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Escherichia coli tRNA (Gm18) methyltransferase (TrmH)
requires the correct localization of its methylation site (G18) in
the D-loop for efficient methylation
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TrmH is a eubacterial tRNA methyltransferase respon-
sible for formation of 2’-O-methylguaosine at position
18 (Gm18) in tRNA. In Escherichia coli cells, only 14
tRNA species possess the Gm18 modification. To inves-
tigate the substrate tRNA selection mechanism of E. coli
TrmH, we performed biochemical and structural stud-
ies. Escherichia coli TrmH requires a high concentra-
tion of substrate tRNA for efficient methylation. Exper-
iments using native tRNA S¢" o4 purified from a trmH
gene disruptant strain showed that modified nucle-
osides do not affect the methylation. A gel mobility-
shift assay reveals that TrmH captures tRNAs without
distinguishing between relatively good and very

Graphical Abstract

[¢)
o
>
(2]

>OO00O0OO
cCOOOOOO>
>COOOOC
cPOO0O>6

v  YgaceccYYa

(2]

>

vA Useaccl®a

G ACCG CCCUGG UCG
s AAGGCACGCUU
CG A
GC
GC
UUAU
u
u A
G

poor substrates. Methylation assays using wild-type
and mutant tRNA transcripts revealed that the location
of G18 in the D-loop is very important for efficient
methylation by E. coli TrmH. In the case of tRNAS®,
tRNATY" and tRNAY, the D-loop structure formed by
interaction with the long variable region is important.
For tRNAS™, the short distance between G18 and A14
is important. Thus, our biochemical study explains
all Gm18 modification patterns in E. coli tRNAs.
The crystal structure of E. coli TrmH has also been
solved, and the tRNA binding mode of E. coli TrmH is
discussed based on the structure.

Keywords: tRNA, RNA modification, tRNA
methyltransferase, SPOUT, Escherichia coli.

Abbreviations: Gm, 2’-O-methylguanosine; W,
pseudouridine.

2’-O-methylation of ribose is one of the abundant modifi-
cations of tRNA (/—4). Because 2’-O-methylation affects
the equilibrium of ribose puckering from C2’-endo form to
C3’-endo form (5), it results in rigidity of local structure
in tRNA. Furthermore, because 2’-O-methylation prevents
cleavage by RNases (6), it may contribute to prolong the
half-life of tRNA.

Guanosine at position 18 (G18) in tRNA is often modi-
fied to 2’-O-methylguanosine (Gm18) (7). G18 (or Gm18)
forms a tertiary base pair with pseudouridine at position
55 (¥55) in tRNA and contributes the maintenance of
the L-shaped tRNA structure (§—/17). In the case of Ther-
mus thermophilus, an extreme thermophilic eubacterium,

Escherichia coli TrmH requires a long variable region or short D-loop in substrate tRNA for efficient methylation.
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Gm18 modification stabilizes the tRNA structure at high
temperatures through a network between modified nucle-
osides and tRNA modification enzymes (/2—/6). In this
network, the presence of 7-methylguanosine at position
46 in tRNA accelerates the formation of Gm18 (/2). In
contrast, the presence of W55 in tRNA suppresses the for-
mation of Gm18 at low temperatures through the network
(13). In humans, Gm18 modification in tRNA suppresses
the immune response through Toll-like receptor 7 (17-19).
Thus, Gm18 modification in human tRNA works as a
marker of intrinsic tRNA. Gm18 modification in tRNA
from enterobacteria including Escherichia coli functions
in avoidance of the host immune system (/7-19). Further-
more, recently, it was reported that Gm18 level in E. coli
tRNAs increased under bacteriostatic antibiotic stress (20).

The 2’-O-methylation of G18 in tRNA is catalyzed
by TrmH in eubacteria (2/-23), Trm3 in yeast (24) and
TARBPI in humans (79, 25). Recently, Gm18 modification
by L7ae, Nop5, archaeal Fibrillarin and Box C/D guide
RNA system (26, 27) was found in tRNAs from Pyrococcus
furiosus and Sulfolobus acidocaldarius (28). Thus, Gm18
modification in tRNA is common in all three domains of
life, eubacteria, archaea and eukaryotes.

S-adenosyl-L-methionine (SAM)-dependent methyl-
transferases are classified according to the structure of
catalytic domain (29). Although the majority of tRNA
methyltransferases are classified as Class [ enzymes, TrmH
belongs to the Class IV enzymes (29). The Class IV
enzymes are known as SpoU-TrmD (SPOUT) superfamily
enzymes (30-32) with SpoU being the classical name of
TrmH (217, 22). TrmD is a eubacterial tRNA methyltrans-
ferase responsible for formation of 1-methylguanosine
at position 37 in tRNA (33, 34). Although TrmH and
TrmD were previously considered to be unrelated, a
bioinformatics study identified that they share three amino
acid sequence motifs (30). Furthermore, structural studies
of TrmH (35) and TrmD (36-38) have revealed that the
catalytic domain of both enzymes contains a deep trefoil-
knot structure. Thus, nowadays, TrmH and TrmD are
considered to be derived from a common ancestral protein.

