfrac-
tionated E. coli tRNA was used. After incubation of the
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Figure 2. Affinity-purified B. subtilis TrmK protein catalyzes the
formation of m'A in E. coli tRNA in vitro. (A) SDS-PAGE (Biorad,
Hercules, USA; 4-20% acrylamide) analysis under reducing conditions
of purified B. subtilis TrmK protein. Lane 1, 6.5 pg of purified protein.
Lane 2, molecular bench marker standard from Invitrogen.
(B) Autoradiography of a 2D-chromatogram of 5'-phosphate nucleosides
on thin layer cellulose plate. Total E. coli tRNA was incubated in the
presence of [methyl-'*C] AdoMet and 5 g of purified YqfN protein as
described in Materials and Methods section. After incubation at 37°C the
tRNA was recovered, digested by nuclease P1 and the resulting
nucleotides were analyzed by 2D-TLC on a cellulose plate. Circles in
dotted lines show the migration of the four canonical nucleotides as UV
markers.

purified enzyme with E. coli tRNA and [methyl-'"*C]
AdoMet, the tRNA was recovered by phenol extraction
and ethanol precipitation and completely hydrolyzed into
5-phosphate nucleosides by nuclease P1. The resulting
hydrolyzate was analyzed by 2D-TLC followed by auto-
radiography. The results shown in Figure 2B revealed the
presence of a single radioactive compound with migration
characteristics identical to that of 1-methyladenosine
5'-phosphate (pm'A) according to the published reference
map (29). Moreover, tRNA isolated from the B. subtilis
strain in which the #rmK gene was inactivated (see
Materials and Methods section) appeared to be a good
substrate for the enzyme (which indicates that this tRNA
lacks m'A22), in contrast to tRNA isolated from WT
B. subtilis cells (which has m'A22 and hence cannot be
further modified). Indeed, HPLC analyses showed that
m'A was absent in tRNA isolated from AtrmK B. subtilis
cells (Figure 3).

Further evidence for the formation of m'A catalyzed by
the TrmK protein was obtained using a second type of
experiment. The purified enzyme was incubated under
identical experimental conditions as above but with either
an [o->>P]ATP or an [0-*P]GTP labeled precursor tRNA
substrate obtained after in vitro transcription by T7-RNA
polymerase of a synthetic B. subtilis tRNAS"(GGA) gene.
After the incubation with purified TrmK and AdoMet, the
formation of m'A in the B. subtilis tRNAS" was analyzed
by 2D-TLC. The [oa->*P]JATP-labeled tRNAS" was com-
pletely hydrolyzed with nuclease P1 to generate
5'-phosphate nucleosides with the [*>P]-phosphate present
only in 5-phosphate adenosine and 5-phosphate

adenosine derivatives (Figure 4A), while the [o-**P]-GTP
labeled tRNA was digested with RNAse T2, thus generat-
ing the different 3’-phosphate nucleosides of which only
those that were 5-adjacent to G in the tRNA sequence
harbored a **P-radiolabeled phosphate (nearest neighbor
analysis; Figure 4B). The results show the presence of m'A,
S'-adjacent to a G in the B. subtilis sequence. Note that
hydrolysis by RNAse T2 resulted in the accumulation of
l-methyladenosine 2'-3’-cyclic phosphate (m'A>p; an
intermediate in the hydrolysis reaction) because the pre-
sence of this modification inhibits the action of RNAse T2,
as has already been reported (9). Quantification of the
relative amount of [*>P] in the different radioactive spots on
the TLC plates, revealed that ~1 mol of m'A is formed per
mole of tRNA after 30 min of reaction in the presence of
Sug of enzyme.

