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Abstract

N1-methylation of G748 within 23S ribosomal RNA
results in resistance to the macrolide tylosin in
Streptomyces. In contrast, the Escherichia coli
mutant lacking N1-methylation of G745 exhibits
increased resistance to viomycin, in addition to
severe defects of growth characteristics. Both
methylated guanines are located in hairpin 35, in
domain II of prokaryotic 23S rRNA. G748 and G745
are modified by related S-adenosylmethionine-
dependent methyltransferases (MTases), TlrB and
RrmA respectively. Earlier sequence comparisons
allowed identification of the AdoMet-binding site,
however the catalytic site and the target-recogni-
tion region of these enzymes could not be deli-
neated unambiguously. In this work, we carried out
sequence-to-structure threading of the rRNA:m1G
MTase family against the database of known
structures to identify those ‘‘missing regions’’.
Our analysis confirms the earlier prediction of the
AdoMet-binding site, but suggests a different
location of the putative catalytic center than was
previously postulated. We predict that RrmA and
TlrB possess two regions that may be responsible
for specific interactions with their target nucleic
acid sequences: a putative Zn-finger domain in the
N-terminus and the variable domain close to the
C-terminus, which indicates that 23S rRNA MTases
exhibit the primary structural organization distinct
from other nucleic acid MTases, despite sharing
the common catalytic domain.

Introduction

Posttranscriptional processing of RNA produces an
exceptional number and variety of modified nucleo-
sides. The modifications include base or ribose
methylations, base isomerization, reduction, or
thiolation and more complex hypermodifications
such as in queuosine or N6-isopentenyloadenosine
(Limbach et al., 1994). It has been proposed that the
general function of modified nucleotides in tRNA
and rRNA consists of fine-tuning the translational
machinery. Although the biological role of most
modifications remains elusive, their importance has
been clearly established in a few cases. For instance,
the absence of N1-methyladenosine (m1A) from tRNAs
in Saccharomyces cerevisiae mutants lacking the
tRNA:m1A58 methyltransferase (MTase) activity re-
sults in severe defects in processing and stability of
initiator methionine tRNA (Anderson et al., 2000).

Many methylations of ribosomal nucleosides alter
susceptibility to antibiotics. For instance base methy-
lation of either G1405 to N7-methylguanine (m7G) or
A1408 to m1A in bacterial 16S rRNA results in
high-level resistance to specific combinations of
aminoglycoside antibiotics (Beauclerk and Cundliffe,
1987). The protein specified by the tsr gene from
Streptomyces azureus methylates the ribose moiety of
nucleotide A1067 in 23S rRNA, resulting in high-level
resistance to the peptide antibiotic thiostrepton (Becht-
hold and Floss, 1994). Mono- or dimethylation of the
exocyclic N6 group of A2058, yielding m6A or m6

2A in
the peptidyl transferase loop of domain V in 23S rRNA,
is carried out by MTases from the widespread Erm
family and results in resistance to erythromycin and
other antibiotics from the macrolide-lincosamide-
streptogramin B group (MLS-B) (Abad-Zapatero
et al., 1999). Other members of the Erm family
include products of the orthologous genes dim1p in
S. cerevisiae, which generates m6

(2)A1779 and
m6

(2)A1780 in 18S rRNA (Lafontaine et al., 1995),
and ksgA in E. coli, which generates m6

