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Abstract

Functional analyses of the tRNA:(guanine 26,
N 2,N 2)-dimethyltransferase (Trm1) have been
hampered by a lack of structural information about
the enzyme and by low sequence similarity to
better studied methyltransferases. Here we used
computational methods to detect novel homologs
of Trm1, infer the evolutionary relationships of the
family, and predict the structure of the Trm1
methyltransferase. The N-terminal region of the
protein is predicted to form an S-adenosylmethio-
nine-binding domain, which harbors the active
site. The C-terminal region is rich in predicted
a-helices and, in analogy to other nucleic acid
methyltransferases, may constitute the target
recognition domain of the enzyme. Interposing
these two domains, most Trm1 homologs possess
a highly variable inserted sequence that is delim-
ited by a Cys4 cluster, likely forming a Zn-finger
structure. The residues of Trm1 predicted to
participate in cofactor binding, target recognition,
and catalysis, were mapped onto a preliminary
structural model, providing a platform for design-
ing new experiments to better understand the
molecular functions of this protein family. In
addition, identification of novel, atypical Trm1
homologs suggests candidates for cloning and
biochemical characterization.

Introduction

RNAs contain a plethora of chemically altered nucleo-
sides, which are formed by enzymatic modification
of the primary transcript during RNA maturation.
Although modified nucleosides have been identified
in all RNAs, the tRNAs contain the greatest number
and variety of modifications by far (Rozenski et al.,

1999; Grosjean and Benne, 1998). In general, modified
nucleosides are of minor importance for cell growth
and/or survival and their functions have remained
obscure for many years. However, it is now known that
these modifications improve the fidelity and efficiency
of tRNA in decoding genetic messages and in main-
taining the reading frame during protein synthesis
(reviewed by (Curran, 1998; Bjork et al., 1999)).

Among numerous naturally occurring nucleotide
modifications, the simplest and most common are
methylation of nucleotide bases and the 20-hydroxyl
group of ribose (Rozenski et al., 1999). One such ex-
ample is dimethylation of the exocyclic 2-amino group of
guanine. N 2,N 2-dimethylguanosine (m2

2G) has been
detected in almost two-thirds of the tRNAs from Eukaryota
and in about one-half of the tRNAs from Archaea, but never
in any bacterial tRNAs (Sprinzl et al., 1998). In addition
to the commonly occurring methylation at position 26
in eukaryotic tRNA, m2

2G is occasionally found also at
position 27, whereas in Archaea m2

2G can also be
found at position 10, but never concurrently with a
m2

2G26 modification (reviewed by Grosjean et al.,
1995). It has been demonstrated that m2

2G26, but not
m2

2G10, is generated by the S-adenosyl-L-methionine
(AdoMet)-dependent methyltransferase (MTase) Trm1
(tRNA methyltransferase 1) and that the reaction
proceeds via a monomethylated intermediate (m2G)
(Reinhart et al., 1986; Constantinesco et al., 1999). Genes
encoding Trm1 in Pyrococcus furiosus (Constantinesco
et al., 1998) Saccharomyces cerevisiae (Liu and Straby,
1998), Caenorhabditis elegans (Liu et al., 1999) and
humans (Liu and Straby, 2000) (hereafter referred to
as PfTrm1, ScTrm1, CeTrm1, and hTrm1, respectively)
have been cloned, and the corresponding protein pro-
ducts have been studied experimentally. A Trm1 ho-
molog has been identified in the completely sequenced
genome of the thermophilic bacterium Aquifex aeolicus
(Deckert et al., 1998). However, to our knowledge, it
has not been characterized, and the tRNAs from this
bacterium have not been examined for the presence
of m2

2G.
The function of m2

2G26 is not known; S. cerevi-
siae cells having the TRM1 gene deleted exhibit no
phenotype (Ellis et al., 1987). However, it has been
observed that the TRM1 deletion in Schizosacchar-
omyces pombe increases the capacity of the sup3-I
serine tRNA to translate the UAA (ochre) codon by
some unknown mechanism (Niederberger et al., 1999).
It has been hypothesized that the dimethylated gua-
nine is involved in determining the flexibility of the
tRNA molecule, and that in so doing, it facilitates the
interaction with various macromolecules in the cell
(Edqvist et al., 1995). It should be noted that the steric
hindrance introduced by the dimethylation eliminates
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the ability of G to form a Watson-Crick type pair with C,
whereas m2

2G pairing to U, A, or G is practically
unchanged because the N2 group of guanosine is not
implicated in these base pairs. Interestingly, it has
been proposed that m2

2G26 is required to avoid ex-
tension of the anticodon stem to more than six base
pairs, and hence, prevent cytosolic tRNAs from folding
into the ‘‘alternative’’ type-5 or type-7 pattern observed
in some unusual mitochondrial tRNAs (Steinberg and
Cedergren, 1994; Steinberg and Cedergren, 1995).