The TrmK protein catalyzes the formation of m' A
at position 22 of tRNA

The nearest neighbor analysis above shows that the m'A
formed by TrmK is 5 adjacent to a G in B. subtilis
tRNAS", Since in this tRNA there are several 5-AG-3’
pairs, primer extension experiments were performed to
determine the precise position in the tRNA of the m'A
modification. This was determined for tRNA modified
in vivo and in vitro. In the in vitro experiment, a tRNAS"
transcript was incubated in the presence of AdoMet and
the TrmK enzyme for 30min at 37°C. This modified
transcript as well as the unmodified transcript was used
for a primer extension experiment, using an oligonucleo-
tide complementary to nucleotides 2942 of B. subtilis
tRNAS". Figure 5A (lane +) shows a transcription stop
at position 23 of the tRNAS®", consistent with the presence
of m'A at position 22. In the in vivo experiment, tRNA
was isolated from B. subtilis WT strain and from AtrmK
B. subtilis strain (for the construction of this latter see
Materials and Methods section) and were used in primer
extension experiments using the same oligonucleotide as
above. The results presented in Figure 5A (lane WT) show
a strong stop at position 23. Thus, m'A is present at
position 22 of tRNAS" of the B. subtilis WT strain.

Growth is not impaired in a AtrmK B. subtilis strain

To check whether there is a phenotype linked to the
absence of m'A22 in B. subtilis tRNA, different culture
conditions were analyzed. Growth at 37, 45 or 55°C was
not affected by the mutation. In a competition experiment
where both type of cells were initially inoculated in equal
amounts, the cell distribution remained unchanged for
70 generations (measured by replica plating on plates with
and without erythromycin). Thus, growth was not
impaired by the /rmK mutation. Earlier studies showed a
relationship between tRNA modification and sporulation
in B. subtilis (38,39). Therefore, we have compared
sporulation frequency between the WT and A#rmK
B. subtilis cells using the methodology described in (38).
No difference in the sporulation efficiency was observed
(data not shown).
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Figure 3. Detection of nucleosides in B. subtilis tRNA. (A) tRNA from B. subtilis WT strain and (B) tRNA from A#rmK B. subtilis strain.
The column was calibrated with authentic samples of C, cytidine; U, uridine; G, guanosine and m'A, I-methyladenosine.

Phylogenetic analysis of the TrmK family

Despite the absence of COG2384 family members in those
Gammaproteobacteria, for which no m'A was detected in
tRNA, they are present in some Gammaproteobacteria,
in particular in Alteromonadales, Vibrio and Pseudomonas.
Thus, a question arises about the details of phylogenetic
distribution and evolutionary history of these proteins.
A phylogenetic tree of the COG2384 family (Figure 6)
reveals that these proteins split into two main lineages, one
grouping together mostly Gram-positive, and the other
exclusively Gram-negative bacteria (Gammaproteo-
bacteria and just a single Deltaproteobacterium). The
‘Gram-positive’ lineage can be further subdivided into two
branches. One branch comprises only Mollicutes, including
M. capricolum, for which there is experimental evidence of
m'A22 methylation in tRNA by the so far uncharacterized
enzyme (14). The other branch includes Clostridia (divided
into several groups, scattered at the base of the branch with
no bootstrap support for their unification into a mono-
phyletic group), Lactobacillaceae (also split into several
branches) and Bacillales (apparently monophyletic group-
ing, but with very weak bootstrap support). The ‘Gram-
positive’ lineage includes two groups of Gram-negative

members from Pseudomonas and Deltaproteobacteria.
According to the bootstrap support of the calculated
topology COG2384 genes have been acquired by their
Gram-negative hosts due to horizontal gene transfers:
independently from Lactobacillales to Pseudomonas and
from Clostridia or Lactobacillales to Deltaproteobacteria.
Thus, our phylogenetic analysis suggests that either
COG2384 is an ancient bacterial family, whose members
have been lost from most Gram-negative species such as
E. coli (and have been reintroduced later to some species by
horizontal gene transfer) or that it originated in Firmicutes
(in which it is now most prevalent) and has been transferred
horizontally to other species.

Comparison of the TrmK family with other MTase
families using a rigorous method for the detection of
remote homology (HHpred) revealed no close relationship
between TrmK and any other MTase family, and only
comparable similarity to various RFM fold MTases with
different specificities, e.g. PrmA, CobL, RsmC and PrmC
(Supplementary Table 1). Closer inspection of family—
family alignments revealed potential conservation of the
common cofactor-binding site (sequence motifs I-III)
between TrmK and the above-mentioned MTases, how-
ever, indicated significant differences between their
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Figure 4. Characterization of the tRNA MTase activity of recombinant
TrmK protein using radiolabeled in vitro transcripts of B. subtilis
tRNAS®, The transcripts were incubated in the presence of 5ug of
B. subtilis TrmK enzyme and AdoMet. The transcripts were then
digested by either nuclease P1 (A) or RNase T2 (B) and the resulting
nucleotides were analyzed by 2D-TLC on cellulose plates and
autoradiography. The nature of the labeled triphosphate nucleoside
and the enzyme used to hydrolyze the transcripts are given above
the autoradiographs. Circles in dotted lines show the migration of
the canonical nucleotides used as UV markers. m'A>p is for
1-methyladenosine 2’3" cyclic phosphate.

