Evolution of tRNAP":imG2 methyltransferases involved
in the biosynthesis of wyosine derivatives in Archaea

JAUNIUS URBONAVICIUS,"* RASA RUTKIENE," ANZELIKA LOPATO,"* DAIVA TAURAITE,’
JONITA STANKEVICIUTE," AGOTA AUCYNAITE," LAURA KALINIENE," HERMAN VAN TILBEURGH,?
and ROLANDAS MESKYS'

'Department of Molecular Microbiology and Biotechnology, Institute of Biochemistry, Vilnius University, Vilnius 10222, Lithuania
“Department of Chemistry and Bioengineering, Vilnius Gediminas Technical University, Vilnius 10223, Lithuania
3Institut de Biologie Intégrative de la Cellule, 12BC, CNRS Université Paris-Sud UMR9198, Orsay, France

ABSTRACT

Tricyclic wyosine derivatives are found at position 37 of eukaryotic and archaeal tRNA", In Archaea, the intermediate imG-14 is
targeted by three different enzymes that catalyze the formation of yW-86, imG, and imG2. We have suggested previously that a
peculiar methyltransferase (aTrm5a/Taw22) likely catalyzes two distinct reactions: N'-methylation of guanosine to yield m'G; and
C’-methylation of imG-14 to yield imG2. Here we show that the recombinant aTrm5a/Taw22-like enzymes from both Pyrococcus
abyssi and Nanoarchaeum equitans indeed possess such dual specificity. We also show that substitutions of individual
conservative amino acids of P. abyssi Taw22 (P260N, E173A, and R174A) have a differential effect on the formation of m'G/
imG2, while replacement of R134, F165, E213, and P262 with alanine abolishes the formation of both derivatives of G37. We
further demonstrate that aTrm5a-type enzyme $S02439 from Sulfolobus solfataricus, which has no N'-methyltransferase
activity, exhibits C”-methyltransferase activity, thereby producing imG2 from imG-14. We thus suggest renaming such aTrm5a

methyltransferases as Taw21 to distinguish between monofunctional and bifunctional aTrm5a enzymes.
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INTRODUCTION

Post-transcriptional modifications are essential for the main-
tenance of structure and function of transfer RNA. While
some modifications are relatively simple, those present
in the anticodon region are often chemically complex, and
their formation usually involves multiple enzymatic steps
(Machnicka et al. 2013). One group of such complex com-
pounds is represented by the wyosine derivatives that are
composed of tricyclic imidazopurines and are found exclu-
sively at position 37 of tRNA™ from eukaryotes and Archaea
(Urbonavicius et al. 2009). Wyosine derivatives have been
shown to be involved in stabilization of codon—anticodon in-
teractions (Konevega et al. 2004) and in prevention of ribo-
somal —1 frameshifting (Waas et al. 2007).

In the case of Saccharomyces cerevisiae, the enzymatic path-
way leading to the formation of wybutosine (yW) in cytoplas-
mic tRNA" has been elucidated using ribonucleome analysis
(Noma et al. 2006). It has been shown that the tRNA""® mat-
uration pathway consists of five distinct sequential steps, with
the first step occurring in the nucleus (Ohira and Suzuki
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2011). In fungi Torulopsis utilis, wyosine (imG) is the final
product of such biosynthetic pathways. In certain other
eukaryotes, such as the tench Tinca tinca, the silkmoth
Bombyx mori, and the fruit fly Drosophila melanogaster, only
m'G is present, since the genes for the biosynthesis of wyosine
are absent from their genomes (White and Tener 1973;
Mazabraud 1979; Keith and Dirheimer 1980). Recently, the
imG nucleotide was found in mitochondria of protist
Trypanosoma brucei (Sample et al. 2015).

Depending on species and growth conditions, a mix of
wyosine derivatives is often found at position 37 of tRNA™
in Archaea (de Crécy-Lagard et al. 2010; Urbonavicius et al.
2014 and references therein). However, in euryarchaeon
Haloferax volcanii, only the m'G precursor is present in ma-
ture tRNA™™ (Gupta 1984). In many other Euryarchaeota,
7-aminocarboxypropyl-demethylwyosine (yW-86), which
has been considered to be only an intermediate of the eukary-
otic pathway, is found (for review, see Urbonavicius et al.
2014). The formation of yW-86 is catalyzed by Taw2, the ar-
chaeal counterpart of yeast Tyw2 that catalyzes the addition of
the a-amino-a-carboxypropyl (“acp”) group of S-adenosine-

© 2016 Urbonavicius et al.  This article, published in RNA, is available un-
der a Creative Commons License (Attribution-NonCommercial 4.0 Inter-
national), as described at http://creativecommons.org/licenses/by-nc/4.0/.

1871


mailto:Jaunius.Urbonavicius@bchi.vu.lt
mailto:Jaunius.Urbonavicius@bchi.vu.lt
mailto:Jaunius.Urbonavicius@bchi.vu.lt
mailto:Jaunius.Urbonavicius@bchi.vu.lt
http://www.rnajournal.org/cgi/doi/10.1261/rna.057059.116
http://www.rnajournal.org/cgi/doi/10.1261/rna.057059.116
http://www.rnajournal.org/site/misc/terms.xhtml
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://www.rnajournal.org/site/misc/terms.xhtml

Urbonavicius et al.