The structure and catalytic mechanism of Trm1
remain unknown. Other families of MTases that
methylate exocyclic amino groups of nitrogenous bases
in DNA and RNA, namely N6 of adenine (m6A), N4 of
cytosine (m4C), and N2 of guanine (m2G), have a
conserved ‘‘catalytic’’ motif IV (the [N/D/S]-P-P-[F/Y/W/
H] tetrapeptide) (Klimasauskas et al., 1989; Malone
et al., 1995; Fauman et al., 1999; Bujnicki, 2000).
Hence, it has been proposed that these enzymes
employ a similar reaction mechanism and should be
classified as a single family of N-MTases. However, a
similar motif could not be identified in the Trm1
sequence, as this particular enzyme has only limited
similarity to other MTases. Because of this fact, it is
impossible to make straightforward inferences about
functionally important sites based solely on comparison
to known MTase structures. Except for the predicted
AdoMet-binding site (Constantinesco et al., 1998) and
several other amino acid residues shown to be
important for the activity of the yeast enzyme (Liu and
Straby, 1998), little is known about residues that may be
involved in catalysis. Further, the structural elements
responsible for tRNA binding and positioning of G26 in
the active site are unknown.

To learn more about the evolutionary origin and
the sequence-structure-function relationships in the
Trm1 family, we attempted to predict the structure of
this enzyme in greater detail. Here, we report the
results of fold recognition and the analyses of
preliminary models built for all domains identified in
the Trm1 primary structure. Structure-based sequence
analysis allowed prediction of residues involved in
cofactor binding, the methyl transfer reaction, and
target recognition.

Results and Discussion

Sequence Analysis and Preliminary Structure
Prediction
The amino-acid sequences of ScTrm1 and PfTrm1 were
used in PSI-BLAST searches to identify homologous
proteins. They were subsequently submitted to the fold
recognition MetaServer in order to identify boundaries
of the of the AdoMet-binding domain as well as other
possible domains (see Experimental Procedures).
Figure 1 shows the refined multiple sequence alignment
of the Trm1 family along with the predicted secondary
structure. The sequence similarity is higher in the
N-proximal part of the alignment. However, several
well-conserved motifs can be delineated in the
C-proximal part. It is noteworthy that the archaeal
sequences are shorter than their eukaryotic counter-

parts, which possess extended termini and variable
insertions in the central part of the protein (correspond-
ing to the vicinity of residue 260 in Pf Trm1).

According to the fold recognition MetaServer, the
N-terminal region, corresponding to aa 30–240 in Pf
Trm1, exhibited strong similarity to the MTase fold
(Pcons score 10.35). Most servers reported the
uncharacterized MTase MJ0882 from M. jannaschii,
1dus in PDB, as most similar to Trm1. This protein
structure was solved as a part of a structural genomic
pilot project. However, to our knowledge its functional
characterization has not been reported. Sequence
analysis suggests that MJ0882 is closely related to a
family of bacterial rRNA:m2G MTases (Bujnicki, 2000)
J.M. Bujnicki and coworkers, manuscript in prepara-
tion). Hence, the structural similarity of tRNA:m2

2G
MTases and MJ0882 detected by threading suggests
that these two families of guanine-N2-specific en-
zymes might share a common ancestor. In addition to
the compatibility of the Trm1 sequence with the MTase
fold, the pattern of secondary structures predicted for
Trm1 agreed perfectly with that observed in experi-
mentally determined structures of MTases. Thus, the
common MTase motifs map to conserved regions in
the alignment of Trm1 sequences (Figure 1).

The C-terminal part of PfTrm1 (aa 283-381)
exhibited no clear sequence similarity to known protein
domains. Only its central fragment exhibited some
similarity to the ‘‘winged helix’’ (wH) family of nucleic
acid-binding proteins (reviewed by (Gajiwala and
Burley, 2000)) at the level of the secondary and
tertiary structure (Pcons score 4.06; Figure 1). It is
tempting to speculate that the C-terminal domain of
tRNA:m2

2G MTases is involved in tRNA binding, in
analogy to other MTases (Fauman et al., 1999).
However, in the absence of unequivocal sequence
similarity to wH proteins, the tertiary fold assignment
for the C-terminal domain 1 must await further studies.

