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ABSTRACT

tRNA molecules get heavily modified post-transcriptionally. The N-1 methylation of purines at position 9 of eukaryal and archaeal
tRNA is catalyzed by the SPOUT methyltranferase Trm10. Remarkably, while certain Trm10 orthologs are specific for either
guanosine or adenosine, others show a dual specificity. Structural and functional studies have been performed on guanosine-
and adenosine-specific enzymes. Here we report the structure and biochemical analysis of the dual-specificity enzyme from
Thermococcus kodakaraensis (TkTrm10). We report the first crystal structure of a construct of this enzyme, consisting of the
N-terminal domain and the catalytic SPOUT domain. Moreover, crystal structures of the SPOUT domain, either in the apo
form or bound to S-adenosyl-L-methionine or S-adenosyl-L-homocysteine reveal the conformational plasticity of two active site
loops upon substrate binding. Kinetic analysis shows that TkTrm10 has a high affinity for its tRNA substrates, while the enzyme
on its own has a very low methyltransferase activity. Mutation of either of two active site aspartate residues (Asp206 and
Asp245) to Asn or Ala results in only modest effects on the N-1 methylation reaction, with a small shift toward a preference
for m1G formation over m1A formation. Only a double D206A/D245A mutation severely impairs activity. These results are in
line with the recent finding that the single active-site aspartate was dispensable for activity in the guanosine-specific Trm10
from yeast, and suggest that also dual-specificity Trm10 orthologs use a noncanonical tRNA methyltransferase mechanism
without residues acting as general base catalysts.
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INTRODUCTION

RNA modification occurs in organisms belonging to the
three domains of life (Bacteria, Eukarya, and Archaea).
More than 100 types of RNA modifications have been
identified up to now (Phizicky and Hopper 2010; Cantara
et al. 2011; Machnicka et al. 2013), with the addition of
a methyl group on the base or on the ribose of a nucleoside
being the most frequently encountered modification. The
RNAmethyltransferases (MTases) that catalyze these methyl-
ations are classified in different groups (Czerwoniec et al.
2009). The Rossmann fold-like MTases (RFM) form the
largest group, followed by the SpoU-TrmD (SPOUT) family
(Anantharaman et al. 2002). These SPOUT-MTases bear a
deep trefoil (topological) knot in the catalytic domain to

which the methyl donor S-adenosyl-L-methionine (SAM)
binds (Hori 2017). The large majority of the SPOUT-
MTases exist as dimers with either perpendicular or anti-
parallel modes of dimerization (Tkaczuk et al. 2007). Many
SPOUT enzymes are RNA 2′-O-methyltransferases, some
acting on tRNA and others on rRNAs (Persson et al. 1997;
Lövgren and Wikström 2001; Purta et al. 2006; Kuratani
et al. 2008; Dunstan et al. 2009; Benítez-Páez et al. 2010).
OtherMTases of this familymodify the base of the ribonucle-
oside (Byström and Björk 1982; Ero et al. 2008; Purta et al.
2008). Recently, also more uncommon SPOUT-enzyme
activities have been discovered: a protein (arginine) MTase
(Young et al. 2012) and an RNA aminocarboxypropyl-
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transferase (Meyer et al. 2016). Other families of SAM depen-
dent RNA MTases exist, as revealed by the radical SAM
MTases and the β barrel type MTases, although only a few
members of these families are described in the literature
(Yan and Fujimori 2011; Broderick et al. 2014; Kimura
et al. 2014).
The Trm10 MTases belong to the SPOUT family, and

contrary to most other known family members behave as
monomers in solution. Initially Trm10 was identified as
the enzyme catalyzing the formation of m1G9 in yeast
tRNA (Jackman et al. 2003; Jackman and Alfonzo 2013;
Swinehart et al. 2013). Interestingly, different Trm10 homo-
logs display varying substrate specificities. Whereas human
TrmT10A and TrmT10B catalyze the formation of m1G9
in cytoplasmic tRNA, the crenarchaeal Sulfolobus acidocal-
darius Trm10 (SaTrm10) forms m1A9 (Kempenaers et al.
2010; Oerum et al. 2017a). Remarkably, the euryarchaeal
Thermococcus kodakaraensis Trm10 (TkTrm10) displays a
broadened specificity, forming m1A9 and m1G9 in tRNA
(Kempenaers et al. 2010). The same dual specificity was
observed for the third human Trm10 homolog TrmT10C, in-
volved in methylation of mitochondrial tRNAs (Vilardo et al.
2012). This last Trm10 homolog is a component of the mito-
chondrial RNaseP complex (Holzmann et al. 2008), in which
TrmT10C forms a subcomplex with the dehydrogenase
HSD10. Association of TrmT10C with HSD10 is required
for tRNA MTase activity (Vilardo and Rossmanith 2015;
Oerum et al. 2017b).
Broadened specificity is not uncommon for tRNA-

MTases. For example, the dual-specific enzyme RlmN of
E. coli forms m2A in both 23S rRNA and tRNA (Benítez-
Páez et al. 2012). Adjacent nucleotides in the tRNA molecule
can also be a target for the same MTases. TrmI of Pyrococcus
abyssi is such a region-specific enzyme forming m1A at
positions 57 and 58 of the tRNA molecule (Roovers et al.
2004). The yeast enzyme Trm4 catalyzes the formation of
m5C at positions 34, 40, 48, or 49 depending on the tRNAs
(Motorin and Grosjean 1999). More intriguingly, there are
tRNA MTases known to modify different types of bases.
The first example is yeast Trm5 that can methylate G37
into m1G37, and I37 (where I is inosine) into m1I37 (Björk
et al. 2001). Using an artificial system it was shown that
NpmA of Streptoalloteichus tenebrarius, a 16S rRNA MTase
forming m1A1408, possesses dual nucleobase specificity
capable of catalyzing both m1A1408 and m1G1408 modifica-
tions (Zelinskaya et al. 2015). This last example of broadened
specificity is very similar to the one found for TkTrm10 and
human mitochondrial TrmT10C forming m1G9 and m1A9
in tRNA.
The protonation state of the N1 position of guanine and

adenine are different at physiological pH, with the guanine
N1 being protonated and the adenine N1 being unprotonated
in their most common tautomeric form. Deprotonation
of the N1-position of guanine, required for its methylation,
has initially been proposed to involve an aspartate residue

present in all Trm10 members that would act as a catalytic
base (Shao et al. 2014). Remarkably, this residue is also pres-
ent in the m1A-specific SaTrm10, while also a second aspar-
tate residue is present in the active site of SaTrm10 and of
the dual-specific TkTrm10. Mutation of both aspartate resi-
dues in SaTrm10 also leads to a reduced MTase activity
(Van Laer et al. 2016). However, using detailed kinetic anal-
ysis it was recently demonstrated that mutation of the gener-
ally conserved aspartate residue (D210 in Saccharomyces
cerevisiae) only leads to a small decrease in the catalytic rate
of m1G formation and that it hence does not function as a
catalytic base (Krishnamohan and Jackman 2017).
To get more insights into the catalytic mechanism and

substrate specificity of the Trm10 enzymes in general, and
the dual-specificity enzymes in particular, we set out to inves-
tigate the Trm10 ortholog from T. kodakaraensis. In this
article we report the structure of TkTrm10, and the impor-
tance of the two active site aspartate residues of TkTrm10 is
evaluated.