L-methionine (AdoMet) to imG-14 intermediate (Umitsu
etal. 2009). In Thermococcales, yW-86 is further methylated
(Fig. 1), most likely by archaeal Taw3 methyltransferase (ho-
molog of yeast Tyw3), to yield yW-72 (Phillips and de Crécy-
Lagard 2011). Notably, no other intermediates or any corre-
sponding enzymes that lead to the formation of wybutosine
in S. cerevisiae have been detected in Archaea. Instead, two
unique wyosine derivatives have been identified, namely iso-
wyosine (imG2) and 7-methylwyosine (mimG) (McCloskey
etal. 2001; Zhou et al. 2004), that both are present in Thermo-
cocalles and several Crenarchaeota (de Crécy-Lagard et al.
2010; UrbonaviCius et al. 2014 and references therein).
Thus, it has been suggested that imG2 is the likely intermedi-
ate of mimG biosynthesis (Fig. 1; Phillips and de Crécy-
Lagard 2011; Urbonavicius et al. 2014). Moreover, the bio-
synthesis of mimG likely depends on the Taw3 methyltrans-
ferase, since in Methanosarcina acetovorans, which lacks
Taw3, imG2 but not mimG is found (de Crécy-Lagard et al.
2010; Urbonavicius et al. 2014).

Previously, we demonstrated that the occurrence of imG2
in different Archaea also correlates with the presence of ar-
chaeal Trm5a, a member of the archaeal Trm5a/b/c family
of enzymes involved in the biosynthesis of the wyosine de-
rivatives. Comparative analysis of the distribution of genes

encoding homologs of the Trm5 protein, the AdoMet-de-
pendent tRNA:m'G37 methyltransferase in yeast (Bjork
et al. 2001), within 62 archaeal genomes, has allowed the
division of the family aTrm5 into three subfamilies (Fig.
2): aTrmba (in this work, further divided into Taw2l and
Taw22), aTrm5b, and aTrm5c (de Crécy-Lagard et al.
2010; Urbonavicius et al. 2014). While the enzymes belong-
ing to these subfamilies do not significantly differ in their
AdoMet-binding site, small differences have been observed
within the NPPY motif, which, in certain amino-methyl-
transferases, is involved in the positioning of the target ni-
trogen atom (Fig. 2; Bujnicki 2000). In contrast, the N-
terminal sequences of the aforementioned enzymes differ
substantially, e.g., a small conservative domain called D1 is
present in aTrm5b and aTrm5c but absent in most of the
aTrm5a proteins. Notably, while the aTrm5b variant is
almost ubiquitous in Euryarchaeota, it is absent in
Crenarchaeota, whereas in Sulfalobales and Desulfurococ-
cales, both the aTrmb5a and aTrm5c variants are present. It
has been suggested previously (de Crécy-Lagard et al. 2010)
that the enzymes belonging to the aTrm5b and aTrm5c¢ fam-
ilies can only catalyze the methylation of N' of G37 to yield
m'G37. The presence of both aTrm5c and aTrm5a in
Sulfalobales as well as Desulfurococcales suggests that
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FIGURE 1. Putative enzymatic pathway leading to the formation of wyosine derivatives in Archaea. The specific functions of each enzyme, as well as
the alternative action of either bifunctional aTrm5a = Taw22a methyltransferase or monofunctional aTrm5b/c and aTrm5a = Taw21 methyltransfer-

ases, are described in the text.
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FIGURE 2. Amino acid sequence alignment
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of Trmb5a/b/c/ family of proteins. To distinguish between monofunctional and bifunctional aTrm5a

enzymes, the appropriate methyltransferases were designated as Taw21 and Taw22, respectively. Conserved residues are highlighted in red boxes.
M. jannaschii Trm5b secondary structure elements (a-helices [a], f-strands [B], and 3;o-helices [n]) are shown at the top. D1 domain as well as
motifs A and NPPY are indicated below the alignment. Residues discussed in the text are indicated by red circles. The sequences were aligned
using Clustal Omega (http:/www.ebi.ac.uk/Tools/msa/clustalo/), and the figure was generated using ESPript (http:/espript.ibcp.fr/ESPript/

ESPript/).
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FIGURE 2. Continued.
. 1 . . . .
aTrmb5c catalyzes the formation of m' G, whereas aTrmb5a like- the case of the aforementioned organisms, aTrm5 has to dis-

ly methylates the imG-14 to yield imG2. However, in certain  play a dual tRNA:m'G/imG2 methyltransferase activity, cata-
Archaea, such as Thermoproteales (order Crenarchaeota), lyzing both the formation of m'G and imG2. Similar
Euryarchaeon Nanoarchaeum equitans, as well as species be- bifunctional methyltransferases exist in Thermococalles,
longing to the Korarchaeota phylum, aTrmb5a is the only =~ where aTrm5 is present along with the aTrm5b protein
aTrm5-type protein present. This finding suggests that, in ~ (Urbonavicius et al. 2014).
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FIGURE 2. Continued.

Previously, we have demonstrated that the aTrmb5a-like
protein PAB2272 of Pyrococcus abyssi displays a dual methyl-
transferase activity (de Crécy-Lagard et al. 2010). While the
tRNA"":m'G methyltransferase function of PAB2272 has
been shown, the exact product resulting from the second
methyltransferase activity has not been demonstrated, even
though it has been suggested that PAB2272 may also catalyze
the methylation of imG-14 to yield imG2. Based on these
findings, we have proposed to rename aTrm5a homologs as
Taw?22 (Urbonavicius et al. 2014).

In this work, to demonstrate the enzymatic activities of
aTrmb5a proteins, several homologous genes from P. abyssi,
N. equitans, and Sulfolobus solfataricus have been cloned and
expressed in Escherichia coli. The corresponding recombinant
proteins have been purified and their enzymatic activities
have been investigated in vitro. In addition, based on the
alignment of the aTrm5 proteins and the crystal structure of
the Methanocaldococcus jannaschii Trm5b protein MJ0883,
we have replaced several respective conservative amino acids
of PAB2272 by alanines (except for Pro260, which was re-
placed by asparagine). The enzymatic activities of recombi-
nant mutant PAB2272 proteins were measured in vitro.