TrmH enzymes have been divided into two types accord-
ing to their substrate tRNA specificities. Type I enzymes
such as T. thermophilus TrmH can methylate all tRNA
species (39) whereas Type Il enzymes such as E. coli TrmH
(7, 22) and Aquifex aeolicus TrmH (40, 41) methylate only
limited tRNA species.

The relationship between function and structure of
TrmH has been studied mainly using 7. thermophilus
TrmH. Amino acid residues in the conserved motifs
in TrmH are required for formation of the trefoil-knot
structure, which forms a SAM-binding pocket and is
involved in the catalytic mechanism (35, 42). An arginine
residue in motif 1 (Arg4l in T. thermophilus TrmH) is
essential for the methyltransfer activity (35, 42—44) and
is conserved in all 2’-O-methyltransferases in the SPOUT
superfamily (30, 31, 45). Furthermore, basic amino acid
residues which mediate tRNA binding have been identified
and these residues are conserved in TrmH proteins
including E. coli TrmH (46). Because the methylation
site (ribose of G18) is embedded in the L-shaped tRNA
structure, the enzyme reaction is composed of at least two
steps, namely initial binding and induced fit processes (47).
Non-substrate tRNA (methylated tRNA) is excluded from
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the tRNA-TrmH complex by movement within the catalytic
domain at the initiation of the induced-fit process (48).

The progress described above has been made over the
past 20 years. However, one important question remains,
namely as to how E. coli TrmH selects specific tRNAs
given that only 14 tRNA molecular species in 47 present
in this eubacterium have the Gm18 modification (7). To
address this issue, in the current study, we have performed
biochemical and structural studies.

Materials and Methods

Materials

[Methyl-’"H]-SAM (2.89 TBg/mmol) and [Methyl-"“C]-
SAM (1.95 GBg/mmol) were purchased from ICN. Non-
radioisotope-labeled SAM was obtained from Sigma. DNA
oligomers were obtained from Thermo Fisher Scientific.
T7 RNA polymerase was purchased from Toyobo. All other
chemical reagents were of analytical grade.

Construction of E. Coli TrmH expression vectors

The trmH gene was amplified from E. coli HB101
strain (Takara) genomic DNA using following primers:
EcoTrmHN, 5°-CCC CAT ATG AAC CCA ACA CGT
TAT GCA-3'; EcoTrmHC, 5'-CCC CCT CGA GTT ACC
CTG CAG CCT GCA TAG T-3'. Underlining highlights
the restriction enzyme sites (Nde I and Xho I sites).
The amplified DNA was inserted between the Nde I and
Xho I sites of pET28a and pET30a expression vectors
(Novagene).

Expression of E. Coli TrmH

In pET28a-EcoTrmH, a 6x His tag is fused to the N-
terminal region of TrmH. This protein was used only
for crystallization. In contrast, in the case of pET30a-
EcoTrmH, TrmH is expressed without a tag sequence. In
this study, all biochemical experiments were performed
using this protein. E. coli BL21 (DE3) Rosetta 2 strain
(Novagene) was used for the expression. The cells were
cultured at 37°C. When the optical density (600 nm)
reached 0.8, isopropyl 8-D-thiogalactopyranoside (Nacalai
Tesque, Japan) was added (final concentration, 1 mM).
The cells were further cultured at 37°C for 4 h and then
collected by centrifugation at 6500 x g at 4°C for 20 min.
The cells were stored at —80°C before use.

Purification of E. Coli TrmH with 6 x his tag for crystallization
Wet cells (0.5 g) were suspended in 7.5 mL buffer A
[50 mM Tris—HCl (pH 7.6), 5 mM MgCl,, 200 mM
KClI, 5 mM imidazole, 5% glycerol] with 75 uL protease
inhibitor cocktail (Nacalai Tesque, Japan, code 03969-
21), and then disrupted with an ultrasonic disruptor model
UD-200 (Tomy, Japan). The cell debris was removed
by centrifugation at 8000 x g at 4°C for 20 min. The
supernatant fraction was loaded onto a Ni-NTA Superflow
column (Qiagen, 5 mL). Fractions containing TrmH were
obtained using an imidazole linear gradient (5-500 mM)
developed in buffer A and then combined. The sample was
loaded onto a HiTrap Heparin HP column (GE Healthcare,
5 mL). TrmH was eluted using a KCI linear gradient
(200-1000 mM) in buffer B [S0 mM Tris—HCI (pH 7.6),
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5 mM MgCl,, 200 mM KCl, 5% glycerol]. The fractions
were combined and concentrated with a Vivaspin 15R
filter device (Millipore, molecular cut-off, 10,000). The
concentrated sample (5.94 mg/ml) was directly used for
screening of crystallization.

Purification of E. Coli TrmH (without a tag sequence) for
measurement of activity

Wet cells (1.0 g) were suspended in 10 mL buffer B supple-
mented with 100 uL protease inhibitor cocktail, disrupted
with an ultrasonic disruptor, and then centrifuged at 8000
x g at 4°C for 15 min. The supernatant fraction was loaded
onto a HiTrap Q column (GE Healthcare, 5 mL). TrmH was
eluted using a KCl linear gradient (200—1000 mM) devel-
oped in buffer B and then loaded onto a HiTrap Heparin HP
column (5 mL). Elution was performed with a KCl linear
gradient (200 mM-1000 mM) in buffer B. TrmH fractions
were combined and dialyzed against buffer B containing
400 mM KCI and 50% glycerol at 4°C overnight. The
sample was stored at —30°C.

