The Cm56 tRNA modification in archaea is catalyzed
either by a specific 2'-O-methylase, or a C/D sRNP
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ABSTRACT

We identified the first archaeal tRNA ribose 2'-O-methylase, aTrm56, belonging to the Cluster of Orthologous Groups (COG)
1303 that contains archaeal genes only. The corresponding protein exhibits a SPOUT S-adenosylmethionine (AdoMet)-depen-
dent methyltransferase domain found in bacterial and yeast G18 tRNA 2'-O-methylases (SpoU, Trm3). We cloned the
Pyrococcus abyssi PAB1040 gene belonging to this COG, expressed and purified the corresponding protein, and showed that
in vitro, it specifically catalyzes the AdoMet-dependent 2'-O-ribose methylation of C at position 56 in tRNA transcripts. This
tRNA methylation is present only in archaea, and the gene for this enzyme is present in all the archaeal genomes sequenced up
to now, except in the crenarchaeon Pyrobaculum aerophilum. In this archaea, the C56 2'-O-methylation is provided by a C/D
SRNP. Our work is the first demonstration that, within the same kingdom, two different mechanisms are used to modify the

same nucleoside in tRNAs.
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INTRODUCTION

All types of cellular RNAs contain modified nucleosides,
and among them, tRNAs present the most extensive
nucleoside modifications (Bjork 1995). To date, at least
99 different modified nucleosides have been identified in
the many naturally occurring RNAs analyzed (see http://
medstat.med.utah.edu/RNAmods/). The specific contribu-
tions that individual modifications make to tRNA function
are generally thought to involve maintenance of the struc-
tural integrity of the tRNA when the modifications are
located outside the anticodon region, while modifications
within and around the anticodon are proposed to play a
direct role in increasing translational efficiency and/or fidel-
ity, and in specific cases, to serve as recognition determi-
nants for aminoacyl-tRNA synthetases (Sampson and
Uhlenbeck 1988; Agris 1996; Davis 1998; Grosjean and
Benne 1998). The type of chemical alteration of a nucleo-
side, as well as the pattern of tRNA modification depend on
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the origin of the tRNA molecule (Sprinzl et al. 1998). Many
of the tRNA modifications are highly conserved across
the three phylogenetic domains (Grosjean et al. 1995;
Auffinger and Westhof 1998; McCloskey and Crain 1998;
Motorin and Grosjean 1998; Sprinzl et al. 1998).
The archaeal tRNAs sequenced so far (assembled at
http://www.staff.uni-bayreuth.de/~btc914/search/index.html)
contain common modifications such as D, ¥, Cm, Gm, m'G,
m’G, m'A and m°A similar to the modifications of the
eubacterial and eukaryotic tRNAs. In addition, they contain
modifications that are specific to archaea, either in their
position and/or nature, such as m'W54, archaeosinl5,
Cmb56 (Auffinger and Westhof 1998) and several hypermod-
ified nucleosides. Some characteristic nucleosides are mod-
ified both in the base and by methylation of the 2’ hydroxyl
group in ribose, like m>?G, at position 10 or 26 (Armengaud
et al. 2004) that is 2’-O-methylated only in the thermophile
archaea (Noon et al. 2003). These extra methylations may
help to stabilize the tridimensional structure of tRNAs at the
high temperature (100°C) or high salt life conditions of these
extremophiles (Agris et al. 1973; Kowalak et al. 1994;
McCloskey et al. 2001).

Little is known about archaeal tRNA modification
machineries, as no genes encoding specific archaeal tRNA
2'-O-methylases, or pseudo-uridylases had been identified
until now. A variety of tRNA modification activities were
demonstrated to be present in archaeal cell extracts
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(Grosjean et al. 1995; Constantinesco et al. 1999b), and
only a few genes encoding mainly tRNA base methylases
have been identified (Constantinesco et al. 1999a; Bai et al.
2000; Bjork et al. 2001; Pierrel et al. 2003; Armengaud et al.
2004; Roovers et al. 2004).