The central part of the Trm1 sequences is
extremely variable and its length varies from roughly
30 aa in Trm1 from Pyrococci, Methanococci, and
Thermoplasmales, to roughly 50 aa in yeast, to 150 aa
in Plasmodium falciparum (Figure 1). According to the
secondary structure prediction methods, this region is
quite poor in helices and in strands. Interestingly, all
proteins except those from the above-mentioned
archaeal lineages, possess a cluster of four conserved
Cys residues [C-x2-C-xn-C-x1–2-C, where x is any
amino acid] that demarcate the variable region. Only
the Aeropyrum pernix cluster is partially eroded.
Additionally, the first pair of Cys residues from
Aspergillus fumigatus Trm1 is separated by three
rather than two amino acids. Remarkably, substitution
of the first Cys residue of the cluster for Arg in
eukaryotic MTases eliminated their activity (Liu and
Straby, 2000). Threading analysis using the Methano-
bacterium thermoautotrophicum Trm1 homolog (aa
236–281) revealed that this region is similar to various
small Fe or Zn-liganding domains, for instance the
rubredoxin domain of rubrerythrin (1bj6 in PDB; Pcons
score 3.06). Localization of the Cys4 cluster domain in
the variable region between the predicted catalytic and
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Figure 1. Multiple sequence alignment of the Trm1 family. Sequences are denoted by their NCBI Gene Identification numbers; the ‘‘unf’’ suffix
indicates sequences obtained from the unfinished genome data. Conserved motifs are labeled according to the nomenclature described for the
AdoMet-dependent MTase superfamily (Fauman et al., 1999). Conserved residues are highlighted in black, the residues with invariant
physicochemical character (hydrophobic, small etc.) are highlighted in gray. Numbers show the size of termini (unknown in preliminary sequences)
or insertions omitted for clarity. Based on the threading results, the N-terminal domain has been aligned to the structure of the Mj0882 protein (1dus
in PDB) and the C-terminal structure has been aligned to the structure of the SmtB repressor (1smt in PDB). Secondary structures are shown below
the alignment, predicted for the Trm1 family and derived from the experiment in case of the crystal structures.



Figure 1. Continued
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RNA-binding domains suggests that the cluster may be
involved in mutual positioning of the two functional
domains respective to each other and to the substrate.

The ‘‘orthodox’’ Trm1 family members from Eukar-
yota possess a common extension in the C-terminus,
which is dissimilar to other protein sequences in the
database (data not shown). Deletion of up to 30
C-terminal residues of ScTrm1 lowered its activity to
! 7% of the wild type. Similarly, deletion of 29
N-terminal residues from ScTrm1 decreased its m2G
MTase activity and profoundly reduced its ability to
perform the methylation of m2G to m2

2G (Liu and
Straby, 1998). Deletion of 31 N-terminal amino acids
resulted in complete elimination of ScTrm1 activity.
Moreover, combinations of N- and C-terminal deletions
exceeded the added individual effects. However, as
many as 37 N-terminal residues of ScTrm1 have no
counterpart in PfTrm1 and some of the archaeal
enzymes have even shorter N-termini. Furthermore,
only the eukaryotic Trm1 proteins have the extended
C-terminus. Hence, these regions are unlikely to be
directly involved in catalysis, but may mediate some
Eukaryote-specific interactions with the target tRNA or
other proteins. Interestingly, hTrm1 has an additional
C-terminal 90 aa protrusion, which harbors a putative
Zn finger and a Pro-rich region, and whose deletion did
not affect the m2

2G MTase activity (Liu and Straby,
2000). In contrast, the uncharacterized human Trm1
homolog (C1ORF25, identified as such by Sood et al.,
2001) exhibits an unrelated N-terminal extension of
approximately. 200 aa. This extension also harbors
a Pro-rich region in its N-proximal part and 7 Cys
residues in its C-proximal part.

ScTrm1 is necessary for the m2
2G26 formation in

both mitochondrial and cytoplasmic tRNAs (Ellis et al.,
1986). It is also targeted to the nucleus and an efficient
nuclear localization sequence (NLS) has been mapped
to the region between aa 95 and 102 (Rose et al.,
1992), corresponding to the insertion between motifs
X, which is typical for eukaryotic Trm1 proteins
(Figure 1). Other eukaryotic TRM1 genes are also
believed to encode proteins with different subcellular
distributions, called ‘‘sorting isozymes’’; in their se-
quences a similar basic type of NLS has been
identified (Stanford et al., 2000). However, the mito-
chondrial targeting sequence (MTS) could not be
predicted with confidence. Among ‘‘additional’’ regions
typical for eukaryotic proteins that could target them to
the appropriate subcellular locations, the N-terminus
implicated in mitochondrial targeting of ScTrm1 (Ellis
et al., 1989) is not conserved in all family members and
the C-terminus has been shown to be essential for the
enzymatic activity of Trm1 rather than subcellular
sorting (Liu and Straby, 1998). Stanford et al. (Stan-
ford et al., 2000) noted that the insertion within the
Cys4 cluster is much larger in eukaryotic Trm1.
However, we could not detect any obvious MTS in
this region; it remains to be determined experimentally
if it indeed contains the targeting information.