RESULTS

Both P. abyssi PAB2272 and N. equitans NEQ228
proteins display a dual tRNAP"®:m'G/imG2
methyltransferase activity

The recombinant NEQ228 and PAB2272 proteins were puri-
fied to near homogeneity (Supplemental Fig. S1A). They
were tested for methyltransferase activity using two different
types of substrates. First, bulk tRNA, isolated from S. enterica
trmD27 mutant containing the unmodified G37 nucleotide,
was used. After incubation of the respective purified enzymes
with mutant tRNA and [methyl-'*C]AdoMet, recovery of
tRNA, and digestion to 5'-monophosphate nucleosides by
nuclease P1, the resulting hydrolyzate was analyzed by 2D
TLC followed by autoradiography. In both cases, incorpora-
tion of the radioactive methyl groups was observed leading to
the formation of pm'G (Figs. 3A, 6A). No corresponding
spots were evident in the absence of any protein (Figs. 3B,
6B). When the recombinant PAB2272 and NEQ228 proteins
were incubated under identical conditions with tRNA, which
was isolated from the S. cerevisiae tyw2 mutant that contains
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FIGURE 3. Methylation of tRNA, isolated from the S. enterica trmD27
and S. cerevisiae tyw2 mutants, by the NEQ228 protein. Autoradiograms
of the TLC plates (2D-TLC), corresponding to the bulk mutant tRNA
incubated for 30 min at 50°C with the respective protein and digested
with nuclease P1. (A) NEQ228 + g, trmD27 tRNA(G37). (B)
sentrmD27 tRNA(G37), incubated without any protein. (C) NEQ228
+ seetyw2 tRNA(ImG-14). (D) setyw2 tRNA(ImG-14), incubated with-
out any protein. Positions of 5 -monophosphate nucleoside markers
(pA, pG, pC, and pU), as detected by their UV shadowing, are indicated
by dashed circles. The “pimG2pA?” is expected to be the pimG2pA
dinucleotide. Note small amounts of pm'G in panel C, likely resulting
from the small amounts of G37-containing tRNA™® present in the
bulk tRNA isolated from the s.tyw2 mutant. The spots on the top of
TLC plates probably result from the nonspecific degradation of
[methyl-"*C] AdoMet. N1 and R2 correspond to solvents used in each
dimension (the solvent composition is given in Materials and Methods).

the imG-14 wyosine derivative, an additional spot, likely cor-
responding to the previously suggested pimG2pA dinucleo-
tide (de Crécy-Lagard et al. 2010), was detected (Figs. 3C,
7A). Such a dinucleotide may result from incomplete diges-
tion of tRNA with the nuclease P1 and has a migration profile
similar to that of YpAp (wybutosine dinucleotide (Droog-
mans and Grosjean 1987) and “Y” (possibly pYpA [Grosjean
et al. 1990]). Minor spots corresponding to pm'G, likely re-
sulting from the small amounts of G37-containing tRNA"™
present in the bulk tRNA isolates from the g.tyw2 mutant,
were also observed. No formation of pimG2pA and/or
pm'G was observed in the absence of any protein (Fig. 3D,
7B). These results demonstrate that both PAB2272 and
NEQ228 proteins catalyze the transfer of a methyl group
from the [methy1—14C]Ad0Met onto two different nucleo-
sides at position 37 of tRNA, yielding, respectively, m'G
from G and, most likely, imG2 from imG-14.

To confirm that the radioactive spot obtained after incor-
poration of the [methyl-'*C] group into the bulk tRNA
from S. cerevisiae Atyw2, and visualized after 2D TLC analysis
corresponds to the pimG2pA dinucleotide, an in vitro tRNA
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methylation assay using the PAB2272 enzyme and nonradio-
active AdoMet was performed. The resulting products of
the methylation reaction were analyzed by HPLC-MS. It
was demonstrated (Fig. 4) that upon the incubation with
PAB2272, the level of the imG2 product increases with con-
comitant decrease in that of the imG-14 substrate (cf. Fig.
4B [no enzyme] with Fig. 4C [enzyme added]). The previous
phylogenetic analyses (de Crécy-Lagard et al. 2010;
UrbonaviCius et al. 2014) in conjunction with TLC and
HPLC-MS data allow us to conclude that both the PAB2272
and NEQ228 proteins show a dual tRNAP™:m'G/imG2
methyltransferase activity.

Sulfolobus solfataricus SSO2439 protein exhibits
a tRNAP"®:imG2, but not tRNA™"*:m'G,
methyltransferase activity

Previously (de Crécy-Lagard et al. 2010; Urbonavicius et al.
2014), we suggested that, in Crenarcheota S. solfataricus as
well as in other Sulfalobales and Desulfurococcales, two dif-
ferent tRNA"" methyltransferases are involved in the biosyn-
thesis of mimG, catalyzing the formation of m'G (Trm5c)
and imG2 (Trmb5a) at position 37 in tRNA™, respectively.
To verify this hypothesis experimentally, the SS02439 pro-
tein (predicted Trmb5a-like enzyme) was purified to near ho-
mogeneity (Supplemental Fig. S1A), and its enzymatic
activity was tested in the same way as described above.
Figure 5 demonstrates incorporation of the [methyl-'*C]
group into bulk yeast tRNA isolated from S. cerevisiae
Atyw2 (containing imG-14 in tRNAP™), but not into that
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2 100.0 imG2 g 641.3
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FIGURE 4. Methylation assay using the PAB2272 protein and tRNA
isolated from S. cerevisiae tyw2 mutant. (A) Mass spectrometry analysis
of imG-14 and imG2 standards coinjected with tRNA P1/AP hydroly-
zate. The mass spectrometry data were acquired in negative ionization
mode. Extracted ion chromatograms of m/z =320 (dashed line) and
m/z =334 (solid line) from a representative negative ion mode chro-
matogram, obtained after digestion of bulk mutant tRNA with nucleases
P1/AP, without (B) or with (C) incubation with PAB2272 protein for 30
min at 50°C. The conversion of imG-14 into imG2 is presented. In Band
C, a Gaussian filter was applied to reduce the noise.
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FIGURE 5. Methylation assay using SSO2439 protein and tRNA isolat-
ed from S. enterica trmD27 and S. cerevisiae tyw2 mutants.
Autoradiograms of the TLC plates (2D-TLC), corresponding to the
bulk mutant tRNA incubated for 30 min at 50°C with the respective pro-
tein and digested with nuclease P1. (A) SSO2439 + g,,trmD27 tRNA
(G37). (B) SSO2439 + s.tyw2 tRNA(IimG-14). The “pimG2pA?” likely
corresponds to the pimG2pA dinucleotide. The spots on the top of
TLC plates probably result from the nonspecific degradation of
[methyl-"*C] AdoMet. N1 and R2 correspond to solvents used in each
dimension (the solvent composition is given in Materials and Methods).