(2) A1518 and
m6

(2)A1519 in 23S rRNA (van Buul and Van Knippen-
berg, 1985). Disruption of dim1p is lethal in yeast,
whereas the ksgA mutant exhibits resistance to the
aminoglycoside antibiotic kasugamycin in E. coli with-
out significant effect on viability. However, it appears
that it is not the MTase activity of Dim1p, but some yet
unknown function of this protein that is critical to
viability of yeast cells (Lafontaine et al., 1998).
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All of the above-mentioned RNA MTases belong to
a large and diverse class of distantly-related but
structurally similar enzymes that methylate a wide
range of substrates, including nucleic acids, proteins,
and small molecules (comprehensively reviewed in a
volume edited by (Cheng and Blumenthal, 1999)).
Despite the use of a common cofactor, the mechanism
of methyl transfer is not conserved among MTases.
This is reflected in the presence of a moderately
conserved AdoMet-binding region (motifs X and I-III)
and the lack of common motifs that define the
substrate-binding and catalytic sites. Motifs IV-VIII,
which include most of the catalytic residues, corre-
spond to equivalent regions in the structure. However
comparison of motifs IV-VIII at the level of amino acid
sequence generally reveals no significant similarity
between different MTase families. Variations in key
catalytic residues may be used to distinguish between
the types of reaction catalyzed, if their mechanisms are
known in sufficient detail. However, many MTases with
similar active sites use unrelated auxiliary structural
elements to recognize their target within larger context,
for instance to distinguish between the exocyclic -NH2

group of adenine, cytosine and guanine in specific
sequences in DNA and different species of RNA
(Fauman et al., 1999; Reid et al., 1999; Bujnicki,
2000a). Such elements, when properly identified and
sufficiently conserved, can often be used as family-
specific signatures. Identification of family-specific
motifs or domains can greatly facilitate prediction of
protein function in newly sequenced genomes or in
comparative analyses of large protein families.

The number of distinct enzymes that might
account for all methylations in RNA is difficult to
estimate, only a few of the RNA MTase families have
been characterized in sufficient detail to allow unam-
biguous prediction of their novel members based
solely on sequence comparisons. One of the relatively
recently described families of RNA MTases, for which
the robust sequence and structural analysis has
not been hitherto performed, are enzymes that
generate N1-methylguanine (m1G) in 23S rRNA. The
Escherichia coli rrmA mutant lacking the 23S
rRNA:N1-methylguanosine (m1G)745 activity exhibits
significant growth defects and increased resistance to
the antibiotic viomycin (Gustafsson and Persson,
1998). However the TlrB MTase of Streptomyces
fradiae, a homolog of RrmA, methylates G748 in 23S
rRNA and thereby confers tylosin resistance on its host
(Liu et al., 2000). The guanine nucleosides modified by
RrmA and TlrB are located in hairpin 35 in domain II of
Prokaryotic 23S rRNA, suggesting the presence of
common target determinants in the sequence of both
MTases. To our knowledge, the only sequence
analysis of these proteins carried out to date, sug-
gested localization of the common AdoMet-binding site
between the residues 90–100 (numbering for E. coli
RrmA) (Fauman et al., 1999). The authors concluded
that no obvious motif IV / active site could be identified
in the RrmA sequence, nevertheless they proposed its
putative localization between the residues 25–35
based on the best match to consensus motif IV

sequences among conserved sequence blocks in the
m1G MTase family. They did not attempt to identify
elements responsible for specific recognition of the
target. In this work, we present detailed sequence
analysis and structure prediction of RrmA and related
proteins. We delineate regions presumably involved in
recognition, binding, and modification of the target and
suggest, which conserved residues may participate in
catalysis of the m1G methyltransfer reaction. The
newly identified 23S rRNA:m1G MTase-specific
sequence motifs will greatly facilitate planning of
experiments to further characterize these proteins
and will aid in identification of genes encoding such
enzymes in newly sequenced genomes.

Results and Discussion

Sequence Analysis and Structure Prediction
The 269-amino-acid sequence of E. coli RrmA was
subjected to a PSI-BLAST (Altschul et al., 1997)
database search to identify homologous proteins. We
tested several cutoff expectation (e) values to avoid
either ‘‘explosion’’ of hits to numerous remotely-related
paralogous MTase families or premature convergence.
The search carried out with the constant cutoff of 10!15

resulted in the best multiple sequence alignment, with
the preferred hits aligned over the full length of the
query, and other MTase sequences aligned over the
most conserved region, common to most members of
the superfamily (data not shown). The only interesting
exception was a hypothetical ORF-c16_030 from
Sulfolubus solfataricus, which, despite the poorly
scored alignment (e-value = 0.11 in the second itera-
tion), showed common features with the RrmA family
both in the common central region and in the
apparently RrmA-specific N-terminus (Figure 1).