The P. falciparum, T. brucei and L. major Trm1
homologs exhibit particularly long insertions in the
common core, which display a low-complexity char-

acter (data not shown). Such regions are quite typical
for proteins from these organisms and are believed to
encode nonglobular domains that are extruded from
the protein core and do not interfere with the function
of the protein (Pizzi and Frontali, 2001).

Structure-Based Prediction of Functional
Residues in Trm1
Since Trm1 comprises several domains, and since
some of the elaborations of the common fold (inser-
tions and terminal extensions) cannot be confidently
aligned to their counterparts in known structures, we
considered detailed homology modeling unfeasible.
However, using the fold recognition results and
secondary structure prediction, we were able to predict
the architecture of Trm1 and compare it with known
structures of MTases. Figure 2 shows a working model
of a Trm1 structure, which reflects the mutual orienta-
tion of all structural elements and onto which most of
the conserved residues can be mapped. By analogy to
the known MTase structures, we suggest that motifs
I–III are involved in binding of the methyl group donor,
while the charged, polar, and aromatic residues from
motifs X, IV, and VI form the core of the active site.

Analysis of the Cofactor-Binding Region
of the MTase Domain
The AdoMet-binding site is the only region in MTases
relatively easily recognized at the sequence level,

Figure 2. Preliminary structural model of the Trm1 MTase. The protein
structure and the simplistic representation of the tRNA molecule are
not drawn to scale. Black arrows indicate b-strands, white tubes
indicate a-helices. Conserved residues proposed to participate in
binding or catalysis are listed, numbers correspond to positions in the
PfTrm1 sequence. Specific contacts to functional groups of the
cofactor moiety are shown as arrows. The residues predicted to form
the catalytic pocket are shown in the vicinity of the guanine nucleotide.
The residues predicted to participate in tRNA binding are shown near
tRNA. The arrangement of secondary structure elements in the
C-terminal domain is arbitrary and does not imply any particular fold.

In Silico Analysis of tRNA: m2
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when comparing subfamilies modifying different sub-
strates (Fauman et al., 1999). Motif I, the hallmark of
the MTase superfamily, was originally discovered by
analysis of DNA:m5C MTases (Posfai et al., 1989). It is
a glycine-rich sequence that makes a sharp turn to form
the pocket that binds the methionine moiety of AdoMet.
To date, motif I has been the only common MTase motif
correctly recognized in the Trm1 sequence (Constan-
tinesco et al., 1998; Liu et al., 1999). Recently, high-
resolution crystal structure of rRNA:20-O-ribose MTase
RrmJ showed a conserved D57 residue from motif I
coordinates the methionine amino group of AdoMet via
an ordered water molecule (Bugl et al., 2000). The
acidic side chain at this position, in strand 1, is
conserved in nearly all MTase families analyzed (Fau-
man et al., 1999). It has been shown to be essential for
activity of the cap MTase of yeast (Saha et al., 1999).
Correspondingly, it is predicted that the nearly invariant
D55 in PfTrm1 takes part in AdoMet binding using the
same mechanism. The other conserved Asp residues,
predicted to make contacts to AdoMet via the ribose 20

and 30 hydroxyl group and the N6 amino group of the
adenine moiety, are D80 from motif II and D122 from motif
III (Figure 2).

The region corresponding to motif III in this
assignment has been predicted to be the counterpart
of motif IV by Constantinesco et al. (Constantinesco
et al., 1998) named motif II according to the ‘‘alter-
native’’ nomenclature of Kagan and Clarke (1994).
However, none of the sequence analysis or threading
programs reported such match. Homology models of
the Trm1 MTase domain based on the alignment
adjusted to this earlier prediction displayed a disrupted
hydrophobic core and a misfolded cofactor-binding
region (data not shown). The model presented herein
offers a convenient basis for experimental verification
of either hypothesis (e.g. by site-directed mutagenesis
of predicted AdoMet-binding residues).