Preparation of tRNA transcripts

Wild-type and mutant tRNA transcripts were prepared by
in vitro TT RNA polymerase transcription as reported pre-
viously (49). The transcripts were purified by Q-Sepharose
(GE Healthcare) chromatography and 10% polyacrylamide
gel electrophoresis in the presence of 7 M urea [10% PAGE
(7 M urea)].

Purification of tRNAS®" cga from E. Coli trmH gene disruptant
strain

Escherichia coli trmH gene disruptant strain (Keio
Collection, ID 6663) (50) was purchased from National
Institute of Genetics, Japan. A small RNA fraction
(mainly tRNA) was prepared using the acid guanidinium
thiocyanate-phenol-chloroform extraction method (57)
and Q-Sepharose column chromatography. Transfer
RNA’"cga was purified using the solid-phase DNA probe
method (52, 53) using the following primer: 5'- TCG AGA
CCG GTC CGT TCA GCC GC -biotin 3'. The eluted
tRNA"cga was further purified by 10% PAGE (7 M urea).

Measurement of enzymatic activity

A standard assay for enzyme activity was performed, in
which incorporation of the methyl group from [methyl-
*H]-SAM into E. coli tRNA* g transcript was monitored
(49). Typical concentrations of SAM and tRNA for the
kinetic analyses were as follows: SAM, 200 uM; E. coli
tRNA'cga transcript, 0, 25, 50, 125,250 and 500 M. The
concentration of SAM was adjusted by mixing of [methyl-
*H]-AdoMet (0.3 ©M) and non-radioisotope labeled SAM
(199.7 uM). The concentration of TrmH was fixed at
0.67 uM. The reaction mixture (30 L) in buffer B was
incubated at 37°C for appropriate times (0, 5, 10, 15, 20,
and 30 min) and conventional filter assays were performed.
For the initial 10 min, linearity of the methyl-transfer
reaction was confirmed. In the case of experiments in
Supplementary Fig. SIB and C, TrmH (0.5 mg/ml) was
stored at 4°C and — 30°C for 14 days, and then 1.0 uM
TrmH and 250 uM tRNA®"cga transcript were incubated
in the presence of 200 uM SAM at 37°C for 30 min. In
the case of experiments in Fig. 1A, 2A, 3B, 6F and 7D, the

tRNA recognition mechanism of E. coli TrmH

initial velocity was calculated from the data at 10 min using
1 uM TrmH. The data are the average of four independent
experiments.

Gel mobility shift assay

Gel mobility shift assays were performed according to our
previous report (42) with slight modifications as follows.
4.25 uM E. coli tRNAS"cga or tRNA™ was incubated with
several concentrations (0, 1.0, 1.5, 2.2, 3.4, 5.0, 7.5, 11.0,
17.0 uM) of E. coli TrmH or T. thermophilus TrmH at
room temperature for 30 min in 60 uL of binding assay
buffer [SO0 mM Tris—=HCI (pH 7.6), 5 mM Mg-acetate,
6 mM 2-mercatoethanol, 400 mM KCl, 5% glycerol] and
then 20 uL of the samples were used for 6% native gel
electrophoresis. The gels were stained with Coomassie
Brilliant Blue for detection of protein and then stained with
methylene blue for detection of RNA.

Site-directed mutagenesis
Site-directed mutagenesis was performed using a Quick-
Change Mutagenesis kit (Stratagene).

Crystallization

Crystal screening of the E. coli TrmH was performed
at 20°C by the hanging-drop vapor diffusion method.
However, initial crystallization trial was not succeeded.
Therefore, we constructed mutant E. coli TrmH (E107G)
in which the Glul07 was replaced with Gly and then
crystallized the mutant protein. Considering the sequence
alignment between the E. coli and T. thermophilus TrmH
based on the crystal structure of 7. thermophilus TrmH,
the Glul07 in E. coli TrmH is likely to be located on
the molecular surface, which is not close to the SAM-
binding site. The negative charge of carboxyl group in
Glul07 possibly interferes with crystallization of E. coli
TrmH. To lose the negative charge, mutant E107G was
prepared. A single crystal of the E107G mutant appeared
after 1 day in 100 mM HEPES-NaOH buffer (pH 7.6)
containing 5% 2-methyl-2,4-pentanediol (MPD) and 10%
polyethylene glycol (PEG) 6000. To determine the crystal
structure of E107G and SAM complex, co-crystallization
of the complex was performed as follows. In 15.3 mg/ml of
E107G, SAM was added to a final concentration of 2 mM.
2 uL of the solution was mixed 2 uL of reservoir solution
(100 mM HEPES-NaOH (pH 7.6), 5% MPD and 10% PEG
6000). 4 uL of the drop solution was equilibrated against
500 uL of the reservoir solution at 20°C. Full-sized cubic-
shaped (300 x 200 x 200 um) crystals grew within 1 day.
SeMet crystals grew under the same conditions.