RESULTS AND DISCUSSION

TkTrm10 is a slow tRNA methyltransferase displaying
genuine dual specificity

We have previously shown that TkTrm10 is a dual-specificity
enzyme that catalyzes formation of both m1A and m1G at po-
sition 9 of certain tRNAs (Kempenaers et al. 2010). In order
to gain more insight into the kinetic basis underlying this
dual specificity we performed steady-state kinetic experi-
ments. Hereto, we used in vitro transcribed tRNAAsp of
T. kodakaraensis, which bears a guanosine at position 9 (later
referred to as tRNA-G). For direct comparison we also made
a mutant of TktRNA

Asp where G9 has been changed into an
adenosine (later referred to as tRNA-A). To determine the
steady-state kinetic parameters, kcat and KM, we either varied
the tRNA concentration at a fixed saturating concentration
of SAM (20 µM), or we varied the SAM concentration at a
saturating concentration of tRNA (4 µM). This steady-state
analysis shows that TkTrm10 has KM values for its tRNA
substrates in the submicromolar range [KM(tRNA-G) =
0.18 ± 0.04 µM, KM(tRNA-A) = 0.25 ± 0.04 µM] and a low
micromolar KM for SAM (3–6 µM, depending on the tRNA
substrate) (Table 1; Fig. 1). The high affinity for tRNA and
micromolar affinity for SAM (KD = 9.4 ± 1.2 µM) is also
confirmed by electrophoretic mobility shift assays (EMSA)
and ITC measurements, respectively (Supplemental Fig. S1).
The turnover number (kcat) of TkTrm10 is very low using either
tRNA-G or tRNA-A as a substrate, with a slight preference
for tRNA-A [kcat(tRNA-G) = (3.9 ± 0.3)10−3 min−1, kcat-
(tRNA-A) = (7.8 ± 0.4)10−3 min−1]. Together this proves that

TkTrm10 is a genuine dual-specificity enzyme with very similar
specificity constants for tRNAwith either guanosine and aden-
osine at position 9 [kcat/KM(tRNA-G) = (22 ± 5)10−3 µM−1

min−1, kcat/KM(tRNA-A) = (31 ± 5)10−3 µM−1 min−1].
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The low kcat value of TkTrm10 is remarkable, as this value is
about 1000-fold lower than (single) turnover rates reported
for yeast Trm10 or kcat values reported for the other N1-
methyltranferases TrmD and Trm5 (Christian and Hou
2007; Krishnamohan and Jackman 2017). A first potential
explanation could be that the low activity is a general feature
of dual-specificity Trm10 orthologs, where catalytic efficiency
has been sacrificed in favor of substrate promiscuity.
Alternatively, it should be taken into consideration that

TkTrm10 might require a so-far unidentified partner protein
to attain full catalytic activity. Indeed, TrmT10C the only oth-
er characterized dual-specificity Trm10 ortholog so far, has
also been shown to have a nearly negligible methyltransferase
activity on its own, and binding to its partner protein HSD10
(or SDR5C1) is required for efficient tRNA modification
(Vilardo et al. 2012). In analogywith TkTrm10, TrmT10C dis-
plays full tRNA binding capacity in absence of any partner
protein. This opens up the intriguing possibility that the re-
quirement for a partner protein to attain full catalytic activity
could be a more general property of dual-specificity Trm10
enzymes. Further studies to identify such a partner protein
in T. kodakaraensis are required to address this question.

Neither the N-terminal nor C-terminal domain
of TkTrm10 contribute to its specificity

Sequence alignment of TkTrm10 with SaTrm10 (sequence
identity = 29.5%; sequence similarity = 45%), of which the

structure of the full-length protein has been solved, reveals
that TkTrm10 also consists of three well defined domains, anal-
ogous to other enzymes of the Trm10 family (Supplemental
Fig. S2). To determine whether the substrate specificity is
entirely defined locally by the catalytic SPOUT domain, or
also the N- and C-terminal domains contribute to specificity,
domain swapping experiments were performed using the

TkTrm10 (forming m1A and m1G) and SaTrm10 (forming
m1A) enzymes. The rationale of choosing SaTrm10 in this ex-
periment rather than yeast Trm10 (forming m1G) is the ther-
mophilic character of both enzymes. Except for the variant of

SaTrm10 containing the C-terminal domain of TkTrm10, all
hybrids were successfully produced in E. coli and the purified
proteins displayed tRNA methylation activity. As assessed via
a 2D-TLC and shown in Figure 2, among the different chime-
ric proteins tested only the ones containing the SPOUT
domain of TkTrm10 presented a dual specificity. This shows
that the dual specificity is essentially conferred by elements
present in the SPOUT domain.

The crystal structure of TkTrm10Δ26 shows
the N-terminal and SPOUT domains

To gain insight into the domain organization, the tRNA
binding mode and the mechanism of the dual specificity
of TkTrm10, we set out to solve its crystal structure. Since
the crystallization of the full length protein, consisting of
370 amino acid residues, was unsuccessful, we crystallized a

TABLE 1. Steady-state kinetic parameters of TkTrm10 variants

TkTrm10 variant Variable substrate Fixed substrate kcat (×10
−3 min−1) KM (µM) kcat/KM (×10−3 µM−1 min−1)

Wild-type tRNA-Ga SAM (20 µM) 3.9 ± 0.3 0.18 ± 0.04 22 ± 5
tRNA-Aa SAM (20 µM) 7.8 ± 0.4 0.25 ± 0.04 31 ± 5
SAM tRNA-G (4 µM) 4.4 ± 0.7c 6.3 ± 1.8c 0.7 ± 0.2c

SAM tRNA-A (4 µM) 7.7 ± 1.0c 3.0 ± 0.09c 2.6 ± 0.3c

D245N tRNA-G SAM (20 µM) 2.1 ± 0.09 0.08 ± 0.02 26 ± 7
tRNA-A SAM (20 µM) 9.2 ± 0.5 1.2 ± 0.2 8 ± 1
SAM tRNA-G (4 µM) 3.1 ± 0.3 7.5 ± 1.9 0.4 ± 0.1
SAM tRNA-A (4 µM) 4.8 ± 0.5 3.8 ± 1.2 1.3 ± 0.4

D245A tRNA-G SAM (20 µM) 1.4 ± 0.2b 0.59 ± 0.20b 2.4 ± 0.9b

tRNA-A SAM (20 µM) 1.0 ± 0.2b,c 1.9 ± 0.6b,c 0.7 ± 0.3b,c

SAM tRNA-G (4 µM) NDd NDd NDd

SAM tRNA-A (4 µM) NDd NDd NDd

D206N tRNA-G SAM (20 µM) 1.0 ± 0.1b 0.51 ± 0.11b 2.0 ± 0.5b

tRNA-A SAM (20 µM) 0.54 ± 0.04b 0.41 ± 0.09b 1.3 ± 0,3b

SAM tRNA-G (4 µM) 1.4 ± 0.3 9.2 ± 7.4 0.15 ± 0.13
SAM tRNA-A (4 µM) 2.0 ± 0.8c 49 ± 32c 0.04 ± 0.03c