putative catalytic centers (sequence motifs IV, VI and
VIII), consistent with different substrate specificities of
these enzymes. In the absence of similarity of active sites at
the sequence level, we turned to protein structure
prediction in order to identify a likely active site of
TrmK from the analysis of conserved residues that may
form a binding pocket in three dimensions.

Structure prediction of the B. subtilis TrmK protein

Bioinformatics analysis of the B. subtilis TrmK sequence
revealed that residues 1-162 show a propensity to form a
well-folded globular domain rich in o-helices and
B-strands, while the C-terminal residues 163-238 exhibit
a tendency to form a coiled-coil structure with three
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Figure 5. Localization of m'A in B. subtilis tRNAS". Primer extension
was performed with a primer complementary to nucleotides 29-42 of
tRNAS" of B. subtilis, synthesized in vitro or in vivo. (A) The arrow
indicates a strong stop at m'A. The in vitro synthesized T7 transcript of
tRNAS was incubated with (+) or without (—) the YqfN enzyme.
B. subtilis tRNA was isolated from WT or AmrmK B. subtilis cells.
(B) Shows the sequence of the tRNAS (GGA) of B. subtilis.

predicted a-helices. We constructed a 3D model of TrmK
using the top-scoring structures ldus and lufk as
templates for residues 1-162, while the C-terminal
extension has been folded de novo (see Materials and
Methods section for details). The full-length model of
TrmK (shown in Figure 7) has been evaluated by PROQ
as potentially ‘very good’ (predicted LGscore of 3.777).
Finally, the methyl group donor AdoMet has been docked
into the predicted active site in the globular domain by
analogy to the known structures of RFM proteins.
Analysis of the electrostatic potential distribution
reveals that the TrmK protein surface around the putative
cofactor-binding pocket is negatively charged, compatibly
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Figure 7. Structural model of B. subtilis TrmK. Coordinates of the model
are available from ftp://genesilico.pl/iamb/models/TrmK/ (A) TrmK
model colored according to the predicted accuracy (estimated agreement
with the native structure), from blue (highly confident, predicted error
~1 A), to yellow (predicted low accuracy, expected differences between the
model and the native structure up to ~5A), to red (predicted low
accuracy, error >5A). (B) TrmK model in the surface representation,
colored according to sequence conservation in the TrmK family, from
deep blue (invariant), to light blue (conserved), to yellow/red (highly
variable). A highly conserved blue patch indicates the cofactor-binding
site and the predicted tRNA-binding/catalytic site. (C) TrmK model
colored according to the distribution of electrostatic potential, from red
(=3 kT) to blue (+3 kT). AdoMet binds in a negatively charged, red-
colored cleft at the right-hand side, while a blue patch in the middle of the
structure suggests the localization of a tRNA-binding site around the
catalytic pocket.

with the positive charge of the cofactor, while the putative
substrate-binding site is positively charged, compatibly
with the negative charge of the RNA phosphate back-
bone. Mapping of the sequence conservation onto the
protein structure reveals concentration of conserved
residues in the predicted catalytic pocket of the N-terminal
domain, and high variability in the helical C-terminus. By
analogy to other members of the RFM superfamily, and
based on the analysis of sequence conservation among
TrmK homologs, we predict that residues D25, E5S0 and
D78 are involved in coordination of the methionine,
ribose and adenine moieties of AdoMet, respectively.
A nearly invariant pair of residues in motif VII, corres-
ponding to R130 and E143 in the B. subtilis TrmK
sequence, may form a salt bridge potentially important for
protein folding and/or stability.

