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Archaeal and eukaryotic tRNA (N2,N2-guanine)-dimethyl-
transferase (Trm1) produces N2,N2-dimethylguanine at posi-
tion 26 in tRNA. In contrast, Trm1 from Aquifex aeolicus, a
hyper-thermophilic eubacterium, modifies G27 as well as G26.
Here, a gel mobility shift assay revealed that the T-arm in tRNA
is the binding site of A. aeolicus Trm1. To address the multisite
specificity, we performed an x-ray crystal structure study. The
overall structure of A. aeolicus Trm1 is similar to that of
archaeal Trm1, although there is a zinc-cysteine cluster in the
C-terminal domain of A. aeolicus Trm1. The N-terminal
domain is a typical catalytic domain of S-adenosyl-L-methio-
nine-dependent methyltransferases. On the basis of the crystal
structure and amino acid sequence alignment, we prepared 30
mutantTrm1proteins. Thesemutant proteins clarified residues
important for S-adenosyl-L-methionine binding and enabled us
to propose a hypothetical reaction mechanism. Furthermore,
the tRNA-binding site was also elucidated by methyl transfer
assay and gel mobility shift assay. The electrostatic potential
surface models of A. aeolicus and archaeal Trm1 proteins dem-
onstrated that the distribution of positive charges differs
between the two proteins. We constructed a tRNA-docking
model, in which the T-arm structure was placed onto the large
area of positive charge,which is the expected tRNA-binding site,
of A. aeolicus Trm1. In this model, the target G26 base can be
placed near the catalytic pocket; however, the nucleotide at
position 27 gains closer access to the pocket. Thus, this docking
model introduces a rational explanation of the multisite speci-
ficity of A. aeolicus Trm1.

Methylation is one of the most common chemical modifica-
tions that occurs in a broad range of biomolecules, including
nucleic acids, proteins, lipids, and small compounds. It is impli-
cated in a variety of cellular processes, such as translation, tran-
scription, processing of RNA, epigenetics, development, carci-
nogenesis, neurotransmission, cellular transport, infection, and
bacterial host defense. Among the RNA species, methylated
nucleotides appear in most noncoding RNAs, constituting
more than half of the post-transcriptional modifications iden-
tified so far. In particular, tRNA contains abundant methylated
nucleotides, which stabilize the L-shaped tRNA structure and
improve their molecular recognition (1–3).
Among the methylated nucleotides in tRNA,N2,N2-dimeth-

ylguanine at position 26 (m2
2G26) is a common modification

and is generated by tRNA (N2,N2-guanine)-dimethyltrans-
ferase (tRNA (m2

2G26) methyltransferase (m2, 2G26); EC
2.1.1.32) (Fig. 1, A and B) (2, 3). This enzyme catalyzes the
methyl transfer reaction from S-adenosyl-L-methionine
(AdoMet)3 to the N2 atom of G26, which is located at the junc-
tion between theD-arm and the anticodon-arm in tRNA. In the
reaction, two molecules of AdoMet are consumed, and
N2-methylguanine at position 26 (m2G26) is generated as an
intermediate (4). Thus, in some cases, this enzyme catalyzes the
transfer of only one methyl group and functions as a tRNA
(m2G26) methyltransferase (5). The enzymatic activity was ini-
tially detected in rat liver (6, 7) and subsequently found in var-
ious organisms (8–12). The most highly purified enzyme from
a native source was obtained from Tetrahymena pyriformis (4).
The responsible gene was first determined to be trm1 from
Saccharomyces cerevisiae (13, 14) and then experimentally
identified from various eukaryotes (Schizosaccharomyces
pombe (15), Caenorhabditis elegans (16), and human (17)) and
archaea (Pyrococcus furiosus (18), Pyrococcus horikoshii (19),
andHaloferax volcanii (20)), consistent with the distribution of
the m2

2G26 (or m2G26) modification in tRNA. Furthermore,
we have recently reported that Aquifex aeolicus, a hyper-ther-
mophilic eubacterium, has a Trm1 protein that catalyzes
methyl transfer not only to G26 but also to G27 (21).
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In general, methylated nucleotides in tRNA are post-tran-
scriptionally produced by site-specific methyltransferases (3).
However, there are some cases in which one tRNA methyl-
transferase modifies multiple sites in substrate tRNA. Thus,
some tRNAmethyltransferases have a multisite specificity. For
example, Pyrococcus abyssi TrmI catalyzes methyl transfer to
both A57 and A58, forming m1A57 and m1A58, respectively
(22). In addition, eukaryotic Trm4 is responsible for 5-methyl-
cytidine formation at positions 34, 40, 48, and 49 in tRNA (23).
Furthermore, it has been reported that P. abyssi PAB1947 pro-
tein (archaeal Trm4) changes its site specificity in the presence
of PAB1946 protein (archaese) (24). Moreover, S. cerevisiae
Trm7 protein catalyzes 2�-O-methylation of nucleotides at
positions 32 and 34 (25). As described above, we previously
reported that A. aeolicus Trm1 has a multisite specificity (21).
Although these examples have been reported, there is little
knowledge concerning themechanismofmultisite recognition.
In this study, we focus on the multisite specificity of A. aeolicus
Trm1.