Structural determination

The structure of E107G-SAM was refined to Ryork/Rfree
of 20.2%/24.2% at 1.95 A resolution (Table 1). The crys-
tal belonged to space group C2, where one E107G-SAM
molecule is present per asymmetric unit. The final model of
E107G-SAM contained 236 residues, 66 water molecules,
1 phosphate ion and 1 SAM molecule. The final model
was further checked using PROCHECK (54), showing the
quality of the refined model. Ramachandran plots (%)
of the two structures are tabulated in Table 1. The struc-
ture factor and X-ray diffraction data set from E107G-
SAM (A =1.0000) was recorded at the BL38B1 beamline
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at SPring-8 (Hyogo, Japan). The SAD data set from SeMet
TrmH (A =0.9791) was also collected at the same beamline
at SPring-8. Data collection statistics are in Table 1. All
data sets were processed, merged and scaled using the
HKL2000 program (55). Using the deduced Se-SAD data
set, 10 Se positions were identified and refined in the mon-
oclinic space group C2, and the initial phase was calculated
using AutoSol in PHENIX (56), and followed by auto-
mated model building using RESOLVE (57). The resulting
map and partial model were used for manually building the
model using COOT (58). The model was further refined
using PHENIX (56). Using the refined coordinate of SeMet
TrmH as a search model, molecular replacement phasing
of E107G-SAM crystal structure was achieved using the
Phaser program (59). The model was further built manually
with COOT (58) and refined with Refmac (60). Coordinate
of E107G- SAM have been deposited in the Protein Data
Bank (PDB code 7EDC).

Results

A high concentration of KClI stabilizes the activity of E. Coli
TrmH

E. coli TrmH was expressed in E. coli cells and purified
(Supplementary Fig. SIA). To our surprise, the enzymatic
activity of purified TrmH was very unstable and weak.
When the purified E. coli TrmH was stored at 4°C
in the standard store buffer for 7. thermophilus TrmH
[50 mM Tris—HCI (pH 7.6), 5 mM MgCl,, 6 mM 2-
mercaptoethanol, 50 mM KCIl, 5% glycerol] for 14 days,
the enzymatic activity was almost lost (Supplementary
Fig. S1B). SDS-PAGE analysis revealed that the loss of
activity was not caused by proteolysis (data not shown).

Furthermore, we observed that a portion of purified TrmH
precipitated during the storage. Initially, therefore, we
investigated the storage conditions for purified TrmH: the
KCl and glycerol concentrations for storage of active E.
coli TrmH were analyzed (data not shown). As a result, we
found that a high concentration (more than 400 mM) of KC1
stabilizes the activity of E. coli TrmH. When purified E.
coli TrmH was stored at —30°C in the presence of 400 mM
KCl and 50% glycerol for 14 days, the activity did not
change significantly (Supplementary Fig. SIC). Based on
this observation, we altered the purification procedure,
such that KCI was kept at high concentration throughout
the purification as described in the Materials and Method.
Thus, we were able to obtain E. coli TrmH for kinetic
studies.

tRNAS* oG4 is a good substrate tRNA for E. coli TrmH and
modified nucleosides in tRNAS* ¢4 do not affect methyl
group acceptance activity

Next, we determined a model substrate tRNA for kinetic
study of E. coli TrmH. Of the E. coli tRNAs, tRNA*'cga,
tRNA™Ggua and tRNA"'cag possess the Gm18 modifi-
cation (7). We prepared transcripts of these tRNAs and
then compared their methyl group acceptance activities.
Figure 1A shows the relative methyl group acceptance
activities of these tRNA transcripts at 10 min. Although all
these tRNA transcripts were methylated by E. coli TrmH,
the methyl group acceptance activity of tRNA*'cga was
superior to the others (Fig. 1A). Therefore, we selected
tRNA"cga as a model substrate. In native tRNA*"cga,
four modified nucleosides (D20, ms*°A37, m°U54 and
W55) exist in addition to Gm18 (Fig. 1B). To clarify the
effect of these modified nucleosides on the methyl-transfer
velocity of TrmH, we purified native tRNA*'cgs from
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Table 1. Data collection and refinement statistics

SeMet-E107G

E107G-SAM

Data collection
Space group
Cell dimensions
a,b,c (A)
a,By (°)

Resolution (A)

c2

85.84, 60.26, 68.09
90.00, 123.04, 90.00
50 to 2.10 (2.18-2.10)

Cc2

84.79, 60.94, 67.91
90.00, 122.97, 90.00
50 to 1.95 (1.98-1.95)

Rmerge® 8.1 (20.8) 4.4 (64.3)

ol 50.7 (7.5) 47.0 (7.9)

Completeness (%) 99.4 (100.0) 99.6 (99.9)

Redundancy 5.7 (5.7) 3.7 (3.7)
Refinement

Resolution 30.98-1.95

No. reflections 20,209

Rwork®/Rfree® 20.24/24.21

No. atom 1927

protein 1829

SAM 27 (1 x SAM)

PO427 ion 5(1x PO4 2= )

water 66

Avg. B-factors (A?) 45.25

R.m.s deviation

Bond lengths (A) 0.01

Bond angles (°) 1.64

Ramachandran plot (%)

Most favored 99.6

Additional allowed 0.4

Generously allowed 0.0

Disallowed 0.0

The value in the parentheses is for the highest resolution shell.