D206N/D245N tRNA-G SAM (20 µM) 1.3 ± 0.1b 0.32 ± 0.1b 4 ± 1b

tRNA-A SAM (20 µM) 0.8 ± 0.3b,c 4.3 ± 2.2b,c 0.2 ± 0.1b,c

SAM tRNA-G (4 µM) 3.8 ± 1.7c 46 ± 43c 0.08 ± 0.08c

SAM tRNA-A (4 µM) 1.6 ± 0.4c 33 ± 14c 0.05 ± 0.02c

atRNA-G = TktRNAAsp; tRNA-A = TktRNAAsp(G9A).
bApparent kcat, KM, and kcat/KM values at a nonsaturating SAM concentration.
cThe highest concentration of the variable substrate does not exceed three times the fitted KM value, in some cases resulting in a relatively
large error (SE) on the fitted kinetic parameters.
dActivity too low and/or KM value too high for accurate determination of kinetic parameters.
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C-terminal truncated construct lacking the last 26 resi-
dues (TkTrm10Δ26, res 1–344). The crystal structure of

TkTrm10Δ26 was determined in the apo form using molecu-
lar replacement with the SaTrm10 structure (PDB code 5a7y)
as a search model. The data collection, processing and refine-
ment statistics are reported in Table 2. TkTrm10Δ26 is crys-

tallized in space group P212121 with one
copy in the asymmetric unit, and the
structure was solved at a resolution of
2.0 Å. Clear electron density is present
for residues 1–203, 218–235, and 245–
266. The last 77 residues of TkTrm10Δ26
were not visible, either due to confor-
mational flexibility or due to protein
degradation during the course of crystal-
lization. Apart from the missing residues
at the C-terminal region, our model is
also missing the first 19 residues of the
N-terminal purification tag and the two
internal regions ranging from residues
204–217 and residues 236–244, which
are part of catalytic loops (see below).

Crystal packing analysis using the PISA
server (Read et al. 2011) indicates that

TkTrm10Δ26 is a monomer, consistent
with the elution volume in size exclusion
chromatography (not shown). A mono-
meric arrangement is also in agreement
with all the other currently characterized
Trm10 orthologs, but differs from most
other known SPOUT enzymes that
occur as dimers (Tkaczuk et al. 2007).

The overall fold of the protein is shown in Figure 3A. The

TkTrm10Δ26 structure shows two distinct domains: an N-
terminal domain (NTD) from residues 1–97 and a catalytic
SPOUT domain from residues 97–266. The region spanning
residues 267–344 of TkTrm10 is not observable in the crystal
structure. In the structure of SaTrm10 (PDB ID 5a7y) the

A B

C D

FIGURE 1. Steady-state (Michaelis–Menten) kinetics of the methyltransferase reaction catalyzed
by wild-type TkTrm10. Curves are shown using either SAM at a fixed concentration of 20 µM and
varying concentrations of tRNA-G (A) or tRNA-A (B), or using SAM as a variable substrate at
a fixed concentration (4 µM) of tRNA-G (C) or tRNA-A (D). Every data point is the average
(±SEM) of three independent measurements. The kcat and KM values (±SE) resulting from fitting
on the Michaelis–Menten equation are given in the insets.

FIGURE 2. Domain swapping experiment of TkTrm10 and SaTrm10. MTase activity measurements of TkTrm10 and SaTrm10 chimeric proteins using
total E. coli tRNA as substrate. E. coli tRNA was incubated in the presence of 30 µg of purified enzyme and [methyl-14C]-SAM (see Materials and
Methods). tRNA was recovered and digested by nuclease P1. The resulting 5′-phosphate mononucleosides were analyzed by 2D-TLC followed by
autoradiography. Circles in dotted lines show the migration of the four canonical nucleotides used as UV markers. The domain organization of
the chimeric proteins is shown schematically with the Thermococcus part of the protein in green and the Sulfolobus part in red. The SPOUT domains
are indicated. The numbers represent the N and C terminus or junction regions of TkTrm10 and SaTrm10.
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C-terminal residues formed an all helical domain, distinct
from the NTD and SPOUT domains, but the sequence iden-
tity between SaTrm10 and TkTrm10 is low in this region.

TheNTD of TkTrm10Δ26 is formed by amixed six-stranded
β-sheet (β1 to β6), three α-helices (α1–α3) and one 310 (η1)
helix. A search for structures similar to the NTD with the
DALI server only finds the NTD of SaTrm10 suggesting this
domain is unique for Trm10 (sequence identity NTD of

TkTrm10 and SaTrm10 = 43%). In contrast with the NTD
of SaTrm10, the NTD of TkTrm10 does not display a clear
horseshoe shape, predominantly due to the replacement of
two long and curved β-strands (β1 and β2) in the NTD
of SaTrm10 by two times two shorter strands (β2/β3 and
β4/β5, respectively) in TkTrm10 (Supplemental Fig. S3A).
However, similar to the NTD of SaTrm10, the two helices
α1 and α2, connected by a central β-strand (β1), are also pres-
ent in the NTD of TkTrm10 and superpose well with the cor-
responding regions of SaTrm10 (Supplemental Fig. S3A).

The NTD is connected to the SPOUT domain by a flexible
linker connecting α3 to β7. The SPOUT domain of TkTrm10
superposes onto that of SaTrm10 (PDB ID 5a7y) with an rmsd
of 1.3 Å suggesting a highly similar structure (Supplemental
Fig. S3B [sequence identity SPOUT of TkTrm10 and

SaTrm10 = 30%]). The SPOUT domain of TkTrm10 consists
of a six-stranded parallel β-sheet (β7–β12) surrounded by six
α helices (α4–α9) and three 310 helices (η2–η4). A deep trefoil
knot is formed at the C-terminal half of the SPOUT domain,
constituted by β10–β12, α7–α8, η4 and the loops connecting
β10 to η4 (loop L1, residues 181–191), β11 to α7 (loop L2,
residues 202–215) and α8 to β12 (loop L3, residues 232–
247). This knot structure creates the SAM binding pocket

and the catalytic center of the protein. The two catalytic loops
L2 and L3 are predominantly disordered in the apo structure.
The orientation of the SPOUT domain with respect to the

NTD is very similar to SaTrm10, and superposition of

TkTrm10Δ26 onto SaTrm10 (PDB ID 5a7y) yields an overall
RMSD of 1.9 Å (Supplemental Fig. S3). The NTD interacts
with the SPOUT domain via a number of hydrogen bonds
and via hydrophobic interactions between residues of α1
and α2 on the one hand and α4 on the other hand, ultimately
orienting the two domains in such a way that a highly posi-
tively charged surface spans both domains on one face of
the protein (see further).

The crystal structures of the SPOUT domain of TkTrm10
with bound substrate and product show conformational
flexibility of the active site loops

Subsequently we solved the crystal structures of the SPOUT
domain (residues 97 to 272) of TkTrm10, both in the
apo form (TkSPOUT_APO) or bound to the substrate SAM
(TkSPOUT_SAM) or the product SAH (TkSPOUT_SAH).
The data collection, processing and refinement statistics
are reported in Table 2. The TkSPOUT_APO form crystal-
lized in space group P6122 with one copy in the asymmetric
unit and the structure was solved at 1.8Å resolution.