Analysis of the Guanine-Binding/Active Site
Region of the MTase Domain
The remainder of the core MTase structure exhibits
sequence similarities only within groups of MTases that
methylate chemically-related targets, presumably re-
flecting distinct catalytic requirements (Fauman et al.,
1999). MTases that act on the exocyclic amines of
adenine, cytosine or guanine (N-MTases), have the
degenerate consensus (N/D/S)-P-P-(F/Y/W/H) in motif
IV, which is quite easily recognizable in multiple se-
quence alignments (Malone et al., 1995; Bujnicki and
Radlinska, 1999; Fauman et al., 1999; Bujnicki, 2000).
The structure of the DNA:m4C MTase M.PvuII led to the
proposal that the polar side chain of the N/D/S and of
the main chain carbonyl of the subsequent Pro, form a
pair of hydrogen bonds to the target amino group.
Concurrently, the aromatic F/Y/W/H makes a face-
to-face p-stacking interaction with the target base
(Gong et al., 1997). This hypothesis has been
confirmed by the recently published protein-DNA
cocrystal structure of the DNA:m6A MTase M.TaqI
(Goedecke et al., 2001).

Threading analysis of the Trm1 sequence and
predicted structure revealed an unambiguous match of
motif IV in known MTase structures to the D-P-(F/Y)-G
tetrapeptide in Trm1 (Figure 1). Conservation of the
D140 residue between Trm1 and N-MTases suggests
that its side chain makes equivalent contacts to the
N-2 amino group of the target guanine, as contacts to
the N-4 group of cytosine and the N-6 group of adenine
are made by its counterparts (N/D/S) in DNA MTases.
Likewise, we propose that the carbonyl oxygen of the
invariant P141 residue hydrogen bonds to the N-2
amino group of G26. Surprisingly, in the Trm1 motif IV,
the conserved aromatic residue in the third position
(F142 in PfTrm1) is misaligned with respect to the
aromatic residue observed in the fourth position in
most N-MTases studied to date (Malone et al., 1995;
Fauman et al., 1999; Bujnicki, 2000). We simulated a
substitution of the third and fourth consensus positions
in the M.Taq I MTase structure with the FG dipeptide
in silico and found the contact of F142 with the target
base likely to occur (data not shown). However, the
‘‘original’’ position of the aromatic side chain in M.TaqI
with respect to the target base could not be reached by
the F142 phenyl ring, unless the conformation of the
P141 backbone was modified. This resulted in disrup-
tion of the predicted essential contact to the methy-
lated N2 group. Therefore, it is unlikely that F142 stacks
against the guanine in the same manner as does the
hydrophobic side chain in other N-MTases (including
the family of m2G MTases related to MJ0882 (Bujnicki,
2000)) unless Trm1 binds the target base in a different
mode. Another conserved aromatic residue in the
vicinity of motif IV corresponds to F148 in PfTrm1;
however in all preliminary models based on the
threading alignments this amino acids was buried in
the hydrophobic core and could not make contacts with
the target base (data not shown). A conserved Tyr
residue (Y184 in PfTrm1) is present in nearly all Trm1
family members in the insertion between motifs VI and
VII predicted to form an additional a-helix. However,
this region is absent form other known N-MTases and
due to the lack of a suitable structural template could
not be modeled with confidence. It remains to be
determined experimentally if F148 or Y184 or both of
these residues interact with the target base.

Other conserved residues of PfTrm1 predicted to
line up the catalytic pocket and the tRNA-binding
surface of the MTase domain include T167, D168, E196,
and R200 from motifs VI and VII, as well as tripeptides
FYN31 and NRD37 from motif X. Threading the Trm1
sequence onto the structure of MJ0882 suggests that
F29 or Y30 are likely candidates to make van der Waals
interactions with the opposite face of the target
guanine. Another highly conserved charged residue
that mapped to the catalytic face of the model, is Glu
from the highly conserved EG11 dipeptide. In ScTrm1,
a substitution of E47 and G48 with alanine resulted in
10-fold reduced activity (Liu and Straby, 1998),
suggesting that these residues are important, but not
essential for catalysis. The ‘‘EG motif’’ is located in a
region that has no conserved counterparts in struc-
turally characterized MTases, however its predicted
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b-hairpin structure (Figures 1 and 3) can be alignedwith its
counterpart in the MJ0882 template. We predict that this
region in Trm1 packs against the three helices of
the AdoMet-binding subdomain, just as the N-terminal

b-hairpin does in the MJ0882 structure. However,
prediction of the exact location of the EG11 dipeptide
with respect to the active site of PfTrm1 (Figure 2) is
beyond the limits of the current model.