#Rmerge = ZXj| < I(h)>— I(h)}|/=%j| < I(h)>]|, where <I(h)>is the mean intensity of symmetry-
equivalent reflections. PRyor = = (IIFp(obs) — Fp(calc)ll)/ZIFy(obs)l. Rfee = R factor for a selected
subset (5%) of reflections that was not included in earlier refinement calculations.

a small RNA fraction of E. coli trmH gene disruptant
(AtrmH) strain using a solid-phase DNA probe method
(Fig. IC and ref. 53). The methyl group acceptance
activity of purified tRNA®'cga was compared to that of
tRNAS"cga transcript (Fig. 1D). No significant difference
was observed between the transcript and native tRNA from
the AtrmH strain. Thus, the four modified nucleosides
(D20a, ms?*i°A37, m°U54 and ¥55) in tRNAS"cga do not
affect the methylation by E. coli TrmH.

Efficient methyl-transfer requires high concentrations of
substrate tRNA and non-substrate tRNA (tRNAP") transcript
is methylated slowly at high concentrations

Kinetic parameters for tRNA* cga were measured. To our
surprise, as shown in Fig. 2A, the apparent Km value was
very large (90 & 10 uM). In contrast, T. thermophilus
TrnH has a Km value for yeast tRNA™ transcript of around
100 nM (39). This is the main reason that the activity of
E. coli TrmH is very weak. In our standard tRNA methyl-
transferase assay, tRNA concentration is below 20 uM. To
demonstrate the low activity of E. coli TrmH, we com-
pared the methylation activities of E. coli and T. ther-
mophilus TrmH enzymes (Fig. 2B). In this experiment, we
intentionally used 50 uM “C-SAM, 20 uM tRNA*"cga
transcript and 0.67 uM E. coli or T. thermophilus TrmH:
this is one of general assay conditions for tRNA methyl-
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transferases. Although the optimum temperature for activ-
ity of T. thermophilus TrmH is 60-70°C (61), T. ther-
mophilus TrmH clearly methylated tRNA"cga transcript
even at 37°C. In contrast, the methylation speed by E.
coli TrmH was markedly slow. Therefore, hereafter, we
used 250 uM (167.0 A260 units/ml) of tRNA transcripts
in the assay. This concentration of tRNA is much greater
than the amount of native tRNA in living E. coli cells.
Because E. coli tRNA™ from living cells does not possess
the Gm18 modification (7), we prepared tRNA™ tran-
script as a negative control. Unexpectedly, however, when
250 uM tRNA™ transcript was used as the substrate, a very
slow methyl-transfer reaction was observed (Fig. 2A). We
repeated the experiments and confirmed the methylation
of tRNA™ transcript. Although the Km value for tRNA™
transcript could not be accurately measured due to the
low methyl group acceptance activity, it is clear that the
apparent Km value for tRNA™ transcript is very large.
Because the methylation site (2’-OH of ribose of G18)
is embedded in the L-shaped tRNA structure (8, 9), the
disruption of L-shaped structure is required for methyla-
tion by TrmH. Therefore, the methyl-transfer reaction of
TrmH is composed of at least two steps, namely initial
binding and induced-fit processes (47, 48). Because the
Km value is generally calculated from the formation speed
of product, both formation of tRNA-TrmH complex and
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release of products (methylated tRNA and S-adenosyl-L-
homocysteine) reflect in the Km value. To estimate the
affinity of E. coli TrmH for tRNA, therefore, a gel mobility
shift assay (42) was performed (Fig. 2C left panels). As
controls of gel mobility shift assay, T. thermophilus TrmH
was used (right panels in Fig. 2C). In these experiments,
400 mM KCl was added into the binding assay buffer for
the stabilization of E. coli TrmH: 400 mM KCl was also
added into the 7. thermophilus TrmH samples. Even in
the presence of 400 mM KCl, the bands corresponding to
TrmH-tRNA complex were clearly observed in all gels.
The affinities of E. coli TrmH for tRNA*cga (Fig. 2C
left upper) and tRNA™ (Fig. 2C left lower) were slightly
weaker than those of T. thermophilus TrmH (Fig. 2C right
panels). However, E. coli TrmH clearly formed a com-
plex with both tRNA"cga and tRNA™ at concentrations
of enzyme below 10 uM. Because the concentrations of
tRNA* cGga and tRNA™™ were fixed at 4.25 uM, the results
of gel mobility shift assay reveal that the very large Km
value (around 90 uM) is not a result of the initial binding
process. In the initial binding process, E. coli TrmH cap-
tures tRNA without distinguishing between relatively good
(tRNA*"cga) and very poor (tRNA™) substrates.

The basic tRNA recognition mechanism of E. coli TrmH is
common with that of T. thermophilus TrmH

To address the tRNA recognition mechanism of E. coli
TrmH, we prepared two tRNA'cga mutant transcripts
(Fig. 3) and tested their methyl group acceptance activities.
When the T-stem was disrupted (AT-stem), methyl
group acceptance activity was retained. Furthermore,
disruption of the interaction between T-loop and D-
loop (U5S4A/U55A) did not decrease in the methyl-group
acceptance activity. These results clearly show that E. coli
TrmH does not require the interaction between D-loop and
T-loop. This phenomenon is in line with the enzymatic
property of T. thermophilus TrmH that T. thermophilus
TrmH can methylate 5’-half fragment of E. coli tRNAM¢
(62). These results show that the basic tRNA recognition
mechanism of E. coli TrmH is common with that of T.
thermophilus TrmH (39). In fact, the amino acid residues,
which are important for tRNA recognition mechanism in
T. thermophilus TrmH, are conserved in E. coli TrmH (46 ).