EXPERIMENTAL PROCEDURES

Materials—[methyl-14C]AdoMet (1.95 GBq/mmol) and
[methyl-3H]AdoMet (2.47 TBq/mmol) were purchased from
ICN.ColdAdoMetwasobtained fromSigma.DE52 is aproductof
Whatman. CM-Toyopearl 650 M was from Tosoh. DNA oligo-
mers were bought from Invitrogen, and T7 RNA polymerase was
fromToyobo. Other chemical reagents were of analytical grade.
Preparation of Recombinant A. aeolicus Trm1—The recom-

binantA. aeolicusTrm1was purified according to our previous
report (21). Site-directed mutagenesis was performed by a
QuikChange� mutagenesis kit (Stratagene).
Measurement of Enzymatic Activity and Kinetic Parameters—

The standard assay used during the purification process mea-
sured the incorporation of 14C-methyl groups from [methyl-
14C]AdoMet into the A. aeolicus tRNAHis transcript by
incubating 0.1 �M enzyme, 11 �M transcript, and 38 �M

[methyl-14C]AdoMet in 45 �l of buffer A (50 mM Tris-HCl, pH
7.5, 5mMMgCl2, 6mM 2-mercaptoethanol, and 50mMKCl) for
15 min at 55 °C. An aliquot (30 �l) was then used for the filter
assay. RNA transcripts were prepared as reported previously
(26). If discrimination between the m2G and m2

2G formation
activities was necessary, we employed two-dimensional thin
layer chromatography as described in our previous reports (21,
27). Prior to measuring the kinetic parameters, we performed
time course experiments at 55 °C with 0.1 �M Trm1, 11 �M

yeast tRNAPhe transcript, and 38 �M [methyl-14C]AdoMet in
210 �l of buffer A. Because the three-dimensional structure of
yeast tRNAPhe has been well studied and this tRNA has a
G26C27 sequence (28, 29), we used the yeast tRNAPhe tran-
script as substrate. Aliquots (30 �l each) were taken at appro-
priate times (0, 2, 5, 7.5, 10, and 15 min), and the formations of
14C-pm2G and 14C-pm2

2G were monitored by two-dimen-
sional TLC. Under these conditions, only pm2G increased lin-
early for the first 10 min, and m2

2G formation was barely
observable; the pm2

2G content was less than 5% of the pm2G
content in the sample at 10min. After this pilot experiment, we
determined the kinetic parameters of the first methylation
(m2G26 formation). For measurements of kinetic parameters

for AdoMet, 0.1 �M Trm1, 11 �M tRNAPhe transcript, and var-
ious concentrations of [3H]AdoMet were incubated for 10 min
at 55 °C.
Gel Mobility Shift Assay—A gel mobility shift assay was per-

formed according to our previous reports (30, 31).
Crystallization and X-ray Crystal Structure Study—Purified

protein (10 mg/ml) in buffer B (20 mM Tris-HCl, pH 8.0, 150
mMNaCl, 2mMdithiothreitol) wasmixedwith an equal volume
of buffer C (100 mM sodium citrate, pH 5.5, 2 M ammonium
sulfate) in the presence of 1 mM AdoMet or sinefungin
(AdoMet analog) and then crystallized at 4 °C by the sitting
dropmethod. TheTrm1 crystals grewwithin 14 days. The crys-
tals were flash-cooled to 100 K using liquid paraffin oil as the
cryoprotectant. X-ray diffraction data were collected at the
Photon Factory NW12A and BL5A beamlines for the AdoMet-
and sinefungin-bound crystals, respectively, and processed
with the HKL2000 program suite (32). The structures were
solved with the program MOLREP (33) by molecular replace-
ment using theP. horikoshiiTrm1 structure (PDBcode 2EJT) as
a search model. The models were built with the program Coot
(34) and refined with the programs CNS (35) and Phenix (36).
The information of crystal data collection is given in supple-
mental Table 1. TheRwork/Rfree factors of refined coordinates of
Trm1-sinefungin complex crystal structure were 0.186/0.219.
Computer Programs for Figures—The structural figures were

generated by using PyMOL (DeLano Scientific, Palo Alto, CA),
and the electrostatic potential surface models were calculated
by using APBS (37). The schematic diagram of interaction of
sinefungin with the amino acid residues in Trm1was generated
by using LIGPLOT (38). The amino acid sequence alignment
was generated by using ClustalW 1.83 (39) and ESPript (40)
programs.
Inductivity Coupled Plasma Emission Spectrometry—The in-

ductivity coupled plasma emission analysis was performed by
the Chemical Analysis Laboratory, University of Georgia.