from the S. enterica trmD27 (containing G37) mutant. No
spots corresponding to m'G or imG2 were detected in the ab-
sence of 5502439 (data not shown). Since the migration pro-
file for likely pimG2pA on TLC plates was the same as that
obtained for PAB2272 and NEQ228, we concluded that the
$502439 protein exhibits the tRNA™%:imG2, but not the
tRNA":m'G, methyltransferase activity.

Amino acid residues of PAB2272 that are important
for the formation of m1G and imG2 derivatives

A previously conducted bioinformatic analysis (de Crécy-
Lagard et al. 2010) in conjunction with the structural work
on Methanocaldococcus jannashii Trm5b (MJ0883) and
Taw2 (MJ1157) as well as Pyrococcus horikoshii PH0793 en-
zyme Taw2 (Goto-Ito et al. 2008, 2009; Umitsu et al. 2009)
allowed identification of several amino acid residues, critical
for the recognition of the S-AdoMet cofactor and the G/imG-
14 substrate at position 37 in tRNA™™, Here, we performed
the bioinformatic analysis of the archaeal Trm5a/b/c family
of enzymes (Fig. 2) to identify amino acids that are critical
for the activity of methyltransferases representing different
subfamilies. Consequently, the role of several conservative
residues of PAB2272 (those likely involved in the recognition
of G37/imG-14 substrates and AdoMet cofactor) in the
activity of the enzyme was investigated.
Residues R134 (corresponding to R145
of MJ0883 and R76 of PH0793), P260

ly demonstrated to contact the G37/imG-14 substrates of
tRNA (Goto-Ito et al. 2009; Umitsu et al. 2009). Similarly,
R174 (corresponding to R186 of MJ0883 and R116 of
PH0793), E213 (corresponding to D223 of MJ0883 and
E155 of PH0793), and P260 (corresponding to N265 of
MJ0883 and G199 of PH0793) were selected since corre-
sponding residues had been demonstrated to contact the
AdoMet cofactor. In addition, E173 was tested since the cor-
responding E185 residue of MJ0883 had been demonstrated
to act as a general base that accepts the proton from G37-N'
during the catalysis (Christian et al. 2010). The respective re-
combinant PAB2272 mutant proteins were purified to near
homogeneity (Supplemental Fig. S1B), and their relative en-
zymatic activity, compared to that of the wild-type PAB2272,
is summarized in Table 1. Mutational analysis revealed that
mutants PAB2272_R134A and PAB2272_P262A produced
only negligible amounts of m'G and imG2, whereas
PAB2272_F165A and PAB2272_E213A produced neither
m'G nor imG2 (Figs. 6C,D,G,I, 7C,D,G,], for the assays on
control; see Figs. 6A,B, 7A,B). The other amino acid sub-
stitutions tested had differential effects on the formation of
m!G and imG2. As seen in Figures 6E,F, 7EF, the
PAB2272_E173A mutant retained 9% of wt PAB2272
tRNA™:m' G-methyltransferase activity and 26% of wt
PAB2272 tRNA":imG2-methyltransferase activity, whereas
PAB2272_R174A 8% and 69%, respectively. Surprisingly,
the PAB2272_P260N protein completely lost tRNA®":
m'G-, but not tRNA™:imG2-methyltransferase activity
(Figs. 6H, 7H).

DISCUSSION

In this work, we have investigated the enzymatic activity of
several archaeal proteins previously predicted to be involved
in the formation of the imG2 intermediate of the mimG bio-
synthesis pathway. Based on our results, the aTrm5a proteins
of Euryarchaeota P. abyssi (PAB2272) and N. equitans
(NEQ228) display a dual tRNAPm'G/imG2 activity (Figs.
3A,C, 6A, 7A). While the ability of PAB2272 to catalyze the
formation of the m'G nucleoside from G has been demon-
strated previously (de Crécy-Lagard et al. 2010), the conver-
sion of imG-14 into imG2, catalyzed by the same enzyme, has
been proposed, yet has not been formally demonstrated in
that work. Here, using the chemically synthesized imG-14
and imG2 nucleosides as the internal standards for the

TABLE 1. Enzymatic activity of PAB2272 mutant proteins

(corresponding to N265 of MJ0883 and

PAB2272 mutant enzymes

G199 of PH0793), F165 (corresponding Product

to Y177 of MJ0883 and MI107 of in No  Wild

PH0793), and P262 (corresponding to tRNAPe enz. type R134A F165A E173A R174A E213A P260N P262A
P267 of M]0883 and V201 of PHO793) m'G (%) 0 100 2 0 9 8 0 0 5
were chosen since respective residues of ~ imG2 (%) 0 100 4 0 26 69 0 114 8