Based on the model we predict that the side chains of
conserved residues R9 (in motif X), and Y153 (motif VIII)
are involved in substrate binding and/or catalysis.
Conserved residues G95 and G97 appear to be important
for positioning of a hydrophobic residue at position 96
(Met in B. subtilis TrmK), which may be important for
stabilizing the target base by van der Waals interactions.
A conserved residue Q121 (motif VI) may be involved in
binding of the target base. However, it is substituted by
Glu in TrmK homologs from some of the Lactobacilli or
by Cys in some members from Mycoplasma and most of
those from the Proteobacterial branch. This suggests that
Q121 it is unlikely to be directly involved in catalysis,
unless the above mentioned TrmK family members exhibit
differences in their catalytic mechanism. Interestingly,
Q121 of B. subtilis TrmK is homologous to the catalytic
Cys in e.g. tRNAm’C MTases (40). Summarizing,
comparison of the predicted TrmK active site with the
active site of other MTases, including m'A MTase Trml
acting on a different position 58 in tRNA (9,11), reveals
no obvious similarities.

DISCUSSION

The modified nucleosides in tRNA function usually by
performing structural tasks, e.g. by blocking or reinfor-
cing the ability of the base to form particular pairs with
other bases (41). Addition of a single methyl group at one
of the Watson—Crick positions, e.g. N' atom of adenosine,
can bring about a large conformational rearrangement,
by preventing formation of a single base pair, as
demonstrated for m'A9 modification in human mitochon-
drial tRNA™® (42). A physicochemical understanding of
modified nucleoside contributions to the tRNA structure
and function is greatly facilitated by the knowledge of
these enzymes, which allows easy generation of tRNAs
lacking individual modifications by simple genetic techni-
ques. For the model organisms E. coli and Saccharomyces
cerevisiae nearly all tRNA modification enzymes have
been identified to date (1). However, this is not the case for
other organisms, which contain modifications at different
positions. One example of a modification enzyme that has
remained unidentified is the one responsible for formation
of m'A at position 22 of tRNA. In this work, we



demonstrated that this enzyme, hereafter named TrmK
belongs to the COG2384 protein family, and is encoded by
the ygfN ORF in B. subtilis. We found that the published
sequence of YqfN contains a truncation of the
N-terminus, and we cloned both the original (‘truncated’)
and extended (‘full length’) versions and validated the
extended variant (but not the original one) for the ability
to introduce m'A methylation at position 22 in tRNA.

The trmK mutant shows no detectable phenotype,
neither at the growth nor at the sporulation levels. This
is however not exceptional since recent work by the group
of Phizicky showed that the cumulation of mutations
affecting nucleoside modification in tRNA are often
necessary to confer a phenotype (43,44). Thus, analyses
of other tRNA modification enzymes from B. subtilis and
construction of respective mutants are required to
elucidate the role of m'A22 modification.

We predict that the catalytic domain of TrmK exhibits a
novel type of the active site, without obvious similarities to
any known RNA MTase family, including the previously
characterized tRNA:m'A58 MTase Trml. While both
enzymes bind the methyl group donor AdoMet in a very
similar way, the methyl group acceptor adenosine from
tRNA is probably recognized using a completely different
mechanism. It is intriguing that the putative active site of
TrmK that must bind the positively charged adenine
contains a conserved positively charged Arg9, but no
negatively charged residue that could facilitate the transfer
of a methyl group from a positively charged AdoMet
molecule. Unfortunately, the limited accuracy of the
current model makes the small molecule docking analysis
unfeasible, hence speculations about the catalytic mecha-
nism of m'A22 methylation must await biochemical
analyses of the residues highlighted by the model—in
particular R9, Q121, Y153 and M96.

Phylogenetic analysis reveals that TrmK has orthologs
not only in Gram-positive, but also in Gram-negative
bacteria. Interestingly, some of the Gram-negative ortho-
logs of TrmK (e.g. Shewanella and Vibrio) exhibit different
amino acid residues in the putative active site, suggesting
possible variation in substrate specificity. Therefore, we
hope our discovery of the gene encoding the m'A22
MTase and characterization of the respective enzyme in
B. subtilis will stimulate comparative experimental
analysis of its homologs from other species. We would
also like to underscore the value of experimental
determination of tRNA sequences (including mapping of
modified residues that obviously cannot be made at the
level of tDNA sequencing), and would like to encourage
scientists from the tRINA field to systematically determine
tRNA sequences for organisms representative for different
branches of the Tree of Life.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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