RESULTS

A. aeolicus Trm1 Recognizes the T-arm Structure in tRNA—
The tRNA recognition mechanisms of eukaryotic and ar-
chaeal Trm1 proteins have been well studied (9–12, 16–18).
Although there are several differences in the tRNA recognition
mechanisms of eukaryotic and archaeal Trm1, both enzymes
recognize the D-arm structure and variable region in tRNA
(Fig. 1C). In our previous study (21), we reported that A. aeoli-
cus Trm1, a eubacterial enzyme, has a completely different
tRNA recognition mechanism from those of eukaryotic and
archaeal Trm1. First, A. aeolicus Trm1 catalyzes methyl trans-
fers not only to G26 but also to G27 in tRNA, whereas all
eukaryotic and archaeal enzymes reported thus far catalyze
methyl transfer to onlyG26. Second,A. aeolicusTrm1 catalyzes
methyl transfers to class II tRNAs as well as all class I tRNAs
tested, showing that the size and sequence of the variable region
are not recognized by A. aeolicus Trm1. Third, tRNA tran-
scripts containing G26 and/or G27, which were tested in our
previous study, have different D-arm structures; however, all
tRNA transcripts aremethylated byA. aeolicusTrm1.Thus, the
D-arm structure is not a positive determinant for A. aeolicus
Trm1. Fourth, truncated tRNA experiments in our previous
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study showed that the T-arm structure is required for methyl-
ation by A. aeolicus Trm1. Taking these experimental results
together, we proposed a long distance recognition mechanism
of A. aeolicus Trm1 in our previous study (Fig. 1D).

In our hypothetical mechanism, the T-arm structure is a key
region in the substrate recognition mechanism of A. aeolicus
Trm1. To confirm this idea, here we initially performed a gel
mobility shift assay with A. aeolicus Trm1 (Fig. 2). This gel
mobility assay system was originally devised for detection of
tRNA elongation factor Tu-GTP ternary complex (41, 42).
Because this system was used for measurement of affinity of
nematoda mitochondrial elongation factor Tu for T-armless
tRNAs (41), we selected this system. One of the virtues of this
system is the usage of buffer containing 5 mM MgCl2 to main-
tain the L-shaped tRNA structure. Therefore, this gel shift sys-
tem is applicable for various tRNA-related proteins. In the case
ofA. aeolicusTrm1, the enzyme does notmigrate into the gel in
the absence of RNA because the isoelectric point (pI) of A.
aeolicus Trm1 is 9.06. When a full-length tRNAPhe transcript
was used in the assay,A. aeolicusTrm1 clearly formed a tRNA-
protein complex (Fig. 2,A and B), as visualized by double stain-
ing withmethylene blue and Coomassie Brilliant Blue (Fig. 2B).
When the D-arm structure was deleted, a similar band corre-
sponding to the tRNA-Trm1 complex was observed (Fig. 2, C
and D). In contrast, when the T-arm structure was deleted, the
band corresponding to the tRNA-Trm1 complex disappeared
(Fig. 2, E and F), demonstrating that the T-arm structure is
indeed essential for substrate RNA binding by A. aeolicus
Trm1. In these experiments, because the band corresponding

to free tRNA was broadened in the presence of A. aeolicus
Trm1, we avoided the calculation of Kd values.
Overall Structure of A. aeolicus Trm1—A. aeolicusTrm1 rec-

ognizes the T-arm structure in tRNA. This feature is consider-
ably different from the mechanisms of archaeal and eukaryotic
Trm1. To obtain structural information on A. aeolicus Trm1,
we performed an x-ray crystal structure study. We have solved
the structures of AdoMet-Trm1 (PDB code 3AXT) and sine-
fungin-Trm1 (PDB code 3AXS) complexes (supplemental
Table 1). Sinefungin is an analog inhibitor, in which the acti-
vated methyl group of AdoMet is replaced by an amino group
(see Fig. 5B) (43, 44). Because the structures of AdoMet-Trm1
and sinefungin-Trm1 complexes are almost identical and the
resolution of sinefungin-Trm1 complex (2.15 Å) is better than
that of the AdoMet-Trm1 complex, we performed this study
based on the structure of sinefungin-Trm1 complex (Fig. 3). A.
aeolicus Trm1 includes two domains as follows: an N-terminal
Rossmann fold domain (Fig. 3, cyan), and a C-terminal novel
structure domain (magenta). Although the C-terminal domain
structure of A. aeolicus Trm1 is clearly different from that of P.
horikoshiiTrm1 (archaeal enzyme; PDB codes 2EJT and 2DUL)
(19), the overall structure and topology of A. aeolicus Trm1 is
similar to that of P. horikoshii Trm1 (Fig. 4). The N-terminal
Rossmann fold domain is a typical catalytic domain of class I
AdoMet-dependent methyltransferases. AdoMet-dependent
methyltransferases are categorized into five classes based on
the type of fold present in the catalytic domain (45). Here, a
bound sinefungin (yellow) was found in the Rossmann fold
domain (Figs. 3 and 4). The C-terminal domain was found to