Ribose-methylation is one of the most frequent RNA
modifications. In eukaryotes and bacteria, tRNA ribose
methylation is catalyzed exclusively by site-specific methyl-
transferase (Mtase) proteins that recognize both sequence
and structure within the unmodified precursor tRNA sub-
strate (Droogmans et al. 1986; Hori et al. 1998; Cavaille
et al. 1999; Pintard et al. 2002). These site-specific RNA 2'-O-
ribose methyltransferase enzymes belong to two structural
classes (class I and IV) among the five AdoMet dependent
Mtase structural families described so far (Schubert et al.
2003) for review. The class I Mtase family regroups a
tremendous variety of Mtases, including the great majority
of RNA Mtases. These enzymes all belong to the superclass
of Rossman-fold enzymes (Lo Conte et al. 2000). They
share a common structure with seven-stranded B-sheets
where the last one is inserted in an antiparallel conforma-
tion between the fifth and the sixth B-sheet. AdoMet is
bound in a deep cleft in the center of the molecule. The
class IV structure consists solely of the SPOUT (SpoU/
TrmD) family of RNA Mtases (Anantharaman et al.
2002). Their shared structural characteristic is a deep trefoil
knot in a core structure including six-stranded parallel
B-sheets, of which the first three form half of a Rossman
fold, flanked by seven a-helices. AdoMet is bound above
the “knot” in a bent conformation (Michel et al. 2002;
Nureki et al. 2002, 2004; Elkins et al. 2003; Lim et al.
2003; Zarembinski et al. 2003).

In many instances, archaea use C/D box guide RNPs to
mediate the 2’-O-methylation in tRNAs (as is the case for
eukaryotic and archaeal rRNAs). The C/D box guide par-
ticle includes a box C/D guide RNA, characterized by a
bipartite structure with conserved C (RUGAUGA) and D
(CUGA) box motifs near the 5’ and 3’ ends, and related C’
and D’ box motifs near the center of the molecule (Cavaille
and Bachellerie 1998; Kiss 2001). Previous biochemical
studies have shown that box C and D are the sites of
RNP assembly (Szewczak et al. 2002; Watkins et al. 2002;
Bortolin et al. 2003; Decatur and Fournier 2003; Tran et al.
2003). Archaeal C/D RNPs contain three proteins with a
symmetric distribution: the archaeal fibrillarin (aFib), the
ribosomal protein L7Ae and Nop5p (Kuhn et al. 2002;
Omer et al. 2002; Watkins et al. 2002; Aittaleb et al. 2003;
Bortolin et al. 2003; Ziesche et al. 2004). The box C/D
sequences generate a characteristic RNA secondary struc-
ture motif, the kink-turn (K-turn) which is directly bound
by L7Ae and, together with aFib and Nop5p, form the core
RNP complex. Guide sequence complementarity to an
RNA target located upstream of box D establish a site of
2'-O-methylation within the paired region, located five
nucleotides upstream of box D (Cavaille and Bachellerie
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1996; Kiss-Laszlo et al. 1996). Methylation is catalyzed by
aFib, a class I Mtase. In a few archaeal species, several C/D
sRNAs were predicted to target more than 23 tRNA posi-
tions for 2'-O-methylation (Clouet d’Orval et al. 2001;
Dennis et al. 2001; Tang et al. 2002; Omer et al. 2003).
Archaeal C/D RNP-guided tRNA 2'-O-methylations were
recently demonstrated in vitro, on the Haloferax volcanii
pre-tRNA™™ for C34 and U39 2'-O-methylation (Clouet
d’Orval et al. 2001; Bortolin et al. 2003) and on the
S. solfataricus tRNA®™ for G18 methylation in an unique
tRNA (Ziesche et al. 2004). The absence of archaeal tRNA
2'-O-Mtases up until now raised the following question:
Are all the tRNA 2'-O-methylations in archaea carried out
by C/D box guide sRNPs?