Figure 3. Unrooted evolutionary tree of the Trm1 family. Numbers at the nodes indicate the statistical support of the branching order by the bootstrap
criterion. The nodes with bootstrap support < 50% are shown as unresolved. The bar at the bottom of the phylogram indicates the evolutionary
distance, to which the branch lengths are scaled based on the estimated divergence.
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Conservation of the ‘‘DP’’ part of motif IV and
presence of the conserved aromatic residues in the
vicinity of the predicted active site suggests that Trm1
and its homologs employ a mechanism of methylation
similar to that observed in DNA m4C and m6A MTases.
Hence, these MTases flip G26 out of the anticodon stem
to place it in the catalytic pocket. It should be noted that
the N2 group of guanine is located in the minor groove
of the double-stranded nucleic acid, unlike the N4 group
of cytosine or the N6 group of adenine, which are
located in the major groove. This suggests that the
flipping mechanism, if relevant, may be significantly
modified compared to DNA N-MTases. It is tempting to
speculate that the two subsequent methylations carried
out by Trm1 may require only two flipping events,
between which the cofactor molecule is exchanged. We
hope that the presented model will stimulate experi-
mental studies aimed at resolving this issue.

Data on mutations that interfere with the Trm1
activity are available for only one residue in the
predicted MTase domain. Mutations R246G in CaTrm1
and K290A in ScTrm1, which cause a severe loss of
m2

2G MTase activity (Liu et al., 1999), map to the same
position, corresponding to L215 in PfTrm1 (Figure 1). In
our model, this residue is located in strand b7, which is
crucial for the integrity of the MTase core. The basic
residue at this position is not conserved in the Trm1
family and is quite remote from the predicted active
site. However replacing large chains of Arg or Lys with
Gly or Ala will likely create large cavity in the protein
core that would have a strong destabilizing effect on the
whole protein structure.

Analysis of the C-Terminal Domain
In many nucleic acid MTase families, additional
domains appended at the N- or C-termini or inserted
into the catalytic domain have been implicated in target
recognition (reviewed by Fauman et al., 1999). The
‘‘variable’’ region essential for sequence-specific tar-
get recognition was originally described in DNA:m5C
MTases (Lauster et al., 1989) and dubbed the ‘‘target
recognition domain’’ (TRD). In some RNA MTase
families, predicted TRDs resemble known nucleic acid
binding proteins (Aravind and Koonin, 1999; Bujnicki,
2000; Bujnicki et al., 2001a), but often they lack
similarity to proteins in the database and their struc-
tures cannot be predicted with confidence (Bujnicki and
Rychlewski, 2000, 2001).

According to secondary structure prediction, the com-
mon C-terminus of Trm1 is rich in a-helices (Figure 1).
The a-helical TRD has been identified in the C-termi-
nus of two structurally characterized members of the
rRNA:m6A MTase family (Yu et al., 1997; Bussiere
et al., 1998). However, we could not detect any
statistically significant similarity between the C-term-
inal domains of the rRNA:m6A family and the Trm1
family using either threading or software for sequence
profile comparisons. We found that a part of the
C-terminal region of Trm1 matched the structures of
the ‘‘winged helix’’ (wH) family of nucleic acid-binding
proteins, with the SmtB repressor (1smt in PDB)
reported as the top hit by the consensus server (Pcons

score 4.06; data not shown). However, this region
appeared to be only a part of a large helical extension
and exhibited a very different conservation pattern
from that seen in ‘‘classical’’ wH proteins (reviewed by
Gajiwala and Burley, 2000). Hence, three-dimensional
structure prediction of the C-terminal domainmust await
experimental support. The S467L mutation, which
abolished all MTase activity in ScTrm1 (Liu and Straby,
1998), maps to this region (T356 in PfTrm1, Figure 2),
however the role of other conserved residues remains to
be tested by mutagenesis. We hope that the presented
alignment with predicted secondary structures will serve
as a useful platform for planning experiments to identify
the tRNA-binding determinants in Trm1.

Evolutionary Analysis
In addition to the Trm1 orthologs, uncharacterized
Trm1 homologs from humans and plants were de-
tected. Moreover, Trm1 homologs were also found in
the unfinished genomic sequences of Cyanobacteria
Prochlorococcus marinus MIT9313 and Synechococ-
cus sp. WH8102. Sequence analysis revealed that
these proteins possess the central Cys4 cluster
domain, similar to the orthodox Trm1 family members
from Eukaryota and A. aeolicus (Figure 1). The
presence of the shorter version of the insertion
corresponding to the Cys4 domain in some Archaea
and its absence from the others (Figure 1) was
puzzling. It was unclear if this ‘‘patchy’’ distribution is
due to multiple loss or acquisition of the Cys4 module
or the horizontal transfer and mutual replacement of
the Trm1 orthologs between the archaeal species.