FIGURE 1. Methylation by Trm1 enzymes. A, methylation sites, G26 and G27, are highlighted in the cloverleaf structure of tRNA. Eukaryotic and archaeal Trm1
are single site-specific enzymes that modify only G26. In contrast, A. aeolicus Trm1 is a multisite-specific enzyme, which modifies both G26 and G27. B, Trm1
catalyzes methyl transfer to the target guanine from AdoMet, and m2G is produced as an intermediate. AdoMet is converted to AdoHcy by the reaction. C and
D are slight modifications of Fig. 9 in our previous report (21). C, eukaryotic and archaeal Trm1 reported thus far recognize the D-arm and variable region in
tRNA. D, in contrast, A. aeolicus Trm1 is expected to recognize the T-arm structure. Thus, the distance(s) from the recognition site(s) in tRNA to the modification
site(s) may affect both single and multisite specificities.
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have a novel structure, in which one zinc atom (Fig. 4, orange)
was bound to four cysteine residues (Cys-247, Cys-250, Cys-
266, andCys-269) (Figs. 3 and 4). Furthermore, four sulfate ions
were bound to A. aeolicus Trm1; one sulfate ion was bound to
theHis-110 residue in theN-terminal domain, and three sulfate
ions were bound to the border area between the N- and C-ter-
minal domains (Fig. 3). These sulfate ions seemed to bindTrm1
instead of the phosphate groups in tRNA.
Structure-based Amino Acid Sequence Alignment and Target

Residues of Site-directed Mutagenesis—On the basis of the
structural information, we aligned the amino acid sequences of
the Trm1 proteins reported thus far (supplemental Fig. 1).
Although the tRNA recognition mechanism of A. aeolicus
Trm1 differs from those of eukaryotic and archaeal Trm1, the
amino acid sequence of A. aeolicus Trm1 seems to be an inter-
mediate of those of eukaryotic and archaeal Trm1. For example,

A. aeolicus Trm1 lacks a long stretch between the �1 helix and
�3 strand in the N-terminal region of eukaryotic enzymes; this
is a feature of archaeal enzymes. However,A. aeolicusTrm1has
a cysteine cluster (green in Fig. 4 and supplemental Fig. 1),
which is observed only in eukaryotic enzymes. Furthermore,
the intervening sequence between �11 and �12 of A. aeolicus
Trm1 is shorter than that of eukaryotic enzymes.
To predict the reaction mechanism and substrate-binding

sites, we introduced single alanine and serine substitutions
into A. aeolicus Trm1. The target sites (Fig. 4 and triangles
and stars in supplemental Fig. 1) were selected on the basis of
the crystal structure and amino acid sequence alignment.
We performed site-directed mutagenesis and prepared 30
mutant Trm1 proteins. All mutant Trm1 proteins were puri-
fied to near-homogeneity, as judged by 15% SDS-PAGE (sup-
plemental Fig. 2).

FIGURE 2. Gel mobility shift assay with A. aeolicus Trm1. A, cloverleaf structure of the full-length yeast tRNAPhe transcript. B, as the Trm1 concentration
increased, full-length tRNAPhe and A. aeolicus Trm1 formed an RNA-protein complex. The gel was double-stained with Coomassie Brilliant Blue for the detection
of protein and methylene blue for the detection of RNA. C, mutant tRNAPhe transcript, in which the D-arm was deleted. D, as the Trm1 concentration increased,
the mutant tRNA transcript lacking the D-arm formed an RNA-protein complex although with decreased affinity. E, mutant tRNAPhe transcript, in which the
T-arm was deleted. F, in contrast to B and D, bands corresponding to the RNA-protein complex were not observed with the mutant tRNA transcript lacking the
D-arm, although bands corresponding to tRNA free were broadened with the increase in Trm1 concentration.
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AdoMet-binding Site and Hypothetical Reaction Mechanism—
Fig. 5A shows the AdoMet-binding site in the N-terminal cat-
alytic domain. A conserved aspartic acid (Asp-132) residue is
located near the amino group of sinefungin, which corresponds
to themethyl group ofAdoMet. This residuewas expected to be
the catalytic center of A. aeolicus Trm1 on the basis of the
amino acid sequence alignment and crystal structure (Fig. 4)
(19, 21). Indeed, alanine substitution of Asp-132 caused a com-
plete loss of methyl transfer activity (Table 1), consistent with
the idea that Asp-132 is the catalytic center. In the crystal struc-
ture, the carboxyl group of Asp-132 forms a hydrogen bond

with the Arg-66 residue (Fig. 5B). The alanine substitution
mutant of Arg-66 showed a severe loss of methyl transfer activ-
ity (1:1000 of the wild-type enzyme) (Table 1). This loss was
probably due to two reasons. One is that the guanidino group of
Arg-66 functions as a part of the electron relay system. The
other is that the hydrogen bond between Arg-66 and Asp-132
determines the direction of the carboxyl group ofAsp-132 (pre-
dicted catalytic center). Arg-66 forms a hydrogen bond with
another aspartic acid (Asp-130) (Fig. 5A). Asp-130 is highly
conserved (Fig. 4) and does not contact AdoMet directly. The
alanine substitution of this residue caused an increase in Km
values for AdoMet. Therefore, Asp-130 seems to contribute to
the formation of AdoMet binding pocket to contact Arg-66.
There are two conserved phenylalanine residues (Phe-27 and
Phe-134) located near the amino group of sinefungin (Fig. 5, A
and B). The alanine substitution mutant of Phe-27 showed a
severe loss of methyl transfer activity (1:400 of the wild-type
enzyme) through an increase in the Km value and a decrease in
the Vmax value for AdoMet (Table 1). Phe-27 may have two
functions because it is located in the flexible loop region (L1-
loop). First, the Phe-27 is a part of the AdoMet-binding site
through a hydrophobic interaction between Phe-27 and the
methionine of AdoMet because the Km value for AdoMet was
increased more than 100-fold as compared with the wild-type
enzyme. Second, Phe-27 may fix the target guanine (G26 or
G27) by a hydrophobic interaction in the presence of tRNA.
However, we could not measure the kinetic parameters of the
F27A mutant for tRNA (data not shown); the methyl transfer
activity was too low to calculate the values, and two-dimen-
sional TLC analysis showed that second methylation (m2