Phylogenetic Analysis
Figure 2 shows the phylogram of the 23S rRNA:m1G
MTase family. The most-diverged sequence, from
S. solfataricus ORFc16, was used as an outgroup.
The ‘‘orthodox’’ family members can be grouped into
three main lineages: (i) the MyrA/TlrB subfamily, which
most likely comprises G748-specific proteins, (ii) the
RrmA lineage, which includes RrmA orthologs as well
as candidate paralogs or xenologs from L. lactis and
S. putrefaciens, and (iii) the so far uncharacterized
subfamily of proteins from Gram-positive bacteria. The
latter subfamily has not been recognized previously as
being distinct from the other two lineages, and it would
be interesting to determine experimentally if it
represents either orthologs of RrmA proteins from
Gram-negative bacteria or a group of m1G MTases
with novel specificity.

Sequence-Structure-Function Relationships
The alignment without S. solfataricus ORFc16, as well
as the ORFc16 sequence alone, were used to predict
the secondary structure (see Materials and Methods)
and identify conserved residues that may be involved
in cofactor binding, target binding, and catalysis.
Patterns of predicted secondary structure agreed
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remarkably well, suggesting that ORFc16 shares most
of the structural features with the bona fide TlrB/RrmA
orthologs. Moreover, the results of sequence-to-struc-
ture threading analysis suggested that the sequences
of these proteins are highly compatible with the
structure of the catalytic domain of numerous
AdoMet-dependent MTases (all structural predictions
are available online at http://bioinfo.pl/meta/target.-
pl?id=2870 for the RrmA proteins and http://bioinfo.pl/
meta/target.pl?id=2385 for ORFc16). Nevertheless,
many sequence features typical for the ‘‘orthodox’’

RrmA family members seem to be missing from
ORFc16, suggesting it may be inactive or have a
significantly different function (see below).

Results of fold recognition for the TlrB/RrmA
MTase family argue that the linear order of their
sequence elements, corresponding to the AdoMet-
binding and the catalytic subdomain delineated in
many other MTases in the course of structural and
biochemical studies (Cheng and Blumenthal, 1999), is
similar to that observed in majority of other RNA
MTases (Gustafsson et al., 1996) (Reid et al., 1999;

Figure 1. Multiple alignment of the RrmA/TlrB family. Species name is followed by the protein name (if available) and by the nr database accession
number. Preliminary sequences from unfinished genome projects are indincated with an ‘‘-unf’’ suffix. The incomplete sequence of Acinetobacter
sp.BD413 (1264279) has not been included in the analysis.
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Bujnicki, 2000a). In other words, the order of functional
motifs does not appear to be permuted, as previously
proposed (Fauman et al., 1999), and as has been
shown to be the case for some DNA MTases (Gong
et al., 1997). The AdoMet binding site has been
mapped to the region 55–145 of E. coli RrmA (Figure 1;
motifs X and I-III) in agreement with the previous
study. However, according to all secondary and
tertiary structure prediction algorithms, the putative
target base-binding site (motifs IV-VI) maps to the
region 145–185 in the E. coli RrmA sequence, that is to
the C-terminal side of the AdoMet-binding site, not
towards the N-terminus (aa 25-35) as suggested
previously. The m1G MTases analyzed in this study
are predicted to share the fold (arrangement of
secondary structure elements in three dimensions)
with all nucleic acid MTases characterized to date and
to show the topology (connectivity of individual
elements) of a, g, and z classes of nucleic acid MTases,

but not with the b class, in which the sequence
elements are permuted (Malone et al., 1995).