TkSPOUT_SAM and TkSPOUT_SAH crystallized in space
group P61 with three copies in the asymmetric unit and the
structures were solved at a resolution of 2.3 and 2.9 Å,
respectively.
The electron density showed the presence of a SAM and

SAH molecule in the active site of TkSPOUT_SAM and

TABLE 2. Data collection and refinement statistics

TkTrm10Δ26 TkSPOUT_APO TkSPOUT_SAM TkSPOUT_SAH

PDB code 6EMS 6EMT 6EMU 6EMV
Wavelength (Å) 0.9801 0.9801 0.9801 0.9801
Resolution range (Å) 47.0–2.0 (2.1–2.0) 47.6–1.8 (1.9–1.8) 44.4–2.3 (2.4–2.3) 37.9–2.9 (3.0–2.9)
Space group P 21 21 21 P 61 2 2 P 61 P 61
Unit cell 65.7 65.9 67.0

90 90 90
62.3 62.3 203.5
90 90 120

71.1 71.1 191.9
90 90 120

71.1 71.1 192.4
90 90 120

Total reflections 406024 (39730) 865686 (78732) 510814 (49106) 110536 (11383)
Unique reflections 20371 (1976) 22813 (2160) 24345 (2406) 12193 (1220)
Multiplicity 19.9 (20.1) 37.9 (36.5) 21.0 (20.4) 9.1 (9.3)
Completeness (%) 99.97 (99.85) 99.79 (97.87) 99.81 (98.12) 99.87 (99.92)
Mean I/sigma(I) 24.82 (1.10) 30.85 (1.63) 20.55 (1.45) 9.88 (1.66)
Wilson B-factor 49.06 34.67 55.29 64.17
R-merge 0.07567 (2.289) 0.09092 (2.361) 0.1132 (1.946) 0.1927 (1.1413)
R-meas 0.0777 (2.348) 0.092179 (2.394) 0.1161 (1.9996) 0.2044 (1.21)
CC1/2 1 (0.508) 1 (0.761) 1 (0.577) 0.996 (0.659)
R-work 0.1963 (0.3086) 0.1914 (0.3261) 0.1955 (0.3061) 0.1936 (0.2765)
R-free 0.2389 (0.3339) 0.2061 (0.3032) 0.2227 (0.3317) 0.2505 (0.3446)
RMS (bonds) 0.004 0.003 0.002 0.002
RMS (angles) 0.63 0.5 0.53 0.52
Ramachandran favored/allowed/outliers (%) 97.05/2.1/0.4 99.4/0.6/0 95/5/0 94.90/5.10/0.0

Statistics for the highest-resolution shell are shown in parentheses.
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TkSPOUT_SAH, respectively. The SAM/SAH molecules
bound to each protein molecule in the asymmetric unit of ei-
ther TkSPOUT_SAM and TkSPOUT_SAH
superpose well with a slight flexibility in
the carboxylic end of the SAM/SAH
molecule (Supplemental Figs. S4, S5).
In addition, all the protomers in the
asymmetric unit of TkSPOUT_SAM and

TkSPOUT_SAH structures superpose
very well onto each other (Supplemental
Figs. S4, S5). Therefore, chain A of

TkSPOUT_SAM and TkSPOUT_SAH
were used for further interpretation.
As expected, the overall folds of

TkSPOUT_APO, TkSPOUT_SAM, and

TkSPOUT_SAH superpose very well with
the SPOUT domain of TkTrm10Δ26,
with an RMSD value of 0.5, 0.5, and
0.6 Å, respectively. However, differences
in the conformation of the catalytic loops
L2 and L3 are evident among all these
structures. Unlike in TkTrm10Δ26, the
L3 loop and a part of the L2 loop are vis-
ible in TkSPOUT_APO (Fig. 3B). Ligand

binding in the TkSPOUT_SAM and

TkSPOUT_SAH structures leads to fur-
ther ordering and major conformational
changes of the active site loop L2 (Fig.
4; Supplemental Fig. S6). Also, the L3
loop shows a slight inward movement
in the SAM/SAH-bound form when
compared to the APO form. These loop
movements place a number of additional
residues into the active site (Fig. 4).

Overall, the substrate SAM and the
product SAH are bound in a binding
pocket created by the trefoil knot formed
by the three loops L1, L2, and L3, and
both ligands adopt the typical bent con-
formation, which is shown to be an essen-
tial conformation for MTase activity in
SPOUT enzymes (Fig. 4; Supplemental
Figs. S4–S6; Elkins et al. 2003; Schubert
et al. 2003; Nureki et al. 2004; Somme
et al. 2014). Since most of the interac-
tions are identical in TkSPOUT_SAM
and TkSPOUT_SAH, we only describe
the interactions with SAM. The adenine
moiety of SAM is deeply buried in a
hydrophobic environment, where the ad-
enine moiety is stacked between Pro183
and Ile250. Additionally, the amino
group at C6 and the N1 atom of the ade-
nine base make interactions with the
main chain carbonyl and amino group

of Ile234. The ribose sugar moiety of SAM adopts a C3′

endo conformation, similar to the other available Trm10

BA

FIGURE 4. Active site arrangement and conformational changes in the SAM-bound SPOUT
domain of TkTrm10 (TkSPOUT_SAM). (A) The SAM-binding pocket of TkTrm10. Several resi-
dues surrounding or interacting with SAM are shown as sticks with carbon atoms colored
gray. Two active site residues conserved in archaeal m1A and m1A/m1G-specific Trm10 orthologs
(Asp206 and Asp245 in TkTrm10) are colored green. The polar interactions with SAM are indi-
cated with dotted black lines. The difference electron density map (Fo–Fc, contoured at 2σ)
around SAM is shown as a blue colored mesh. (B) Superposition of TkSPOUT_APO (orange)
and TkSPOUT_SAM (gray). The arrows denote the movements of Asp206 and Ile204 within
the active site loop L2 upon SAM binding. SAM is represented as sticks with carbon atoms colored
yellow. The interaction formed by Asp 206 and the –NH2 group of SAM is shown by the dotted
lines. The color code of TkSPOUT_SAM is kept the same as in panel A.