2G26
formation) occurred in the low concentration samples (data not
shown). Therefore, we could not conclude whether Phe-27 is
responsible for tRNA (guanine) binding, although it is themost
likely candidate for guanine binding. The importance of Phe-27

FIGURE 3. Stereo view of the overall structure of A. aeolicus Trm1. A. aeolicus Trm1 includes an N-terminal catalytic domain (cyan) and a C-terminal domain
(magenta). Bound sinefungin (yellow) is highlighted by a stick model. Four sulfate ions are also shown by a stick model. An orange ball represents a zinc atom.

FIGURE 4. Topology of A. aeolicus Trm1 and mutation sites. Topology of A.
aeolicus Trm1 is schematically drawn. The �-helices and �-strands are shown
by circles and triangles, respectively. The L1-loop is highlighted in red. An
orange circle shows the bound zinc atom. The N- and C-terminal domains are
indicated in cyan and magenta, respectively. Amino acid residues are the
mutation sites.
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residue in the L1-loop was also previously reported for P.
horikoshii Trm1 (19). In contrast, alanine substitution of Phe-
134 did not cause a significant effect; the methyl transfer activ-
ity was decreased to a third of the level of the wild-type enzyme
through an increase in Km and a decrease in Vmax values (Table
1), suggesting that Phe-134 is a structural element of the
AdoMet-binding site. This result is different from previous
results with the P. horikoshii Trm1 mutant protein (19). In the
case of P. horikoshii Trm1, the substitution of Phe-140, which
corresponds to Phe-134 in A. aeolicus Trm1, by alanine caused
a severe loss of methyl transfer activity (19). Thus, structural
contribution of this phenylalanine (Phe-134 in A. aeolicus
Trm1) residue to the architecture of catalytic pocket seems to
differ in Trm1 proteins. Taken together, these results enable us
to predict a hypothetical reaction mechanism of A. aeolicus
Trm1 (Fig. 5C). In this mechanism, the role of Phe-27 is not
clear, although its location suggests that this residue fixes the
guanine base in tRNA by a hydrophobic interaction. Further-
more, the result of alanine substitution did not contradict the
idea that the Asp-132 is a catalytic center.
As shown in Fig. 5, A and B, sinefungin forms hydrogen

bonds with many amino acid residues in the catalytic domain.
These interactions were also observed in the AdoMet-P.
horikoshii Trm1 complex (19). The amino group of adenine of
sinefungin forms a hydrogen bondwith one glutamic acid (Glu-
113). In the case of P. horikoshii Trm1, this glutamic acid is
replaced by an aspartic acid (Asp-120). Thus, this interaction
between an acidic amino acid and amino group of adenine is
conserved. However, substitution of Glu-113 by alanine did not
have a significant effect, showing that the Glu-113 is a weak
AdoMet-binding site. One isoleucine residue (Ile-85) hydro-
phobically interacts with the adenine of sinefungin; however,
alanine substitution of Ile-85 did not cause a severe effect,

FIGURE 5. AdoMet-binding site and hypothetical reaction mechanism.
A, structure of AdoMet-binding site and bound sinefungin. Amino acid resi-
dues around the AdoMet-binding site and sinefungin are highlighted by

stick models. B, interactions between amino acid residues and sinefungin.
C, hypothetical catalytic mechanism. The catalytic center is the Asp-132 resi-
due. As described in the text, the Arg-66 residue contributes to the electron
relay pathway. The activated amino group of G26 in tRNA attacks the methyl
group of AdoMet. Phe-27 in the L1-loop probably contributes to fixation of
the target guanine base by a hydrophobic interaction.

TABLE 1
Kinetic parameters for AdoMet
NDmeans thatmethyl transfer activity is not detectable. The relativeKm/Vmax value
is expressed that of the wild type enzyme as 1.00.