To identify evolutionary relationships in the Trm1
family, phylogenetic trees were inferred from the
alignment (as described in Experimental Procedures).
The final tree (shown in Figure 3) was generated based
on the conserved catalytic domain (aa 27–235 in
PfTrm1), excluding regions with gaps in more than
50% sequences. Still, for some branches, the boot-
strap support was ! 50%. However, the orthodox
eukaryotic Trm1 proteins clustered apart from all
others, and the branch supporting this pattern received
highly significant bootstrap support (98.7% without
and 91.5% with the sequences of P. falciparum and
G. intestinalis). Most of the sequences from this group
share a common C-terminal extension (not shown),
which can be regarded as a likely synapomorphy – a
shared feature derived from a common ancestor.
Although the entire Trm1 family tree was unrooted,
the eukaryotic family served as an outgroup to root the
remainder of the tree, and vice versa; the remaining
Trm1 homologs served to root the eukaryotic family
(Figure 3). The trees for the two branches were
recalculated, and the results confirmed that the deep
branches with bootstrap support 50–60% were cor-
rectly resolved in the tree using all sequences.

The newly identified, uncharacterized Trm1 homo-
logs from Cyanobacteria, plants, and vertebrates,
groups together in a separate subfamily receiving 76%
bootstrap support. It is known that strongly diverged
sequences producing long branches appear to attract
one another due to the increasing level of homoplasies,
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and can be erroneously inferred to be too closely related
(reviewed by Lyons-Weiler and Hoelzer, 1997). How-
ever, the same branching pattern was observed in a tree
which was generated using the maximum likelihood
approach, which is known to be less sensitive to the
differences in evolutionary rate among lineages (Hase-
gawa et al., 1991). Members of this subfamily exhibited
no common deviation from the consensus pattern of
conserved residues, therefore no specific modification
of function can be inferred. It remains to be determined
experimentally if these proteins function as m2

2G
MTases and if they exhibit distinct specificity from the
orthodox Trm1 family members.

The topology of the archaeal branch is largely
consistent with the topology of the trees based on SSU
rRNA (Takai and Horikoshi, 1999) and large combined
protein sequence data sets (Brown et al., 2001). Similar
congruence of the protein and organismal phylogenies
is seen in the orthodox eukaryotic Trm1 family mem-
bers, suggesting that the ancestor of the Trm1 family
was present in the last common ancestor of Eukaryota
and Archaea. The archaeal proteins lacking the Cys4
cluster were mapped to the tree (Figure 3), showing no
correlation with the organismal phylogeny. It could be
argued that this domain originated independently multi-
ple times, but the Cys4 cluster is present in all proteins
from both ‘‘eukaryotic’’ lineages and its archaeal
versions are similar to each other despite being rather
isolated on the phylogenetic landscape. Hence, the
most parsimonious hypothesis is that this domain is an
ancient feature and has been independently lost in
several lineages. Similar loss of metal-binding Cys
residues has been observed in other protein families, for
instance among the bba-Me nucleases, i.e. a subclass
of the treble Zn-finger superfamily (Grishin, 2001).

Concluding Remarks
Sequence analysis and structure prediction of the Trm1
family suggests that these proteins comprise two or
more domains responsible for binding to tRNA, binding
the cofactor, and catalyzing a methyl transfer reaction.
A preliminary structural model of Trm1 has been
developed, onto which most of the conserved residues
were mapped. This is the first prediction of RNA binding
and catalytic residues for Trm1, therefore this study has
a great potential to become a guide for site-directed
mutagenesis experiments. We hope that our analysis
will stimulate cloning and functional characterization of
a new family of Trm1 homologs, as well as detailed
studies on the mechanism of tRNA recognition, possi-
ble base flipping, and the role of the Cys4 cluster
domain, especially in the archaeal Trm1 homologs.