C

BA

FIGURE 3. Overall fold of TkTrm10 constructs. (A) Crystal structure of TkTrm10Δ26 in cartoon
representation. The α helices of the NTD and SPOUT domains are colored dark blue and light
blue, respectively, while the β strands of the NTD and SPOUT domains are colored orange
and light orange, respectively. The linker between the N-terminal and SPOUT domain is shown
in pink. The three loop regions involved in forming the trefoil knot are shown in red and are la-
beled L1, L2, and L3. The missing regions of L2 and L3 are shown with red dotted curved lines.
The SAM-binding pocket is indicated by an arrow. (B) Crystal structure of TkSPOUT_APO in car-
toon representation. The missing L2 region is shown by a dotted red curved line. (C) Crystal
structure of TkSPOUT_SAM in cartoon representation. The SAM molecule bound to the active
site is shown as a stick model with carbon atoms colored yellow. The color code in panels
B and C is the same as in A.
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structures. The 2′ OH group of the ribose moiety interacts
with the main chain carbonyl group of Leu181 and main
chain amino group of Gly202, while the 3′ OH interacts
with the main chain carbonyl and amino groups of
Gly202 and the side chain hydroxyl group of Thr215. The
amino end of SAM interacts with the main chain carbonyl
groups of Lys211 and Lys212 and the side chain of
Asp206. The carboxyl moiety of SAM interacts with the
side chains of Trp184 and Thr215, the main chain amino
groups of Thr214 and Thr215, and the main chain carbonyl
group of Lys212. The reactive methyl group is positioned at
3.7 and 3.6 Å from the side chains of Asp245 and Asp206,
respectively. Both of these Asp residues are also present in
the active site of the m1A-specific SaTrm10 (Van Laer
et al. 2016). Furthermore, Asp206 is highly conserved in
all Trm10 proteins (Supplemental Figs. S2, S7). However,
while it was initially proposed that the latter aspartate
residue could play the role of general base during m1G
formation (Shao et al. 2014), this hypothesis was recently
refuted since it was shown that mutation of this residue
has only a minor effect on the activity of the m1G-specific

enzyme from Saccharomyces cerevisiae (Krishnamohan and
Jackman 2017).

Substrate docking reveals a potential binding mode
of the target nucleosides

Mapping the electrostatic potential on the solvent accessible
surface of the TkTrm10Δ26 and TkSPOUT_SAM structures
shows a large positively charged surface spanning both the
NTD and the SPOUT domain on one face of the protein
(Fig. 5A). This charge distribution is similar to that observed
on the SaTrm10 FL structure, where the positive charge further
expands to the C-terminal domain (Supplemental Fig. S8).
The accessible surface representation of TkSPOUT_SAM also
reveals a cavity centered around the methionine moiety of
SAM, which likely represents the site of entry for tRNAmeth-
ylation (Fig. 5B). A model for the tRNAi

Met bound to

SaTrm10 has previously been proposed, where the binding
site for the substrate tRNA spans the whole positively charged
surface from NTD to CTD (Van Laer et al. 2016). Superpo-
sition of the tRNAi

Met-SaTrm10 model on the TkTrm10Δ26

B

A

FIGURE 5. Electrostatic surface potential of TkTrm10 constructs and possible tRNA binding site. (A) Electrostatic potential mapped on the solvent
accessible surface of TkTrm10Δ26 in two orientations. The missing loops in the structure are shown by red dotted curved lines in the left panel. For
reference, SAM, shown in yellow sticks, is placed in the active site. (B) The middle panel shows the electrostatic potential mapped on the solvent ac-
cessible surface of the TkSPOUT_SAM structure with a docked guanosine and adenosine molecule. SAM, guanosine, and adenosine are shown as sticks
with carbon atoms colored yellow, magenta, and salmon, respectively. The positively charged residues are labeled on the surface. The left and right
panels show a zoomed-in view of, respectively, the docked adenosine and guanosine in the TkSPOUT_SAM active site. The surrounding residues dis-
cussed in this study are shown.
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structure shows that a similar tRNA binding mode is possible
for TkTrm10 (Supplemental Fig. S8). Within this positively
charged surface four residues, Arg246, Arg249, Lys116, and
Lys118, are located near the SAM binding pocket (Fig. 5B).
In addition, three consecutive lysines (K211–K213) are also
present in L2, which is disordered in the apo form but pre-
dominantly ordered in the SPOUT_SAM/SAH structures.
These residues are also positioned within the positively
charged patch of the protein andmight change conformation
upon interacting with the tRNA substrate.
To gain further insight into the catalytic center of themeth-

yl transfer reaction, we resorted to docking of a guanosine and
adenosine moiety into the active site of the TkSPOUT_SAM
structure using AutoDock 4.0 (Morris and Huey 2009). The
grid map in the docking protocol is constrained to the
surroundings of the active site cavity. The coordinates of
guanosine and adenosine were obtained from the ternary
complex of H. influenza TrmD in complex with sinefungin
and tRNA (G37 of tRNA) (PDB ID 4yvi) and from the ternary
complex of the human m1A58 methyltransferase with
SAH and tRNA (A58 of tRNA) (PDB ID 5CCB), respectively.
Calculations from 20 Autodock runs for guanosine gave
binding conformations with an average free energy of −3.5
kcal/mol, while that of adenosine gave binding conformations
with an average free energy of −3.2 kcal/mol. For guanosine
docking, all 20 conformations were superimposable and are
properly oriented to accept a methyl group at the N-1 posi-
tion, while for adenosine only six out of 20 conformations
are superimposable and at the same time also properly orient-
ed to accept the methyl group. One of these properly oriented
minimum energy conformations of guanosine and adenosine
were used to generate the finalmodels of the ternary complex-
es consisting of the TkSPOUT_SAM structure and the docked
nucleosides (Fig. 5B). Although the docking models should
be treated with some precaution, especially considering that
further conformational changes could take place upon tRNA
binding, they show that the N-1 atoms of guanosine and aden-
osine are properly oriented to accept themethyl group from the
methionine moiety of the substrate SAM, by stacking of the
nucleobase onto the highly conserved Val205. The side chains
of Asp206 and Asp245 are located at a distance of 3.9/3.5 and
3.5/4.0 Å to the N1 atom of guanosine and adenosine, respec-
tively. TheAsp245andAsp206 side chains are also locatedwith-
in interaction distance of the exocyclic amino group at position
2 of the guanine base. In addition, Gln122 is properly oriented
to form a hydrogen bond with the C6-carbonyl group of the
guanine base or, provided some small conformational changes,
with the C6-amino group of adenosine. These residues might
thus be important for substrate binding and/or catalysis.

Role of active site residues in dual specificity of TkTrm10

Site-directed mutagenesis was used to study the role of the

TkTrm10 active site residues Asp206, Asp245, and Gln122
in catalysis and substrate specificity.

The residues Asp206 and Asp245 were replaced by either
alanine, to evaluate their total contribution to catalysis,
or by asparagine, to evaluate any role in proton exchange.
Additionally, Asp245 was replaced by a leucine residue since
the m1G-specific Trm10s possess a Leu at the position equiv-
alent to Asp245 (Supplemental Fig. S2). Similarly, the effect
of substitution of Asp206 by Leu was investigated. First,
we used a semiquantitative approach to assess the methyl-
transferase activity, by measuring the incorporation of the
14C-methyl group from labeled SAM in bulk E. coli tRNA
after 30 min and TCA precipitation. Subsequently, the ratio
of m1A/m1G formation was measured for each mutant and
compared to the WT using a TLC assay (Fig. 6).
When Asp245 was replaced by Asn or Ala, only a relatively