Alanine substitution,
mutant name Km Vmax Relative Vmax/Km

nM nmol mg�1 h�1

Wild type 170 90 1.00
Glu-6 300 130 0.84
Phe-27a �23,000 30–100 �0.0025
Asn-29 300 90 0.57
Arg-36 ND ND ND
Leu-60 670 170 0.49
Ile-65 200 170 1.70
Arg-66a �45,000 30–100 �0.0011
Asp-84a �330,000 100–200 �0.0012
Ile-85 170 50 0.51
Glu-113 670 170 0.49
Asp-130 1300 170 0.25
Asp-132 ND ND ND
Phe-134 800 260 0.65
Phe-140 670 430 1.30

a Kinetic parameters for these mutants could not be measured correctly because
of low methyl transfer activities.
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showing that Ile-85 is also a weak AdoMet-binding site. The
ribose of sinefungin contacts one conserved aspartic acid resi-
due (Asp-84), and alanine substitution of Asp-84 caused a
severe decrease of methyl transfer activity (1:1000 of the wild-
type enzyme) through an increase in the Km value for AdoMet.
Thus,Asp-84 is very important forAdoMet binding and, in fact,
is highly conserved in Trm1 proteins (supplemental Fig. 1). The
carboxyl group of methionine of sinefungin formed a hydrogen
bond with the Arg-36 residue. Disruption of this interaction by
alanine substitution brought a severe loss of methyl transfer
activity (1:1000) through an increase in Km values for AdoMet,
demonstrating that Arg-36 is also very important for AdoMet
binding. Arg-36 residue forms a hydrogen bond with a semi-
conserved glutamic acid (Glu-6), which constitutes half of a
distinctive amino acid sequencemotif, the so-called “EGmotif”
(19, 46). Because the EG motif forms a sharp �-turn and is
located near the AdoMet-binding site, it has been predicted to
be involved in the catalyticmechanism (19, 46). Furthermore, it
has been reported that the deletion of the EGmotif in S. cerevi-
siae Trm1 causes complete loss of the enzymatic activity (47).
However, alanine substitution of Glu-6 did not have an effect
on methyl transfer activity. Thus, this result revealed that the
Glu-6 residue itself is not involved in the catalytic mechanism.
Taking these results together, we conclude thatAdoMetmainly
binds to Trm1 by hydrogen bonds. In general, a hydrogen bond
is weakened at high temperatures. Even though A. aeolicus is a
hyper-thermophile, this AdoMet-bindingmode, which is a typ-
ical feature of class I AdoMet-dependent methyltransferases
(43), is conserved. This AdoMet-binding mode is completely
different from that of class IV enzymes such as TrmH; in the
case of TrmH, for example, AdoMet binds to the enzyme
hydrophobically (30, 48).
Use of Alanine Substitution Mutants to Search for the tRNA-

binding Site—As described above, four sulfate ions were found
on the surface ofA. aeolicusTrm1 because we used ammonium
sulfate for crystallization. We assumed that some of these sul-
fate ions occupied the phosphate (tRNA)-binding sites. We
therefore selected 13 amino acid residues (Arg-31, His-110,
Tyr-168, Lys-170, Arg-174, Arg-175, Arg-179, Arg-182, His-
187,Arg-192,His-219,His-274, andLys-283;marked by stars in
supplemental Fig. 1) to test tRNA binding on the basis of the
sulfate ion positions and amino acid sequence alignment. In
general, searching for a tRNA-binding site by alanine substitu-
tion is not so easy because a single mutation does not bring the
severe loss of methyl transfer activity observed in the search for
the catalytic center and AdoMet-binding site (49). Neverthe-
less, our alanine substitution experiments identified residues
important for tRNA binding as follows: alanine substitutions of
eight residues (Arg-31, His-110, Lys-170, Arg-179, Arg-192,
His-219, His-274, and Lys-283) led to a clear decrease inmethyl
transfer activity and, in particular, the alanine substitution
mutants of Arg-179 and His-219 showed a significant decrease
in the methyl transfer activity (Fig. 6A). To confirm whether
Arg-179 andHis-219 residues are part of the tRNA-binding site
or not, we performed a gel mobility shift assay (Fig. 6B). Both
alanine substitution mutants (R179A and H219A) showed a
decrease in affinity for the tRNA transcript. Thus, we con-
firmed that Arg-179 andHis-219 are important for tRNA bind-

ing and that Arg-31, His-110, Lys-170, Arg-192, His-274, and
Lys-283 probably form part of the tRNA-binding site.
Zinc Atom and Cysteine Cluster—As described above, one

zinc atom was bound to four cysteine residues (Cys-247, Cys-
250, Cys-266, and Cys-269). The bound metal was identified as
zinc by x-ray absorption fluorescence spectroscopic analysis
and inductivity coupled plasma emission analysis (data not
shown), and its positionwas consistentwith the cysteine cluster
motif (50, 51). It should be mentioned that zinc binding by this
cysteine cluster was previously predicted by a bioinformatics
study by Bujnicki et al. (46). Thus, this study is in good agree-
ment with their bioinformatics study (46). Because this zinc
atom is located in the C-terminal domain far from the catalytic
center, we considered that the zinc atom and cysteine cluster
comprise a structural element of the C-terminal domain. To