M]J0883 and PH0793 had been previous-
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FIGURE 6. Methylation assay using mutant PAB2272 proteins and tRNA isolated from the S.
enterica trmD27 mutant. Autoradiograms of the TLC plates (2D-TLC),
bulk mutant tRNA incubated for 30 min at 50°C with the respective protein and digested with
nuclease P1. (A) PAB2272 + g,trmD27 tRNA(G37). (B) No protein + s, trmD27 tRNA(G37).
(C) PAB2272_R134A + o, trmD27 tRNA(G37). (D) PAB2272_F165A + o,,,trmD27 tRNA(G37).
(E) PAB2272_E173A + sontrmD27 tRNA(G37). (F) PAB2272_R174A + s,,trmD27 tRNA(G37).
(G) PAB2272_E213A + g trmD27 tRNA(G37). (H) PAB2272_P260N + g,,,trmD27 tRNA(G37).
(I) PAB2272_P262A + g, trmD27 tRNA(G37).The “pimG2pA?” is probably the pimG2pA dinu-
cleotide. The spot “X” on the top of TLC plates, which likely results from the nonspecific degra-
dation of [methyl-"*C] AdoMet, was used as an internal standard for the spot intensity
calculations. N1 and R2 correspond to solvents used in each dimension (the solvent composition

is given in Materials and Methods).

HPLC-MS analysis, we demonstrate that PAB2272, in addi-
tion to a tRNAPhe:mIG—methyltransferase, also possesses
tRNA™:imG2-methyltransferase activity. The latter activity
has been demonstrated using yeast bulk tRNA instead of
the purified tRNAPhe, but it is well known that in S.cerevisiae,
wyosines (wybutosine and other derivatives in different tyw
mutants) are present only at position 37 in this particular
tRNA (Noma et al. 2006; Juhling et al. 2009). This strongly

1878 RNA, Vol. 22, No. 12

aTrmb5a as Taw22. Our present work
demonstrates that the situation regarding
the substrate specificity of aTrm5a meth-
yltrasferases is even more complicated: In
Thermococcales, an aTrm5b tRNA:m'G
methyltransferase implicated in the for-
mation of m'G in all tRNA species bear-
ing G37 is present. Apparently it makes
the aTrm5 = Taw22 enzyme to be specif-
ic only toward tRNA"™ but not toward
other tRNA species in these organisms.
However, since the aTrmb5b (and ¢) en-
zymes are absent in N. equitans as well
as in the Thermoproteales (de Crécy-
Lagard et al. 2010), aTrmb5a is, apparent-
ly, singularly responsible not only for the formation of
m'G37 in all tRNA species bearing G37, but also for the for-
mation of imG2 in tRNA™ . The aTrm5a in S. solfataricus
and probably also in other Sulfolobus, Sulfolobales, and
Desulforococalles clearly differs from aTrm5a = Taw22 (like
PAB2272 and NEQ228) by possessing only a single enzymatic
activity. Therefore, we propose to rename such aTrm5a var-
iants as Taw21.

corresponding to the
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FIGURE 7. Methylation assay using mutant PAB2272 proteins and tRNA isolated from S. cere-
visiae tyw2 mutants. Autoradiograms of the TLC plates (2D-TLC), corresponding to the bulk mu-
tant tRNA incubated for 30 min at 50°C with the respective protein and digested with nuclease P1.
(A) PAB2272 + g, tyw2 tRNA(ImG-14). (B) No protein + g tyw2 tRNA(ImG-14). (C)
PAB2272_R134A + g.tyw2 tRNA(imG-14). (D) PAB2272_F165A + s..tyw2 tRNA(imG-14). (E)
PAB2272_E173A + s, tyw2 tRNA(ImG-14). (F) PAB2272_R174A + s.tyw2 tRNA(imG-14). (G)
PAB2272_E213A + g, tyw2 tRNA(ImG-14). (H) PAB2272_P260N + g tyw2 tRNA(imG-14). (I)
PAB2272_P262A + s tyw2 tRNA(ImG-14). The “pimG2pA?” is probably the pimG2pA dinu-
cleotide. The spot “X” on the top of TLC plates, which likely results from the nonspecific degra-
dation of [methyl-"*C] AdoMet, was used as an internal standard for the spot intensity
calculations. N1 and R2 correspond to solvents used in each dimension (the solvent composition
is given in Materials and Methods).

have evolved to methylate the C”-atom
of imG-14 as well. Such intrinsically
relaxed specificity may be created by the
existence of the mesomeric forms of the
imG-14 substrate, allowing the C’-atom
to become sufficiently negatively charged
to act as a nucleophile (Lin 2011; Urbo-
navicius et al. 2014). After the subsequent
gene duplication events, each gene may
have evolved differently: It may encode
either the bifunctional enzyme (e.g.,
aTrm5a/Taw22 enzymes PAB2272 and
NEQ228), G37-specific N 1-methyltrans-
ferase (aTrm5b, ¢, e.g, PAB0505),
imG-14-C 7—methyltramsferase (Taw21,
as in the case of SSO2439), or imG-14-
C’-3-amino-3-carboxypropyltransferase
(Taw2, e.g., MJ1557, PH0793 [Umitsu
et al. 2009]). For all possible enzymatic
modifications of imG-14, see Figure 1.
Previously, it was demonstrated (de Cré-
cy-Lagard et al. 2010) that aTrm5b/c
methyltransferases contain Asn/Asp resi-
dues, whereas aTrm5a proteins have Pro/
Thr residues in their NPPY motif that are
important for positioning of the target
nitrogen atoms (Bujnicki 2000). Here,
we show that in the case of the aTrm5/
Taw22 enzyme PAB2272, the P260N
substitution within the NPPY motif abol-
ishes the formation of m'G37 but not
that of imG2 (Table 1; Figs. 6H, 7H).
Our results suggest that, in this mutant,
imG-14, but not G37, is still correctly po-
sitioned for methylation. Notably, re-
placement of E173 (corresponding to
E185 of MJ0883, a general base that ac-
cepts the proton during catalysis) with al-
anine demonstrated a differential effect
on the formation of m'G/imG2 (yielding
9% and 26% of the respective products;
see Table 1; Figs. 6E, 7E). This finding
suggests that for the methylation reac-
tion, the proton abstraction at the N L
atom of G37 by E173 is likely more im-
portant than that at the C’-atom of
imG-14. A similar differential effect was
observed in the case of R174, where sub-