small reduction of total activity was observed (respectively
82 ± 4 % and 51 ± 2% of activity left). The m1A/m1G forma-
tion ratio was 72/28 for the WT enzyme, while it was 68/32
for the D245N mutation and 25/75 for the D245A mutant
(Fig. 6). To further quantify the effect of the mutations we
determined the steady-state kinetic parameters using in vitro
transcribed T. kodakaraensis tRNAs (tRNA-G and tRNA-A,
see above). The D245N mutation shows no effect on kcat
for either tRNA-A and tRNA-G, thus excluding a role of
D245 in proton transfer (Table 1; Supplemental Fig. S9).
While the D245N mutation has no effect on the KM of
SAM and results in a slightly lowered KM for tRNA-G, it re-
sults in an almost fivefold higher KM for tRNA-A. Assuming
that KM is a measure of affinity, this result is somewhat unex-
pected since in our docking models D245 could interact with
the 2-amino group of guanosine, while this is not the case for
adenosine (Fig. 5). The D245A mutant shows an increased
KM value for SAM, such that no saturation is reached at
30 µM and no kinetic parameters could be obtained with
SAM as a variable substrate. However, apparent kcat and
KM values were obtained using tRNA-A and tRNA-G as var-
iable substrates (using SAM at a subsaturating concentration
of 20 µM). Although overall the effects of the D245A muta-
tion on tRNA modification are rather small, these are more
pronounced on the kcat and KM value for tRNA-A (Table 1;
Supplemental Fig. S9). This results in an inversion of the spe-
cificity toward a more m1G-specific enzyme, as also observed
in our TLC-assay. Finally, the D245L variant resulted in an
almost inactive enzyme (7 ± 2% activity left) (Fig. 6). The
remaining activity is too low for a quantitative assessment
of the kinetic parameters. Considering that the D245N and
D245A mutations have only minor effects on total activity,
the loss of activity for the D245L mutant is probably due to
severe steric hindrance upon SAM binding. An ITC experi-
ment indeed shows that SAM binding is completely impaired
in the D245L mutant (Supplemental Fig. S1). Alternatively, it
can also not be excluded that the D245L mutation causes a
local perturbation of the TkTrm10 active site structure.
A small effect on the methyltransferase activity was also

observed when Asp206 was replaced by Asn or Ala (respec-
tively 78 ± 3% and 63 ± 2% of activity left). Comparable to
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the D245 mutations, the D206N and D206A mutations
shift the m1A/m1G formation ratio toward m1G, which is
most pronounced for the D206N mutation (28/72 compared
to 72/28 for the wild-type enzyme) (Fig. 6). In contrast
the D206L mutation has a larger impact on total activity
(39 ± 3% activity remaining), probably at least partially due
to impaired SAM binding as observed in ITC (KD = 68 ± 19
µM, Supplemental Fig. S1). Determination of the steady-
state kinetic parameters for D206N confirm these findings.
Using tRNA as a variable substrate we find a small yet

more pronounced effect on the apparent
kcat value for tRNA-A methylation com-
pared to tRNA-G methylation (Table 1;
Supplemental Fig. S9). While these data
show that Asp206 only plays a minor
role in the methyltransferase reaction,
as also found for the m1G-specific
Trm10 from yeast (Krishnamohan and
Jackman 2017), they confirm the change
in m1A/m1G specificity observed via
TLC. Again, a more pronounced effect
of D206 mutations on m1A formation
compared to m1G formation is unex-
pected from our docking models where
D206 is within interaction distance
of the 2-amino group of guanosine.
Due to the low activity of the enzymes
and the insensitivity of our kinetic assay
(where the concentration of enzyme
needs to be maintained below the sub-
strate concentration), the kinetic traces
for D206A and D206L were too noisy
for accurate fitting.
Since the consequences of the replace-

ment of D206 and D245 by either Ala
or Asn are not very pronounced, this
prompted us to analyze double mutants
where bothD206 andD245were replaced
by Asn, Ala or Leu (Fig. 6). The D206N/
D245N double mutant showed a rather
slightly decreased activity (58 ± 11% ac-
tivity remaining) with an m1A/m1G ratio
(19/81) comparable to the D206N single
mutant. On the other hand, the D206A/
D245A and D206L/D245L double mu-
tants were dramatically affected (2 ± 1%
and 0% activity remaining, respectively).
While the activity drop of the D206L/
D245L can be fully attributed to a severe-
ly impaired SAM binding, the D206A/
D245A mutant still binds tRNA and
SAM (albeit with lower affinity, KD =
20.4 ± 2.9 µM), as assessed by EMSA
and ITC (Supplemental Fig. S1). While
the activity of the D206A/D245A and

D206L/D245L mutants is too low to allow a full kinetic anal-
ysis, we did determine the kinetic parameters of the D206N/
D245N mutant. The KM values show that the mutations
affect SAM binding (Table 1), again consistent with ITC
data (KD = 19.3 ± 3.4 µM, Supplemental Fig. S1). The kinetic
parameters using tRNA-G and tRNA-A as variable substrates
confirm that m1A formation is most affected by the mutation
(Table 1; Supplemental Fig. S9), both owing to a larger effect
on kcat and KM, consistent with the TLC assay and agreeing
with a combined effect of the D206N and D245N mutations.

B

A

FIGURE 6. Methyl transferase (MTase) activities of mutant TkTrm10 compared to the WT.
E. coli tRNA was incubated in the presence of 30 µg of purified enzyme and [methyl-14C]-
SAM (see Materials and Methods) after which either total radioactivity incorporated in tRNA
was counted after TCA precipitation or the 5′-phosphate mononucleosides, obtained after diges-
tion of the tRNA by nuclease P1, were separated by 2D-TLC. The radioactive nucleotides were
then identified by autoradiography. (A) Autoradiograms of the 5′-phosphate mononucleosides
separated by 2D-TLC. Circles in dotted lines show the migration of the four canonical nucleotides
used as UV markers. The TkTrm10 variant is indicated at the top left corner of each autoradio-
gram. The radioactivity of the spots corresponding to pm1A and pm1G was measured by scintil-
lation counting. (B) Total radioactivity incorporated in tRNA by the different TkTrm10 variants
related to WT (left panel) and the pm1A/pm1G ratio (right panel). Values given are the average ±
SD of three independent experiments.
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Together these results rule out a role of D206 and D245 in
a proton transfer step of the methyltransferase reaction, and
they show that both residues individually only play a margin-
al role in catalysis. Both residues have a quite subtle influence
on substrate specificity, and mutation of either residue shift
the specificity of the TkTrm10 enzyme toward a preference
of m1G formation over m1A formation. The more severe
effect of the D206A/D245A double mutation on activity
could point toward a role of both Asp residues in proper
positioning of the purine base for acceptance of a methyl
group from SAM. These results thus conflict with the initial
findings and proposals that the residue corresponding to
Asp206 would act as a general base in m1G formation by yeast
Trm10 (Shao et al. 2014), while a role of both the residues
corresponding to Asp206 and Asp245 was proposed in m1A
formation by S. acidocaldarius Trm10 (Van Laer et al. 2016).
This discrepancy could be caused by the use of less quantitative
methods to assess enzyme activity in the latter two studies.
Indeed, using a detailed kinetic analysis, Krishnamohan and
Jackman (2017) recently proved that D210 (D206 in

TkTrm10) does not play the role of a general base in the m1G
formation by S. cerevisiae Trm10, suggesting a noncanonical
tRNA methyltransferase mechanism for the m1G-specific
Trm10 enzymes. Our results corroborate and extend these con-
clusions for the m1A/m1G dual-specificity Trm10 enzymes,
where neither of the two conserved active site Asp residues
play a role in proton transfer, and thus prompts reconsideration
of the catalytic mechanism of all Trm10 orthologs.
Finally, the generally conserved Gln122 of TkTrm10 was

replaced by an alanine residue. This mutation resulted in a
rather mild reduction of the activity (37 ± 2% activity left;
see Fig. 6). Moreover, TLC analysis revealed only a rather
small effect on the m1A/m1G specificity (84/16 ratio for
Q122A compared to 72/28 ratio for the wild-type enzyme).
Our finding that Gln122 has only a rather small contribution
to catalysis again contrasts with the consequences of a similar
mutation in yeast SpTrm10 (Q118A) that resulted in total loss
of m1G-forming activity (Shao et al. 2014).