Interestingly, the sequence neighborhood of motif
IV seems unusually variable compared to other
nucleic acid MTases that use motifs IV and VI as a
scaffold for the polar side chains that make up the
active site (Posfai et al., 1989; Malone et al., 1995;
Bujnicki and Radlinska, 1999; Hodel et al., 1999; Bugl
et al., 2000). This lack of sequence conservation was
most likely the main cause for earlier problems in
localizing motif IV (or, in the absence of sequence
conservation, its structural counterpart), and which
now have been circumvented owing to the combined
comparison of sequences and structures via a
threading approach.

In all sequences of TlrB/RrmA family members
(except S. solfataricus ORFc16) there is a unique
insertion between motifs VII and VIII that, according to
the consensus derived from secondary structure

Figure 2. Evolutionary tree of the 23S rRNA:m1G MTase family. The numbers at the nodes indicate the statistical support of the branching order by
the bootstrap criterion. The bar at the bottom of the tree indicates the evolutionary distance, to which the branch lengths are scaled based on the
estimated divergence.
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predictions, forms two helices (Figure 1). In DNA m5C
and m6A MTases the hairpin loop between the
C-terminal antiparallel b-strands harbors conserved
residues that participate in catalysis or help to stabilize
the target base in the active site (Klimasauskas et al.,
1994; Goedecke et al., 2001). However, in the TlrB/
RrmA family we could not observe strictly conserved
charged or aromatic residues in this region; the only
invariant motif that we identified comprises Met and Pro
residues (M233 and P235 in E. coli RrmA) separated by
a single Thr, Ser or Gly and followed by two variable
positions and a partially conserved Trp residue (W238
in E. coli RrmA), which can be substituted by Phe or
(non-conservatively) by Arg (Figure 1). The ‘‘LL-MTP-
W’’ pattern maps to a loop region between the two
predicted helices. Lack of biochemical data at the
residue level does not favor any robust hypothesis
regarding the function of this unique insertion and of
the conserved residues, however site-directed muta-
genesis experiments may reveal their possible role in
substrate binding or catalysis.

If the m1G MTases follow the binding mechanism
proposed for other MTases that modify nitrogen atoms
in nucleobases, i.e. stabilization of the target by
stacking interactions with two aromatic side chains
(Schluckebier et al., 1998; Bujnicki, 2000a), one would
expect to find conserved aromatic side chains in
analogous positions in motifs IV and VIII. However,
only partially conserved aromatic residues that may
map to the predicted substrate-binding face of the
RrmJ MTase could be identified, namely Y156 (motif
IV), H183 (motif VII), W238 (‘‘LL-MTP-W’’ motif) and
F61, H66 and Y67 (motif X). No obvious candidates for
the conserved charged amino acids as parts of the
active site could be identified, except for the partially
conserved Arg residue in motif X (R58 in E. coli RrmA).
It may seem surprising that motif X harbors as many
putative catalytic residues as the C-terminal subdo-
main, in which the active site is normally located in
other nucleic acid MTases (Fauman et al., 1999).
However, MTases that methylate the 2’-O-ribose
atoms in RNA most likely utilize a conserved Lys
residue from motif X (Hodel et al., 1999; Bugl et al.,
2000; Bujnicki and Rychlewski, 2000), it has been also
proposed that in ribosomal protein L11 MTase PrmA at
least part of the conserved active site has been
relocated to motif X that comprises an unusual number
of conserved residues compared to the more variable
motif IV (Bujnicki, 2000b). This hypothesis can be
verified by site-directed mutagenesis of the above-
mentioned aromatic residues

Besides the AdoMet-binding site, the only highly
conserved region spans " 40 N-terminal residues of
E. coli RrmA and includes three invariant residues:
P6, H25, and F27, nearly invariant G33, which is
substituted by Gln in ORFc16, nearly invariant Y34,
which is substituted by Ile in ORFc16 and by Thr in
a putative protein from E. faecalis, five moderately
conserved hydrophobic residues (F3, L12, Y19, V35,
and V37) and three Cys residues (C5, C8, and C21)
that are all substituted by Asp or Ser in a putative
protein from C. diphteriae, while only C8 is sub-