Our results suggest that at least two aTrm5a enzymes
exhibit a tRNA":m'G/imG2 methyltransferase activity,
whereas S. sulfolobus aTrmb5a (and, likely, other related en-
zymes) acts as tRNA"":imG2 methyltransferase only. One
could imagine that, after emergence of the Tawl enzyme
that catalyzes the formation of the imG-14 intermediate
of the mimG pathway, the N'-methylating enzyme may

stitution with alanine yielded, respectively, 8% and 69% of
m'G/imG2 (Table 1; Figs. 6F, 7F), suggesting that, in the
case of G37, the interaction of this particular amino acid
with the AdoMet cofactor is extremely important. As expect-
ed, replacement by alanine of R134, F165, E213, and P262
residues, all of which have been suggested to be involved in
the positioning of AdoMet toward the G/imG-14 substrate,

www.rnajournal.org 1879



Urbonavicius et al.

abolished the formation of both m'G and imG2 (for more
detail, see Figs. 6, 7, as well as Table 1).

As mentioned above, several evolutionally related enzymes
(Taw2, Taw22, and Taw21) that, together with Trm5b (and
¢), belong to the same family of PACE25/COG2520 proteins
(Tatusov et al. 1997; Matte-Tailliez et al. 2000) target imG-14
of tRNA™<, Interestingly, while the crystal structure of
aTrm5b (MJ0883) has been solved using either sinefungin
(analog of S-AdoMet) or S-AdoMet as a methyl donor,
and tRNA®" or tRNA™ as a substrate (Goto-Ito et al.
2008, 2009), no crystal structure of any enzyme in complex
with tRNA™™ containing imG-14 as a substrate has been
solved thus far. The recognition mechanism of imG-14
in tRNA™® was inferred only for Taw2 (PH0793) of
Pyrococcus horikoshii using a docking model (Umitsu et al.
2009). At first glance it is not evident what structural features
distinguish Taw22, which converts both G and imG-14 sub-
strates, from Taw21, which uses only imG-14 as a substrate.
Previously, the sequence motif MXSX,NX;R/K (Motif A, Fig.
2) has been shown to be responsible for the differences in en-
zymatic activity of Trm5b and Taw2 (Umitsu et al. 2009). It
has also been shown that Argl86 (MJ0883 numbering) of
Motif A interacts with the carboxyl group of AdoMet. In
the Taw22 but not the Taw21 proteins, this residue is re-
placed by histidine, suggesting that the sequence YEH (Tyr-
Glu-His) in motif A distinguishes the Taw21 family of pro-
teins from Trm5b/c/Taw2/Taw22 (Fig. 2). To improve our
understanding on how different paralogs of the COG2520/
PACE25 family are functioning, biochemical and structural
studies, similar to those already performed for aTrm5b and
Taw2 (Christian et al. 2006; Goto-Ito et al. 2008, 2009;
Umitsu et al. 2009; Sakaguchi et al. 2012), have been initiated.

Besides aTrm5a = Taw22, other bifunctional enzymes act-
ing on RNA exist in Nature. One such example is Cfr meth-
yltransferase from E. coli, capable of methylating 2- and
8-carbon of A2503 of 23S rRNA to form m>®A (Giessing
et al. 2009). Also, a bifunctional methyltransferase NS5 of
flavoviruses catalyzes methylation of both the N”-atom of
guanosine and the 2'-hydroxyl group of the neighboring
adenosine, resulting in type 1 cap m’GpppAm of viral RNA
(Dong et al. 2008a,b). Such sequential cap methylations
(GpppA-RNA — m’GpppA-RNA — m’GpppAm-RNA) have
also been shown in West Nile (WNV), Dengue (DENV),
and yellow fewer viruses (YFV) (Zhou et al. 2007). The con-
secutive methylation events may proceed by two alternative
mechanisms: either AdoMet replenishment/RNA reposi-
tioning or RNA dissociation/reassociation (Dong et al.
2014). It is possible that more bifunctional methyltransfer-
ases exist in the organisms with reduced genomes, where
protein functional complexity is required to compensate
for the gene loss (Kelkar and Ochman 2013). During the
course of evolution or under certain conditions, two methyl-
ation events might be decoupled and act independently. In
our case, this may be illustrated by aTrm5a (=Taw22), where
the methylation events have been split between aTrm5c and
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aTrm5a (=Taw21) (Fig. 1). Our work also demonstrates that,
more often than not, one’s attempts to infer the enzymatic
activity of homologous proteins based solely on in silico
analysis may prove to be quite spurious. In addition, the re-
sults presented here provide a glimpse into events that lead to
the development of sequential metabolic pathways.