A single mutation (Glu107 to Gly) enabled crystallization of
E. coli TrmH

To obtain structural information of E. coli TrmH, we
attempted crystallization of the wild-type protein. How-
ever, this did not succeed because wild-type E. coli TrmH
aggregated even in the presence of high concentrations
of KCl. To overcome this problem, we compared the
amino acid sequences of E. coli and T. thermophilus TrmH
proteins (42) and identified several amino acid residues
which are located on the surface of 7. thermophilus TrmH
and are not part of the SAM-binding site. Single mutations
were introduced into E. coli TrmH and solubility of mutants
checked. Fortunately, we found that one point mutant
(Glul07 in E. coli TrmH was substituted by Gly; E107G)
protein could be concentrated to more than 5 mg/ml in the
presence of 200 mM KCI. Activity measurement of E107G
mutant TrmH revealed that this mutant protein possesses
comparable methyl-transfer activity to the wild-type
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enzyme (Supplementary Fig. S2A). Therefore, we used the
E107G mutant TrmH for crystallization. This alteration
enabled us to crystalize E. coli TrmH (Supplementary
Fig. S2B).

Overall structure of E. coli TrmH and differences to T.
thermophilus TrmH

The structure of E. coli TrmH-SAM complex was solved at
1.95 A resolution (Fig. 4A and Table 1, PDB code 7EDC).
E. coli TrmH is a dimer and a trefoil knot structure is
formed in each subunit (Fig. 4B). This is a typical feature of
2’-O-methyltransferases in the SPOUT superfamily (37).

An obvious difference between E. coli (Fig. 4A and B)
and T. thermophilus (Fig. 4C and D) TrmH proteins is the
structure of C-terminal region. The C-terminal region of E.
coli TrmH is longer than that of T. thermophilus and mainly
forms a-helices as previously predicted by a bioinformatics
study (45), although one anti-parallel B-sheet (87 and 88)
isinserted (Fig. 4B). Our previous in vitro and in vivo study
revealed that the C-terminal region is involved mainly in the
initial binding of tRNA (48). As shown in Fig. 2C, E. coli
TrmH bound not only to good substrate (tRNA%"cga) but
also to poor substrate (tRNA™). Therefore, the difference
in the C-terminal regions does not affect the selection of
substrate tRNA directly.

A second difference is observed in the SAM-binding
pocket (Fig. 5A). In comparison to the SAM-binding
pocket of T. thermophilus TrmH (Fig. 5B) (35), that of
E. coli TrmH forms many hydrogen bonds with SAM.
For example, the carboxyl group in SAM forms hydrogen
bonds with Asn32 and Lys29 (Fig. 5C). These two residues
are E. coli TrmH-specific and are not conserved in T.
thermophilus TrmH (Fig. 5D) and other TrmH proteins. As
a result, although the position of the methyl group in SAM
is the same in E. coli and T. thermophilus TrmH proteins,
the direction of the carboxyl group in SAM is different.
In vivo, T. thermophilus TrmH acts at high temperatures
(>50°C). Therefore, hydrophobic interactions may be
more important than formation of hydrogen bonds for
SAM-binding to T. thermophilus TrmH (Fig. 5B and 5D).

Another difference in the catalytic domains of the two
proteins can be observed. The polypeptide from Ser58
to Ser70 in E. coli TrmH forms a long «-helix («3),
which is shown enclosed in a dotted circle (Fig. 4B). In
T. thermophilus TrmH, this region contains short «-helix
and loop structure (Fig. 4D). This region is sandwiched
between motifs 1 and 2 (30, 46), and there is no conserved
amino acid residue among the TrmH family members.
However, this long «-helix seems to bring the rigidity to the
local structure of E. coli TrmH and may affect the methyl-
transfer reaction. To investigate the role of the long «3-
helix, we replaced this region of E. coli TrmH with that of T.
thermophilus TrmH. However, this approach resulted in the
mutant protein completely losing methyl-transfer activity
(data not shown). In E. coli TrmH, loss of the long o3-helix
may cause disruption of core structure of catalytic domain.

The long variable region in good substrate tRNAs is required
for efficient methylation by E. coli TrmH

As shown in Fig. 1A, tRNA*cga, tRNA™gua and
tRNA™ cag are relatively good substrates for E. coli TrmH.
These tRNAs (so-called class II tRNAs) possess a long
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E. coli TrmH

Trefoil
knot

Trefoil
knot

Fig. 4. Structure of E. coli TrmH. (A) Dimer structure of E. coli TrmH is depicted as a cartoon model. The bound SAM in one subunit is highlighted as
a stick model. N and C denote the N- and C-ends of the subunit, respectively. (B) Topology of E. coli TrmH is depicted. Arrows and boxes represent
a-helices and B-strands, respectively. The long «3-helix is enclosed in a dotted circle. The location of SAM is shown by a circle and the trefoil knot
region is enclosed. (C) Dimer structure of 7. thermophilus TrmH is depicted in the same orientation as E. coli TrmH in panel A. The bound SAM in one
subunit is highlighted as a stick model. N and C denote the N- and C-ends of the subunit, respectively. (D) Topology of T. thermophilus TrmH is depicted.