stituted by Asp in S. solfataricus ORFc16. This short
conserved region is predicted to form a b-b-a
structure, which along with the observed pattern of
residue conservation, strikingly resembles a zinc
finger domain architecture, with Cys and His resi-
dues making up the Zn-binding site (C-x2-C-x(12-16)-
C-x(3-4)-H) and the aliphatic and aromatic residues
forming the hydrophobic core. Interestingly, the
protein arginine methyltransferase PRMT3 contains
a C2H2 zinc finger domain near its N-terminus that is
required to recognize RNA-associated substrates of
the enzyme (Frankel and Clarke, 1999). Although
zinc finger domains have been studied extensively
as DNA-binding modules, they have also been
shown to interact with RNA (Draper, 1995), hence
we speculate that this domain may be involved in
substrate recognition. Involvement of the putative
Zn-binding domain of TlrB/RrmA proteins in RNA
binding or catalysis can be tested experimentally; it
would also be informative to determine if the two
putative proteins in which the Cys residues are
substituted by polar residues are active as MTases
or bind RNA or if they require zinc to function.

Conclusions

The sequence analysis and structure prediction of the
23S rRNA:m1G MTase family and its comparison with
known crystal structures by means of sequence-
structure threading suggest that these proteins exhibit
a common fold and topology with the a, g and z
families of nucleic acid MTases, but evolved distinct
extensions presumably involved in substrate binding
and catalysis. We propose that the N-terminal domain
of TlrB/RrmA proteins confers target binding and
substrate specificity of the MTase, the central
conserved region is responsible for binding of the
methyl group donor, while the active site is probably
composed of amino acids from motif X as well as the
C-terminal variable region. The role of the unique
helical insertion with the so far uncharacterized
‘‘LL-MTP-W’’ motif as well as the mechanism of the
methyl group transfer onto the N1 nitrogen of the
target guanine remain to be determined experimen-
tally. All hypotheses presented herein are experimen-
tally testable. The presented sequence alignment
enhanced by secondary structure predictions will be
a good starting point for carrying out deletion and
site-directed mutagenesis experiments in order to
determine the details of how TlrB/RrmA proteins
recognize their target and carry out the catalysis.
We believe that our study will help to significantly
improve our insight into the molecular mechanism of
tylosin resistance and into the structure-function
relationships of RNA MTases.

Experimental Procedures

Database Searches and Sequence Alignment
The position-specific, iterative (PSI-) version of BLAST
(Altschul et al., 1997) was used to search the
non-redundant version of current sequence databases
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(nr) and the publicly available complete and incom-
plete genome sequences via the Gene Relational
DataBase (http://bioinfo.pl/grdb/). All searches were
run to convergence with default values. The multiple
sequence alignment was retrieved from the PSI-
BLAST output using BIB-VIEW (http://basic.bioinfo.pl/
cgi-bin/bibview.pl) and edited by hand using BIOEDIT
(http://www.mbio.ncsu.edu/RNaseP/info/programs/
BIOEDIT/bioedit.html).

Structure Prediction
Protein secondary and tertiary structure predictions
were carried out using publicly available online
services, including JPRED2 (Cuff et al., 1999), PSI-
PRED/GENTHREADER (McGuffin et al., 2000), FFAS
(Rychlewski et al., 2000), 3D-PSSM (Kelley et al.,
2000), FUGUE (Shi et al., 2000), and BIOINBGU
(Fischer, 2000). The programs were queried via the
MetaServer interface (http://bioinfo.pl/meta/)(Bujnicki
et al., 2001) and their output was analyzed using the
consensus server Pcons (Lundstrom et al., 2001).

Phylogenetic Analysis
The number of amino acid replacements per sequence
position in the alignment was estimated using the JTT
(Jones et al., 1992) model. The variance of the
distance values was estimated from 100 bootstrap
(Efron and Tibshirani, 1991) resamplings of the align-
ment columns. The trees that best fit the sequence-to-
sequence distances were generated using the neigh-
bor-joining method of Saitou and Nei (Saitou and Nei,
1987) as implemented in the CLUSTALX program
(Thompson et al., 1997).
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