FIGURE 6. Determination of tRNA-binding site by site-directed mutagen-
esis. A, methyl transfer activity of the alanine-substituted mutant proteins.
The mutant name indicates the site of alanine substitution. The initial velocity
of wild-type Trm1 is expressed as 100%. Data are the average of four inde-
pendent experiments. B, gel mobility shift assay of wild-type Trm1 (upper
panel), the alanine substitution mutant of Arg-179 (middle panel), and the
alanine substitution mutant of His-219 (lower panel). As the protein concen-
tration increased, the protein-tRNA complex was formed. However, the Arg-
179 and His-219 mutants have weaker affinity for the yeast tRNAPhe transcript
as compared with the wild-type enzyme.
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confirm this idea, we performed serine substitution of four cys-
teine residues individually (green in Figs. 4 and 7A). As shown in
Fig. 7B, serine substitution of each cysteine residue caused a
decrease in methyl transfer activity. However, considerable
activity remained; for example, the C250S mutant had more
than 90% of the activity of the wild-type enzyme. Therefore, we
considered that single mutations might not disrupt the zinc-
bound cysteine cluster completely. To test the stability of the
cluster, we dialyzed the wild-type enzyme against buffer A con-
taining 10 mM EDTA at 4 °C overnight; however, no loss of
activity was observed (data not shown). Furthermore, after
incubation of the wild-type enzyme with 50 mM EDTA at 90 °C
for 30 min, more than 90% of the methyl transfer activity
remained (data not shown). Thus, the zinc-cysteine cluster is
considerably stable. We therefore prepared a double-mutated
Trm1 (C247S and C250S) protein to disrupt the cluster. As
expected, this mutant protein showed a significant decrease in
activity (Fig. 7A). Furthermore, the gel mobility shift assay
showed a decrease in affinity of the double-mutated protein for
tRNA (Fig. 7B). On the basis of these results, we concluded that
the cysteine cluster is a structural element that maintains the
tRNA-binding site between the N- and C-terminal domains.

FIGURE 7. Cysteine cluster mutants. A, structure of the cysteine cluster
chelating a zinc atom. Sulfur atoms and the zinc atom are indicated in yellow
and orange, respectively. B, comparison of methyl transfer activities of the
serine substitution mutants with that of the wild-type Trm1. The initial veloc-
ity of wild-type Trm1 is expressed as 100%. Data are the average of four inde-
pendent experiments. C, gel mobility shift assay of the wild-type Trm1 (upper
panel), the serine substitution mutant of Cys-266 (middle panel), and the dou-
ble serine substitution mutant of Cys-247 and Cys-250 (lower panel). Disrup-
tion of the zinc-cysteine cluster causes a severe decrease in affinity for tRNA.

FIGURE 8. Comparison of A. aeolicus Trm1 with archaeal Trm1 (P. horiko-
shii Trm1). A, comparison of the structures of the two proteins. As described
in the text, A. aeolicus Trm1 (left panel) has a multisite specificity and modifies
both G26 and G27 in tRNA. In contrast, P. horikoshii Trm1 (right panel) has
single site specificity and modifies only G26 in tRNA. Although A. aeolicus
Trm1 has a zinc-cysteine cluster in the C-terminal domain, the overall struc-
tures of both proteins are similar. The catalytic domains (cyan in A. aeolicus
Trm1 and green in P. horikoshii Trm1) are almost identical. B, in contrast, com-
parison of the electrostatic potential surface models of both proteins shows
that the electric charges of the protein surfaces are considerably different. A.
aeolicus Trm1 has a large area of positive charge at the border between the N-
and C-terminal domains (left panel). In contrast, the area of positive charge in
P. horikoshii Trm1 is relatively small (right panel).
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Comparison of A. aeolicus Trm1 with Archaeal Trm1 and
tRNA Docking Model—Finally, we compared A. aeolicus Trm1
withP. horikoshiiTrm1 (archaeal enzyme). As shown in Fig. 8A,
the apparent overall structures of both Trm1 proteins resemble
each other. However, the electrostatic potential surface models
of the two proteins show that the electric charges on the protein
surfaces are considerably different (Fig. 8B). In the case of A.
aeolicus Trm1 (Fig. 8B, left), there is a broad positive charge
area at the border between theN- andC-terminal domains. The
amino acid residues (Lys-170, Arg-179, Arg-182, His-187, and
His-219) involved in tRNA binding are present in this area. In
fact, three sulfate ionswere found in this region. In the case ofP.
horikoshiiTrm1 (Fig. 8B, right), by contrast, the area of positive
charge is observed only around the catalytic pocket; instead, a
lot of negative charge exists around the border area between the
N- and C-terminal domains. These differences in the distribu-
tion of positive charge suggest that the tRNA-binding mode
differs between theA. aeolicus and P. horikoshiiTrm1 proteins.

To address the tRNA-binding mode of A. aeolicus Trm1, we
constructed a tRNA-dockingmodel, in which the T-arm region

of yeast tRNAPhe was manually placed at the border between
the N- and C-terminal domains, i.e. at the expected tRNA-
binding site (Fig. 9). This model explains why A. aeolicus Trm1
catalyzes methyl transfers to G27, as well as G26. In the model,
the catalytic pocket ofA. aeolicusTrm1 can be placed near G26
in tRNA. However, another target guanine, G27 (C27 in the
model), is positioned closer to the catalytic pocket than G26. If
the anticodon stem structure is disrupted according to the for-
mation of a tRNA-Trm1 complex, thenG27will bemore acces-
sible to the catalytic center than G26. Thus, the T-arm recog-
nition andG27methylation ofA. aeolicusTrm1 are explainable
by the distributions of positive charge determined from our
structural study.