variable region (Fig. 6). In contrast, tRNA™ has a regular-
size (5 nt) variable region and is a very poor substrate for E.
coli TrmH. To clarify the role of long variable region, we
prepared five mutant tRNA transcripts (Fig. 6A-E). When
the variable region of tRNA*cga (Fig. 6A), tRNA™gua
(Fig. 6B) or tRNA"'yaa (Fig. 6C) was replaced with
that of tRNA™, the methyl group acceptance activity
dramatically decreased (Fig. 6F). In contrast, when the
variable region of tRNA™ was replaced with that of
tRNAS"cga (Fig. 6D) or tRNA*"yaa (Fig. 6E), the methyl
group acceptance activity clearly increased (Fig. 6F). Thus,
these results show that the long variable region is important
for efficient methylation by E. coli TrmH.

The location of G18 in the D-loop is important for efficient
methylation by E. coli TrmH

The long variable region is important for efficient methy-
lation by E. coli TrmH. However, although tRNA" has a
regular size variable region (Fig. 7A), this tRNA possesses
a Gm18 modification in living E. coli cells (7). We noticed
that the distance between G18 and A14 of tRNA®" is shorter
than that in tRNA™ due to the deletion of one nucleotide
(corresponding to pyrimidine 16 or 17). It should be men-
tioned that numbering of nucleotide positions in tRNA
of this manuscript is according to Sprinzl et al. (63).
Therefore, in the case of tRNA", one nucleotide is deleted
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between Al14 and G18. Thus, this observation suggests
that the location of G18 in the D-loop is important for
efficient methylation by E. coli TrmH. To confirm this idea,
we prepared two mutant tRNA transcripts (Fig. 7B and C)
and their methyl group acceptance activities were tested
(Fig. 7D). The wild-type tRNA®" transcript was methylated
well by E. coli TrmH (Fig. 7D). However, the insertion
of U16 resulted in a significant decrease of methyl group
acceptance activity. Furthermore, the deletion of U16 in
tRNA™ clearly increased methyl group acceptance activity.
These results demonstrate that the location of G18 in the D-
loop is important for efficient methylation by E. coli TrmH.
Furthermore, because tRNA" is methylated by E. coli
TrmH, it is demonstrated that the long variable region itself
is not essential: the long variable region may determine the
location of G18 in the D-loop.

Docking model of E. coli TrmH and tRNA

Finally, we constructed a docking model of E. coli TrmH
and tRNA (Fig. 8). The positively charged surface area of
E. coli TrmH is colored in blue. When the L-shaped tRNA
was simply placed onto this area, crush of tRNA and TrmH
structures occurred. Thus, to form the complex between
tRNA and E. coli TrmH, structural changes of tRNA and
protein are required. The location of G18 in the D-loop is
very important for efficient methylation by E. coli TrmH.
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Fig. 5. SAM-binding pocket of E. coli and T. thermophilus TrmH proteins. (A) Structure of SAM-binding pocket of E. coli TrmH is highlighted.
Electron densities around SAM are hatched. C atoms in SAM and TrmH are indicated in green and cyan, respectively. O, N, S and P atoms are indicated
in red, blue, yellow and orange, respectively. (B) Structure of SAM-binding pocket of T. thermophilus TrmH is highlighted. C atoms in SAM and TrmH
are indicated in green and sky-blue, respectively. O, N, S and P atoms are indicated in red, blue, yellow and orange, respectively. (C) Interactions
between amino acid residues in E. coli TrmH and bound SAM are shown. Dotted lines represent hydrogen bonds. (D) Interactions between amino acid
residues in 7. thermophilus TrmH and bound SAM are shown. Dotted lines represent hydrogen bonds.

In the case of methylation of tRNA®", tRNA™ and tRNA™,
the D-loop structure produced by interaction with the long
variable region is important. In the case of methylation
of tRNA" the short distance between G18 and Al14 is
important. These D-loop structures seem to be required for
progress of the induced-fit process (the structural change
process).

Discussion

The trmH gene encoding tRNA (Gm18) methyltransferase
in E. coli genome was initially predicted by a bioinfor-
matics study in 1996 (/8) and then confirmed by analysis
of a gene disruption strain (/9). However, in more than

two decades, the rrmH gene product of E. coli has not
been analyzed in terms of purified protein. To the authors’
knowledge, this is the first report of characterization of
purified E. coli TrmH.