MATERIALS AND METHODS

DNA manipulations

The pET101D-topo (Invitrogen) expression vector, containing the
P. abyssi PAB2272 gene (pSBTN-AD18), was obtained from Jean
Armengaud (CEA, Bagnols-sur-Ceze, France). The pJexpress401
vector with the synthetic N. equitans NEQ228 gene optimized for
E. coli codon usage was purchased from DNA 2.0. The S. solfataricus
§502439 gene was cloned into the pET21d expression vector
(Novagen). For this purpose, $502439-fwd and S502439-rev prim-
ers were used for the PCR reaction (Supplemental Table S1). The S.
solfataricus P2 chromosomal DNA was obtained from David
Prangishvili (Institut Pasteur, Paris, France), and the PCR reaction
was performed using Pfu DNA polymerase (Thermo Fisher
Scientific). The resulting PCR product (~800 bp) was cloned into
the pJET1.2 vector (Thermo Fisher Scientific) and then recloned
via Ncol and Xhol restriction sites of pET21d. The sequence of
the insert was verified at Macrogen Europe.

To construct PAB2272_R133A, PAB2272_F165A, PAB2272_
E173A, PAB2272_R174A, PAB2272 E213A, PAB2272_P260N,
and PAB2272_P262A mutant proteins, in vitro mutagenesis was
carried out using the QuikChange Lightning Site-Directed Muta-
genesis Kit (Agilent Technologies) with the pSBTN-AD18 plasmid,
containing the PAB2272 gene as the template and respective muta-
genic primers (Supplemental Table S1). Thus, the recombinant
plasmids pSBTN-AD18_Alal133, pSBTN-ADI18_Alal65, pSBTN-
AD18_Alal73, pSBTN-ADI18_Alal74, pSBTN-AD18_ Ala213,
pSBTN-AD18_Asn260, and pSBTN-ADI18_Ala262 were obtained,
and the presence of the desired mutation was verified by sequencing
at Macrogen Europe.

Overexpression and purification of recombinant
archaeal enzymes

E. coli BL-21(DE3) (Invitrogen) was used as the host strain for the
overexpression of Hisx6-tagged proteins. For this purpose, cells har-
boring a respective plasmid (pSBTN-AD18, pJexpress401_ NEQ228,
pET21d-$502439, pSBTN-AD18_Ala133, pSBTN-AD18_Alal65,
pSBTN-AD18_Alal73, pSBTN-ADI18_Alal74, pSBTN-ADIS_
Ala213, pSBTN-AD18_Asn260, or pSBTN-ADI18_ Ala262) were
grown in a standard LB medium supplemented with 50 pg/mL am-
picillin (except for pJexpress401_NEQ228, where 50 pug/mL kana-
mycin was used). In total, 50 mL of medium was inoculated with
0.5 mL of the corresponding overnight culture and incubated at
30°C until an ODggg of 0.6-0.8 was reached. Protein expression
was then induced by adding IPTG to a final concentration of
0.5 mM, and the incubation was continued for an additional 18
h. The cells were harvested by centrifugation for 15 min at 4000g
(at 4°C), resuspended in 50 mM Tris—HCI buffer (pH 8.0), con-
taining 0.5 M KCl and 10% (w/w) glycerol (buffer A), and disrupted
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by sonication at 22 kHz for 1 min, using 50% amplitude. The cell ly-
sates were centrifuged at 10,000 for 20 min at 4°C to remove the
debris.

The purification of PAB2272 recombinant protein and its respec-
tive mutants was performed as follows. After centrifugation, each
cellular extract was subjected to a 20 min heat treatment at 70°C
and 65°C, respectively. Cell extracts with aggregated proteins were
immediately centrifuged at 10,000¢ for 20 min at 4°C, and resulting
supernatants were loaded onto a 1 mL HiTrap Chelating HP column
(GE Healthcare) equilibrated with buffer A. The recombinant pro-
teins were eluted using a linear gradient of 0-500 mM imidazole
in buffer A, and the appropriate fractions were analyzed by SDS elec-
trophoresis, pooled, and desalted by gel filtration on a 5 mL HiTrap
Desalting column (GE Healthcare) equilibrated with 50 mM Tris—
HCI buffer (pH 8.0), containing 50 mM KCI. The purification of
§502439 and NEQ228 proteins was performed as described above
except that the heat-treatment step was omitted.

Two additional purification steps following the Ni-affinity puri-
fication were devised for PAB2272. In this case, the desalted pro-
tein sample was loaded at a flow rate of 0.5 mL/min onto a 1 mL
Resource S column (GE Healthcare) equilibrated with 50 mM
Tris—HCI buffer, pH 7.5. After washing the column with five col-
umn volumes, PAB2272 was eluted over a linear gradient compris-
ing 0-500 mM NaCl. The fractions corresponding to the major peak
eluted from the column were pooled, saturated with solid ammoni-
um sulfate up to 0.8 M concentration, and applied onto a 1 mL phe-
nyl-sepharose column (GE Healthcare) previously equilibrated with
25 mM Tris—HCI (pH 8.0), and containing 0.8 M ammonium sul-
fate. The PAB2272-containing fractions were eluted over a linear
gradient comprising 0.8—-0 M ammonium sulfate, and the fractions
corresponding to the major peak eluted from the column were
desalted by gel filtration on a 5 mL HiTrap Desalting column, pre-
viously equilibrated with 50 mM Tris—HCl buffer (pH 8.0), contain-
ing 10% (w/w) glycerol.

The homogeneity of all recombinant proteins was verified by
SDS-PAGE. Protein concentrations were determined by the Lowry
method using bovine serum albumin as the standard. Purified pro-
tein samples were flash-frozen and stored at —80°C until further use.

Chemical synthesis of imG-14 and imG2
wyosine derivatives

The imG-14 and imG2 wyosine derivatives were synthesized by car-
rying out a ring closure reaction (from guanosine to form N'-N*
carbon bridge) according to the procedures described previously
by Zhou et al. (2004), with slight modifications. Chloroacetone
was used instead of bromoacetone for the synthesis of imG-14,
and the ratios of reagents as well as a purification step of the crude
mixtures were optimized. The obtained respective wyosine deriva-
tives were purified by column chromatography using silica gel and
chloroform/methanol mixtures as an eluent. The identity and purity
of the obtained compounds were confirmed by HPLC-MS and
NMR analyses.