DISCUSSION

In this study, we have focused on the multisite specificity of
A. aeolicus Trm1, a eubacterial enzyme, which recognizes the
T-arm structure of tRNA.Our x-ray crystal structural study has
revealed that the apparent overall structure ofA. aeolicusTrm1
is similar to that of P. horikoshii Trm1 (archaeal enzyme),

FIGURE 9. Model of tRNA docking on A. aeolicus Trm1. Yeast tRNAPhe (phosphate-ribose backbone) was docked onto the expected tRNA-binding site in the
A. aeolicus Trm1. The G26 and C27 bases are highlighted by stick models. In the docking model, we placed the T-arm at the border region between the N- and
C-terminal domains. The right panel shows the space-filling model of tRNA. The target G26 base can be placed near the catalytic pocket; however, the C27 base
gains closer access to the pocket in the model. If the anticodon stem structure (i.e. the base pair between nucleotides at positions 27 and 43) is disrupted in the
Trm1-tRNA complex, the docking model suggests that tRNA species with G27 could be modified by A. aeolicus Trm1. Lower panels show a side view of the model
after a 90° anticlockwise rotation.
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although the A. aeolicus Trm1 has a novel C-terminal domain
with a zinc atom. On the basis of the crystal structure and
amino acid sequence alignment, we have performed a site-di-
rectedmutagenesis study, enabling us to propose a hypothetical
reaction mechanism of A. aeolicus Trm1 and to determine the
amino acid residues responsible for AdoMet binding. Our
hypothetical reactionmechanism seems to be reasonable for an
amino group methyltransferase (19, 52). The AdoMet-binding
site is typical of class I AdoMet-dependent methyltransferases
(45).
We have also predicted the tRNA-binding site by the site-

directed mutagenesis study based on the sulfate ion binding in
the crystal structure and amino acid sequence alignment. The
amino acid residues involved in tRNA binding mainly map to
the border area between the N- and C-terminal domains. The
electrostatic potential surface model of A. aeolicus Trm1 has
demonstrated that the border area between the N- and C-ter-
minal domains forms a large area of positive charge, which is
not observed in the model of P. horikoshii Trm1. The tRNA
docking model of A. aeolicus Trm1, in which the T-arm was
placed at the border area between the N- and C-terminal
domains, has elucidated the multisite recognition mechanism
ofA. aeolicusTrm1 by showing that G27 can be placed closer to
the catalytic pocket than G26. Among multisite-specific tRNA
modification enzymes, Escherichia coli TruA modifies U38,
U39, and U40 to �38, �39, and �40, respectively (53, 54), and
is the only enzyme whosemultisite recognitionmechanism has
been studied by the tRNA-enzyme complex (55). In this study,
we have been able to propose a hypothetical mechanism for the
multisite specificity of A. aeolicus Trm1; however, a structural
study of tRNA-Trm1 complex will be necessary, like that of
TruA, for a discussion of the detailed mechanism.
The multisite specificity and tRNA recognition mode of A.

aeolicus Trm1 is completely different from those of eukaryotic
and archaeal Trm1, although A. aeolicus Trm1 seems to be an
intermediate of eukaryotic and archaeal Trm1 proteins from
the amino acid sequence alignment. These facts suggest that
the RNA recognition mechanism of RNA modification en-
zymes may have changed during molecular evolution process,
even though the enzymes bring about the samemodification(s)
at the same position(s) in RNA. In another case of single- and
multisite specific enzymes, eubacterial TrmImodifies only A58
in the T-loop of tRNA (56, 57), whereas archaeal TrmImodifies
both A57 and A58 (22). The RNA recognition mechanisms of
eubacterial and archaeal TrmI may differ from each other,
although both enzymes share structural relationships (57, 58).
In fact, it has been recently reported that theP. abyssi (archaeal)
TrmI requires the A59 sequence for A58 methylation in tRNA,
whereas Thermus thermophilus (eubacterial) TrmI does not
require the A59 (58). Furthermore, in their report, the A59
requirement of archaeal TrmI is structurally revealed; the
His-78 residue is involved in the A59 recognition (58). It should
be mentioned that the eukaryotic counterpart of m1A58 meth-
ylation in tRNA is a hetero-subunit enzyme, Trm6 (gcd10-
gcd14 complex in yeast) (59, 60). In the case of m1A58 modifi-
cation, the eukaryotic enzyme probably has a different RNA
recognition mechanism from those of the eubacterial and
archaeal TrmI enzymes. To verify this idea, further studies will

be necessary. In addition, this study has revealed that the RNA
recognition mechanism cannot be simply predicted by an
amino acid sequence alignment. Combined use of biochemical
approaches and structural studies is required for full under-
standing of the RNA recognition mechanism.
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