The enzymatic activity of E. coli TrmH is very unstable
in the presence of 50 mM KCI (Supplementary Fig. S1).
Therefore, at the start of this study, we searched a storage
method for the protein. Fortunately, we found that a high
concentration (400 mM) of KCI was effective and allowed
storage of purified E. coli TrmH. The high concentrations
of KCI may stabilize the dimer structure of E. coli TrmH,
although we do not have the direct evidence. This feature
may contribute to the regulation of enzymatic activity
under the physiological conditions: E. coli TrmH rapidly
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loses the enzymatic activity after its expression in living
cells. The second problem was that the activity of E.
coli TrmH was very weak (Fig. 2). Our kinetic study has
revealed that E. coli TrmH requires huge concentration of
substrate tRNA for efficient methylation (Fig. 2A). Thus,
under normal assay conditions, the activity of E. coli TrmH
is barely detectable. This is consistent with the fact that
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E. coli TrmH activity was not detectable in cell extracts
in an earlier study (64). This low activity is not caused
by the absence of other modifications of tRNA transcript.
Indeed, the methylation speed of native tRNA*'cgs from
the AfrmH strain is comparable to that of tRNA transcript
(Fig. 1D). Thus, we have concluded that the low activity
reflects the native characteristics of E. coli TrmH. In E. coli,
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Fig. 8. Docking model of E. coli TrmH and tRNA complex. Positive
and negative charged surface areas of E. coli TrmH are colored in blue
and red, respectively. The bound SAM is highlighted as a stick model.
The structure of yeast tRNA* is manually placed onto the surface of E.
coli TrmH.

D20a, ms*i°A37, m°U54 and W55 in tRNA are a result of
modifications by DusA (65, 66), MiaA (67) and MiaB (68),
TrmA (69) and TruB (70), respectively. Although the pres-
ence of iA37 modification by MiaA is essential for the 2’-
O-methylation at position 34 by TrmL (44, 71), a member
of SPOUT superfamily (72), TrmH does not require this
modification for the 2’-O-methylation of G18. It should
be mentioned that the presence of modified nucleosides
such as m’G46 (produced by TrmB) (73, 74) in tRNA
have effects on the methylation speed of T. thermophilus
TrmH (/2). At high temperatures, modified nucleosides are
required for the maintenance of L-shaped tRNA structure
(75). In contrast, Gm18 modification in E. coli tRNA is
only required for survival in animal gut (/4, 15). Therefore,
E. coli TrmH seems to evolve to methylate a minimum
subset of tRNAs to avoid consumption of excess amounts
of SAM.

At 250 puM tRNA™ transcript, very slow methyl-
transfer was observed. This concentration of single tRNA
species is larger than that under physiological conditions
in living E. coli cells. At high concentrations, tRNA™
that is not methylated under the physiological conditions
is methylated. A similar phenomenon has been reported
in Saccharomyces cerevisiae (76). Trm10 is a member
of SPOUT superfamily (77), which produces the m'G9
modification in tRNA (78). Overexpression of Trm10
in yeast yields m'G9 containing tRNA species that are
ordinarily unmodified in vivo (76). Thus, yeast Trm10 has
a broader tRNA substrate specificity than is suggested by
the observed pattern of modification in the yeast wild-
type strain. Our previous in vivo experiment showed that
overexpression of E. coli TrmH in E. coli cells increased
the Gm content in tRNA fraction 1.7 fold (48). Thus, this
observation suggest that the Gm18 modification pattern in
living cells is regulated by the balance between amounts of
TrmH and substrate tRNA. In our previous study (40), we
classified TrmH enzymes simply based on their substrate
tRNA specificities. As such, class I enzymes such as T.
thermophilus TrmH methylate all tRNAs, whereas class 11
enzymes such as E. coli TrmH methylate a subset tRNAs.
Our current study suggests that this classification might
need to be reconsidered. E. coli TrmH has the potential to

tRNA recognition mechanism of E. coli TrmH

methylate tRNAs, which are not modified in physiological
conditions.

The SAM-binding pocket (Fig. 5) of E. coli TrmH is
slightly different from that of T. thermophilus (35) and
Aquifex aeolicus (41) TrmH proteins. Notably, the carboxyl
group in SAM forms hydrogen bonds with Asn32 and
Lys29. Similar hydrogen bond formation is observed in
the crystal structure of E. coli TrmJ] and S-adenosyl-L-
homocysteine (79, 80). TrmJ is a 2’-O-methyltransferase
of the SPOUT superfamily and is responsible for the for-
mation of Cm32 and Um32 in tRNA (79, 80). In the case
of E. coli TrmJ, Arg23 forms a hydrogen bond with the
carboxyl group of S-adenosyl-L-homocysteine: Arg23 is
located between the N-terminal region and motif 1 and
is not conserved in the SPOUT 2’-O-methyltransferases.
Thus, the SAM-binding mode observed in the E. coli TrmH
and SAM complex may be one variation of that seen in the
SPOUT 2’-O-methyltransferases.

In living E. coli cells, only 14 tRNA species possess
the Gm18 modification. For a long time, the question as to
how E. coli TrmH selects specific tRNAs as substrates has
remained unanswered. Our biochemical study has revealed
that the D-loop structure by the interaction with long vari-
able region in tRNA*cga, tRNA™gua and tRNA* cag is
important for the efficient methylation by E. coli TrmH.
Furthermore, in the case of tRNA", the distance between
G18 and A14 is important. These results demonstrate that
the location of methylation site (2’-0-atom in G18) in the
D-loop and deletion of a pyrimidine 17 is important for the
efficient methylation by E. coli TrmH. To understand these
issues structurally, structural studies of a complex of E. coli
TrmH and tRNA is necessary.

Accession number
The crystal structure factors and coordinates have been
deposited in the Protein Data Bank (PDB code 7EDC).
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