Isolation of bulk tRNA from S. cerevisiae
and Salmonella enterica

Bulk (unfractionated) tRNA from S. cerevisiae Atyw2 (Euroscarf) or
S. enterica trmD27 (derivative of S. enterica serovar Typhimurium

LT2, obtained from Glenn Bjork and Gunilla Jager, Umed Univer-
sity, Umed, Sweden) mutants was isolated essentially as described
in de Crécy-Lagard et al. (2010). The cells were grown in standard
YEPD (yeast) or LB (bacteria) media overnight, collected by centri-
fugation and broken with aqueous phenol. After phase separation by
centrifugation, the nucleic acids were recovered by ethanol precipi-
tation and dissolved in 50 mM sodium acetate (pH 6.5), 10 mM
MgCl,, 150 mM NaCl to which 12 M LiCl was added to reach
2 M final concentration. After incubation for 1 h on ice, the insol-
uble ribosomal RNA (and remaining DNA) was eliminated by cen-
trifugation, and bulk “soluble” RNA (mainly tRNA) was recovered
by ethanol precipitation, washed twice with cold 70:30% ethanol:
water, and finally dissolved in double-distilled water. The purity
of tRNA was evaluated by agarose gel electrophoresis, and the con-
centration was determined spectrophotometrically.

In vitro methyltransferase activity assay

To determine the tRNA:m'G and/or tRNA:imG2 methyltransferase
activities, purified recombinant PAB2272, PAB2272_Alal33,
PAB2272_Alal65, PAB2272_Alal73, PAB2272_Alal74, PAB2272_
Ala213, PAB2272_Asn260, PAB2272_Ala262, NEQ228, or
§S02439 proteins were incubated with the respective tRNA sub-
strates. Routinely, the reaction mixture of 100 pL contained ~1 ug
of the respective purified recombinant protein in 50 mM Tris—
HCl buffer (pH 8.0) with 10 mM MgCl,, 0.5 mM DTT, 5% glycerol,
100 nCi of [methyl-'*C]-S-AdoMet (PerkinElmer), and 40 pg of
tRNA, isolated from either S. enteric trmD27 (containing G37) or
S. cerevisiae tyw2 (containing mostly imG-14 in tRNA™) mutants.
Each mixture was incubated for 30 min at 50°C and then processed
as described below.

After incubation, the reaction was stopped by adding 200 pL of
cold 0.3 M sodium acetate (pH 5.3) immediately followed by the ad-
dition of an equal volume of phenol/chloroform (24:1). Denatured
proteins were then removed by centrifugation at 13,000¢ for 3 min at
room temperature, and nucleic acids present in the upper phase
were precipitated with ethanol, collected by centrifugation, washed
once with 70% ethanol, dried, and finally completely digested into
5’-monophosphate nucleosides by overnight incubation at 37°C
with 1U of nuclease P1 (Sigma-Aldrich) in 10 pL of 50 mM ammo-
nium acetate/acetic acid buffer at a pH of 5.3. The resulting
hydrolyzates were then analyzed after separation by two-dimen-
sional thin-layer chromatography on 10x10 cm cellulose plates
(Merck) using the N1 (Nishimura 1) and R2 (Rajbhandary 2) mi-
gration solutions for each dimension and autoradiography. The
N1 solution was composed of isobutyric acid/conc. NH,OH/water
(66:1:33), containing 1 mM EDTA. The R2 solution was composed
of 0.1 M sodium phosphate (pH6.8)/solid (NH,),SO4/propanol-1
(100:60:2). The necessary reference maps used for such analysis
were according to Grosjean et al. (2004). Detection of radioactive
spots on the thin-layer plates was performed after the exposure
for at least 3 d in a Fujifilm FLA-5100 imaging system. To calculate
the intensity of radioactive signals, Multigauge 3.0 program was
used. The spot X, likely resulting from the nonspecific degradation
of [methyl—MC] AdoMet, was used as an internal standard.

For the HPLC-MS analysis, 5 pg of the PAB2272 protein was in-
cubated with 400 pg of bulk tRNA, isolated from the S. cerevisiae
Atyw2 mutant, at conditions described above, except that 80 uM
of nonradioactive S-AdoMet (Sigma-Aldrich) was used instead of
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the radioactive one. After digestion of tRNA with 10 U of P1 nucle-
ase, the solution was adjusted to pH 8.0 with 0.1 M ammonium
bicarbonate buffer and supplemented with 2 U of FAST AP alkaline
phosphatase (Thermo Fisher Scientific). The digested extracts were
subjected to HPLC-MS analysis. Such analysis was performed using
a high-performance liquid chromatography system (CBM-20A con-
troller, two LC-2020AD pumps, SIL-30AC autosampler and CTO-
20AC column oven) equipped with an SPD-M20A Prominence
photo diode array (PDA) detector and a mass spectrometer
(LCMS-2020, equipped with an ESI source), all the equipment are
from Shimadzu, Japan. The chromatographic separation was con-
ducted using a Hydrosphere C18 column, 4x150 mm (YMC), or
YMC Pack Pro column, 3x150 mm (YMC, Japan) at 40°C and a
mobile phase that consisted of 5 mM ammonium acetate (pH
5.3) (solvent A) and acetonitrile (solvent B) delivered in the gradient
elution mode. Mass scans were measured from m/z 50 up to m/z
700, at an interface temperature of 350°C, DL temperature of 250°
C, and interface voltage of £4500 V, with neutral DL/Qarray, using
N, as the nebulizing and drying gas. Mass spectrometry data were
acquired in both positive and negative ion modes. The data were an-
alyzed using the LabSolutions LCMS software, and the data fitting
was performed using the Wolfram Mathematica program.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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