Conclusions

Despite the structural similarity of the catalytic domain of
eukaryotic, crenarchaeal, and euryarchaeal Trm10, these
enzymes display different specificities. In analogy to other
m1G-forming enzymes, such as TrmD and Trm5, a univer-
sally conserved Asp residue (equivalent to Asp206 in

TkTrm10) has initially been proposed as a catalytic base for
m1G formation. A second Asp residue is present in archaeal
Trm10 (equivalent to Asp245 in TkTrm10), and these two
Asp residues were found to be important for m1A formation
in SaTrm10. However, recently a study appeared that rules out
the role of Asp210 (equivalent to Asp206 in TkTrm10) as a gen-
eral base in m1G formation in S. cerevisiae (Krishnamohan
and Jackman 2017). So far, very little is known about the
mechanism of dual-specificity m1A/m1G-forming Trm10

orthologs. Here we report the first structures of such a dual-
specificity enzyme, which also possesses two Asp residues in
its active site. Although, both residues are ideally placed in
the active site to interact with the target nucleobases,mutation
of neither of these residues to asparagine has a very pro-
nounced effect on activity. Also, the double D206N/D245N
mutation has a negligible effect on catalysis. These findings
rule out an important catalytic role for both residues and
suggest that TkTrm10-catalyzed formation of m1A and m1G
occurs without the implication of a general base. Only a
double D206A/D245A mutation has a severe effect on the
catalytic rate, which cannot solely be attributed to impaired
substrate (SAM) binding, suggesting a more subtle role of
both Asp residues in catalysis, e.g. by inducing proper align-
ment of the substrates in the active site. Such a role in orien-
tation of the substrates in the active site is also reflected in a
shift in substrate specificity in the D206 and D245 mutants,
both favoring m1G formation in comparison to the wild-
type enzyme. These results are thus in line with the recent
findings for them1G-specific enzyme of S. cerevisiae, and sug-
gest that all Trm10 orthologs use a noncanonical mechanism
to catalyze theirmethyltransfer reaction, without the use of an
enzymatic general base catalyst.

MATERIALS AND METHODS

Cloning, expression, and protein purification

The open reading frame coding for the His-tagged Trm10 recombi-
nant protein and shortened versions, corresponding to residues 1–
344 (TkTrm10Δ26) and 97–272 (SPOUT domain), were cloned in
pET28b and expressed in E. coli strain Rosetta (DE3) (Novagen).
Freshly transformed cells were grown to an OD600 of 0.5–0.6 at
37°C in 1 L of Luria broth. Onemillimolar IPTG (isopropyl-β-D-thi-
ogalactopyranoside) was then added to induce recombinant protein
expression (37°C, 3 h). Cells were harvested, and the pellet was re-
suspended in 40 mL of buffer A (Tris-HCl 50 mM pH 8.0, 1 M
NaCl) prior to cell disruption by sonication. The lysate was cleared
by centrifugation (12,000 rpm, 20 min), and heat-treated for 30 min
at 70°C. After centrifugation (12,000 rpm, 20 min), the cleared
supernatant was applied to a Chelating-Sepharose fast flow column
charged with Ni2+ previously equilibrated with buffer A. The col-
umn was washed with the same buffer, and the protein was eluted
with a linear gradient (150 mL; from 0 to 0.5 M) of imidazole in
buffer A. The fractions containing TkTrm10 were pooled. Further,
the protein was passed through an S75 (10/300) Superdex column
preequilibrated in 50 mM Tris, 1 M NaCl pH 8.0, and the homoge-
neous protein fractions at the peak of interest were pooled. After ad-
dition of 2 mM DTT and 10% glycerol the protein was flash frozen.
The genes resulting in the chimeric proteins were synthesized by

GeneArt. All the described variants of the TKTrm10 protein were
generated by site-directed mutagenesis using the QuikChange Kit
(Agilent) and oligonucleotides obtained from Sigma-Aldrich.

T7 in vitro transcription of tRNA genes

Plasmid pUC18-tRNAAsp (G9A) was generated by site directed
mutagenesis (QuikChange Kit of Agilent) and oligonucleotides
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(Sigma-Aldrich) using pUC18-tRNAAsp as a template (Kempenaers
et al. 2010). Large scale tRNA production was performed according
to the instructions of the RiboMAXKit of Promega. The tRNA tran-
scripts were purified using G-25 columns (GE Healthcare).

tRNA MTase assays and kinetic analysis

A semi-quantitative method to follow tRNA methylation consisted
in measuring the amount of 14C transferred to total E. coli tRNA us-
ing adenosyl-L-methionine,S-[methyl-14C] as the methyl donor.
The reaction mixture (300 µL) consisted of 50 mM Tris-HCl pH
8.0, 400 mM NaCl, 5 mM MgCl2, 10 mM DTT, 60 µg total tRNA,
25 nCi adenosyl-L-methionine, S-[methyl-14C] (50 mCi/mmol;
PerkinElmer) and enzyme. The solution was incubated for 30 min
at 60°C. The reaction was stopped by phenol extraction and the
nucleic acids were TCA-precipitated. Radioactive methylated
tRNA was captured on a Whatman GF/C filter and washed three
times with ethanol prior to the measurement of radioactivity in a
scintillation counter. For 2D-TLC, the tRNAwas ethanol precipitat-
ed after phenol extraction and thereafter hydrolyzed by P1 nuclease,
and autoradiography was performed as described in Kempenaers
et al. (2010). All measurements were performed in triplicate.
Values are given as the mean (±SD).