Experimental Procedures

Sequence Database Searches
The position-specific, iterative (PSI-) version of
BLAST (Altschul et al., 1997; Schaffer et al., 2001)
was used to search the protein sequence databases.
The non-redundant (nr) database and translations of
the EST (expressed sequence tag), STS (sequence-
tagged site), HTG (high throughput genomic) and

GSS (genome survey sequence) divisions of the
GenBank database (Wheeler et al., 2001) and the
publicly available complete and incomplete genome
sequences, were searched via the websites of the
Bioinformatics Laboratory of the International Institute
of Molecular and Cell Biology (Warsaw, Poland;
http://blast.bioinfo.pl) and the National Center for
Biotechnology Information (Bethesda, USA; http://
www.ncbi.nlm.nih.gov). The unfinished genomic se-
quences of Eubacteria and Archaea used in this work
have been obtained from the U.S. Department of
Energy Joint Genomic Institute (http://www.jgi.doe.
gov) with the exception of the unfinished Pyrobaculum
aerophilum sequence analyzed via the ERGO data-
base website (http://wit.integratedgenomics.com/
ERGO/). The unfinished genomic sequences of fungi
Aspergillus fumigatus and Candida albicans have
been obtained from the Institute for Genomic Re-
search (http://www.tigr.org) and Stanford Genome
Technology Center (http://sequence-www.stanford.
edu), respectively. Searches were generally initiated
with the stringent expectation (e) value profile inclu-
sion threshold of 10"20 to avoid multitude of hits to
the common AdoMet-binding region of multiple para-
logous MTase families. The e-value threshold was
relaxed in subsequent iterations as the profiles
become balanced.

Fragments of sequences were assembled using
the sequences of genuine Trm1 MTases as guides;
the predicted mRNA splice sites were verified using
reciprocal BLAST searches against the database com-
prising sequences of Trm1 MTases. The multiple se-
quence alignment was retrieved from the PSI-BLAST
output using BIB-VIEW (http://bioinfo.pl/bibview.pl),
and all columns with gaps were removed. The gapless
sequence alignment was then used as a profile, to
which all the full-length sequences were realigned
using CLUSTALX (Thompson et al., 1997). Manual
adjustments were introduced based on the BLAST
pairwise comparisons, secondary structure predictions,
and threading results.

Structure Prediction
Protein structure predictions were performed via the
Meta Server interface (Bujnicki et al., 2001b) (http://
bioinfo.pl/meta/) using publicly available online ser-
vices for fold recognition: FFAS (Rychlewski et al.,
2000), 3DPSSM (Kelley et al., 2000), BIOINBGU
(Fischer, 2000), GenThreader (Jones, 1999), SAM-T99
(Karplus et al., 1999), and FUGUE (Shi et al., 2001),
and secondary structure prediction methods: JPRED2
(Cuff et al., 1999), sam-t99 (Karplus et al., 1999) and
PSI-PRED (McGuffin et al., 2000). Results were further
processed by the Pcons neural network (Lundstrom
et al., 2001), which compares the structural models
and the associated scores produced by the individual
servers, and produces a ranking of potentially best pre-
dictions including confidence scores. The performance
of the MetaServer/Pcons system and the participating
fold recognition servers have been extensively bench-
marked, demonstrating that they provide a reliable
tool for detection of distant evolutionary relationships
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(see http://bioinfo.pl/LiveBench, Bujnicki et al., 2001c).
At a Pcons score of 3, 87% of the threading models are
correct; while at a score of 5, 98% of the models are
correct.

Preliminary homology modeling for individual
domains and their fragments was carried out based
on pairwise target-template alignments produced by
the Meta Server. SWISS-PDB VIEWER was used for
all manipulations with protein structures and all
calculations of electrostatic charge distribution (Guex
and Peitsch, 1997). The SWISS-MODEL/PROMOD II
server (Guex and Peitsch, 1997) and the GROMOS
forcefield (Scott et al., 1999) were used for modeling
and energy minimization. Evaluation of the stereo-
chemical and the energetic parameters of models was
carried out using the PROSAII module (Sippl, 1993)
embedded within the PROMOD server.

Phylogenetic Analysis
The evolutionary inference was carried out according to
the neighbor-joining (NJ) method of Saitou and Nei
(Saitou and Nei, 1987) using the algorithm implemented
in BIONJ (Gascuel, 1997) and the maximum likelihood
(ML) method, as implemented in PAML (Yang, 1997).
The NJ trees were used to initiate the computationally
more expensive ML search. The software was run via
the Institut Pasteur website (http://bioweb.pasteur.fr).
The number of amino acid replacements per sequence
position in the alignment was estimated using the JTT
model (Jones et al., 1992). Multiple runs were con-
ducted with a randomized sequence input order to avoid
the tree being caught in a local statistical minimum. The
sampling variance of the distance values was estimated
from 1000 bootstrap resamplings of the alignment
columns, and the nodes with bootstrap support < 50%
were collapsed. The phylogenetic groupings observed
in the distance matrix-based tree were correlated with
the presence of sequence signatures that can be
regarded as synapomorphies (shared features derived
from a common ancestor).
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