Steady-state kinetic analyses were based on the procedure de-
scribed by Hou and Masuda (2015). In 50 µL of reaction buffer,
containing 50 mM Tris·HCl, pH 8, 5 mM MgCl2 and 10 mM
DTT, either various concentrations of the tRNA transcript were
mixed with a saturating concentration of adenosyl-L-methionine,
S-[methyl-3H] (20 µM; 2600 dpm/pmol), or various concentrations
of adenosyl-L-methionine,S-[methyl-3H] (2600 dpm/pmol) were
mixed with a saturating concentration of the tRNA transcript
(4 µM). The reaction was started by addition of the T. kodakaraensis
Trm10 enzyme at a concentration of 220 µM that was optimized
to ensure linear increase in product formation during the entire
time of the assay. After 15 min of incubation at 60°C the reaction
was stopped by phenol extraction, the nucleic acids were precipitat-
ed by 5% (wt/vol) trichloroacetic acid, captured on a Whatman
GF/C filter and washed three times with ethanol. The amount
of methyl transfer was quantified using a scintillation counter.
Each data point is the average (±SEM) of three independent
measurements, except otherwise stated. The Michaelis–Menten
equation was fitted using GraphPad prism 7 software to determine
KM (±SE) and kcat (±SE)

Electrophoretic mobility shift assay (EMSA)

A total of 2 × 104 cpm of radioactive [α32P]ATP transcript from
tRNAAsp of T. kodakaraensis was incubated in the presence of
various quantities of enzyme in 50 mM Tris pH 8.0, 5 mM
MgCl2, 5 mM DTT and 1 µg of polyC, at 60°C for 30 min
(Kempenaers et al. 2010). The binding reaction (with a total volume
of 20 µL) was stopped by the addition of 4 µL of stop solution
(0.05% bromophenol blue in 30% glycerol), and the mixture was
separated by polyacrylamide gel electrophoresis (on a 6% PAGE
gel with dimensions 190 mm× 160 mm× 1.5 mm) in TB buffer
at room temperature. The electrophoresis was performed at a volt-
age of 180 V until the samples entered the gel and further at 150 V
until the end of the run (1½ h) and autoradiography was performed
overnight.

Isothermal titration calorimetry

Binding affinities of wild-type and mutant TkTrm10 for SAM were
determined by isothermal titration calorimetry (ITC), using the
MicroCal iTC200 system (GE Healthcare) with a reference power
of 10 microcal/sec. All measurements were performed in 50 mM
Tris pH 8.0, 1 M NaCl at 25°C. The ligand SAM was titrated from
the injection syringe to the protein (TkTrm10) solution in the sam-
ple cell. Each experiment consisted of one test injection of 0.5 µL
(not included in analysis) and 20 injections of 2 µL of SAM with a
duration of 4 sec. The stirring speed was 750 rpm and the interval
between injections was 120 sec. The protein concentrations in the
cell were 122 µM (wild-type TkTrm10), 130 µM (D206A/D245A),
130 µM (D206N/D245N), 300 µM (D206L), and 150 µM (D245L).
The corresponding SAM concentrations in the syringe were 1.2 mM
(wild-type TkTrm10), 1.5 mM (D206A/D245A), 2 mM (D206N/
D245N), 4mM (D206L), and 1.5 mM (D245L). Origin 7.0 was
used for data integration and fitting to a single binding site model
using the standard Marquardt nonlinear regression method as pro-
vided in the Microcal Origin routines.

Crystallization of TkTrm10 constructs

Initial crystallization screens of the different TkTrm10 constructs
were performed using a vapor diffusion sitting drop setup using
various Hampton Crystallization screen kits with a PHENIX crystal-
lization robot.

For crystallization of the TkTrm10Δ26 construct, the protein
solution was concentrated to 14 mg/mL. 1.5 µL of protein solution
was mixed with an equal volume of the crystallization solution in a
sitting drop vapor diffusion crystallization plate at 293 K. Single
crystals were obtained in a crystallization condition consisting of
18% PEG3350 and 0.1 M Tris pH 7.5 after several months.
Crystals were harvested and flash cooled with liquid nitrogen in a
cryoprotectant reagent containing the mother liquor supplemented
with 20% PEG 200.

Crystals of the SPOUT domain of TkTrm10 (in which Cys120 was
replaced by Ala to facilitate crystallization) in apo form were ob-
tained at a protein concentration of 15 mg/mL using a crystallization
solution containing 20% PEG 3350 and 8%v/v Tascimate pH 5.0.
Crystals of the SAM- or SAH-bound SPOUT domain were obtained
by preincubating the protein solution with 2 mM of SAH/SAM and
using a crystallization buffer containing 10% PEG6000, 0.2 M LiCl,
and 0.1 M NaAc pH 5.5. All the crystals were cryo-protected by the
addition of 22%–25% glycerol to the mother liquor. For the ligand-
bound protein the cryoprotectant was also supplemented with
either 1 mM of SAM or SAH

Data collection and refinement

For the TkTrm10Δ26 crystals, initial data were collected at 2.3 Å res-
olution on a Rigaku MicroMax-007 HF home source. The data set
was processed with XDS and XscALE (Kabsch 2010). The structure
was solved via molecular replacement using PHASER within the
PHENIX software package (Adams et al. 2010), and using residues
1–247 of the S. acidocaldarius Trm10 structure (PDB code 5a7y)
as search model. Additional model building was performed using
the Phenix Autobuild tool of the PHENIX software package
(Adams et al. 2010). The resulting model from the phenix.autobuild
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contained 207 amino acid residues in 8 fragments. The model was
further manually built with COOT (Emsley and Cowtan 2004),
alternated with refinement in PHENIX.REFINE. The model was
subsequently refined against a higher resolution data set collected
at 100 K at beamline Proxima 2A of the Soleil synchrotron
(France) on the same crystal, making sure to use the same set of
reflections for cross-validation. TLS refinement was implemented
in the refinement steps, using three individual TLS groups
(Painter and Merritt 2006). This model was further refined at a res-
olution of 2.0 Å with a final Rwork/Rfree value of 0.19/0.24. This final
model was used for further analysis.
Data collection on the crystals of the TkSPOUT domain, either in

the apo form or bound to SAM or SAH, was performed at beamline
Proxima 2A of the Soleil synchrotron (France). The phase problem
for TkSPOUT_SAM and TkSPOUT_APO was solved via molecular
replacement using PHASER (McCoy 2006; McCoy et al. 2007) with-
in the PHENIX software package and using the SPOUT domain
of the TkTrm10Δ26 structure as a search model, while the

TkSPOUT_SAM structure (without ligands) was used as a search
model to solve the structure of TkSPOUT_SAH. TLS refinement
was implemented for each structure with 8, 13, and 10 TLS group
for TkSPOUT_APO, TkSPOUT_SAM, and TkSPOUT_SAH, respec-
tively. TkSPOUT_APO, TkSPOUT_SAM, and TkSPOUT_SAH were
refined at a resolution of 1.8 Å, 2.3 Å, and 2.9 Å resolution and
with a final Rwork/Rfree value of 0.19/0.21, 0.19/0.22, and 0.22/
0.28, respectively.

Substrate docking

The crystal structure of TkSPOUT_SAM was preprocessed with
AutoDock tools to remove all the solvent molecules (Morris and
Huey 2009). SAM was kept at its original position during the dock-
ing procedure. Polar hydrogen and Kollman charges were added
and the files were converted to PDBQT format. The coordinates
of guanosine were obtained from the ternary complex ofH. influen-
za TrmD in complex with sinefungin and substrate tRNA (G37 of
tRNA) (PDB ID 4yvi); the coordinates of adenosine were obtained
from the ternary complex of the human m1A58 methyltransferase
with SAH and tRNA (A58 of tRNA) (PDB ID 5CCB). These
coordinates were also preprocessed with Autodock tools, and polar
hydrogen was added before the autodock experiment. During the
docking process, the torsional angle around C1′-N9 was allowed
to rotate. The docking space was constrained by defining the grid
space covering the active site cavity. The conformation of active
site residues was kept rigid during the procedure. The calculations
were performed using a Lamarckian genetic algorithm and a
maximum of 10 conformations. The docking result with minimum
energy is used to show the interaction with the active site.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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