The tRNA Gm18 modification is found in eubacteria
and eukaryotes and in plant organella (McCloskey and
Crain 1998; Rozenski et al. 1999). So far it has not been
found in sequenced archaeal tRNAs (Auffinger and
Westhof 1998), even if a unique S. solfataricus tRNASM
was recently proposed to be methylated at this position
by a C/D sRNP (Ziesche et al. 2004). However, a recent
search to define methyl-transferase superfamilies by con-
served structural elements highlighted a relationship
between the eukaryotic and bacterial 2’-O-methylases spe-
cific to position G18 (Trm3 and SpoU, respectively) and
several uncharacterized archaeal proteins, suggesting their
common evolutionary origin. All of these proteins belong
to the SPOUT superfamilies (Anantharaman et al. 2002),
and constitute the class IV of Mtases. We postulated that
these archaeal enzymes may be responsible for another
species-specific tRNA methylation. We focused our atten-
tion on one of these proteins, belonging to a Cluster of
Orthologous Groups (COG; Tatusov et al. 2003) exclu-
sively found in archaea, encoded by the PAB 1040 gene.
We cloned the gene, expressed and purified the corre-
sponding P. abyssi protein, and demonstrated that in
vitro, it specifically catalyzes the AdoMet-dependent for-
mation of the Cm at position 56 (Cm56) in tRNA tran-
scripts. The gene for this enzyme (named “aTrm56” for
archaeal tRNA-methylase for position 56) is the first
archaeal tRNA 2'-O-methylase identified, and is present
in all the archaeal genomes sequenced up to now, except
in Pyrobaculum aerophilum. In this crenarchaeon, we show
that the C56 2'-O-methylase activity is provided by a C/D
guide sRNP.

RESULTS

COG 1303 proteins are only found in Archaea

A search of the nonredundant protein database from NCBI
using the PSI-BLAST tool (Altschul et al. 1997) for the
P. abyssi 1040 gene revealed a set of 22 full-length closely
related archaeal proteins (hits with E-values below 10 2°
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and sequence identity above 47%, Fig. 1A) which consti-
tute the COG 1303 (http://www.ncbi.nlm.nih.gov/COG/;
Tatusov et al. 2003). No close homologs (E values worse
than the threshold of 0.01) from eukaryota or bacteria were
found in the second or third PSI-BLAST iteration.
Of the totally or partially completed 23 archaeal genomes
analyzed, only a single crenarchaeon, Pyrobaculum aerophilum,
does not possess a gene belonging to this family. Never-
theless, the gene is present in the four other sequenced
crenarchaeon genomes (Fig. 1C) (Aeropyrum pernix, Sulfo-
lobus solfataricus, Sulfolobus acidocaldarius and Sulfolobus
tokodai; Fig. 1A). All of these proteins present conserved
domains related to the three motifs of the SpoU Mtase
family (Koonin and Rudd 1993; Gustafsson et al. 1996;
Fig. 1A), in which only a few amino-acids are conserved
as compared to the eubacterial and eukaryal enzymes of
the same family (Fig. 1B). Additional conserved domains
are specific to the COG 1303. The secondary structure
predicted by the JPRED software (Cuff et al. 1998) pro-
poses six B-sheets and five a-helices characteristic of
the catalytic fold with a deep trefoil knot of the SPOUT
family (or class IV) Mtases (Fig. 1A; for review, see
Schubert et al. 2003).

The P. abyssi PAB1040 ORF encodes a Mtase
(aTrm56) involved in the methylation
of the invariant C56 in tRNAs

The cloned P. abyssi PAB1040 ORF expressed as a
N-terminal GST-tagged protein in E. coli was purified to
quasi-homogeneity and showed an apparent molecular
mass of 22 kD when subjected to SDS-PAGE (Fig. 2A).
To test the RNA Mtase activity, the purified recombinant
protein was assayed for its ability to catalyze transfer of the
labeled methyl group from [H]AdoMet to different RNA
substrates. No methyl incorporation was observed with the
C/D guide sR47 or HIV-TAR RNAs (Fig. 2B). However, the
bulk yeast tRNAs showed specific kinetics of *H methyl
incorporation at 37°C and 50°C (Fig. 2B). Similar meth-
ylation kinetics were obtained with unfractionated E. coli
tRNAs as substrates (data not shown). In vitro transcribed
E. coli tRNAM"2, yeast tRNA™ and P. abyssi tRNALewCAA
tRNAs were methylated with significant initial rates at 50°C
(Fig. 2C). In conclusion, tRNAs are suitable substrates of
this enzyme. The Km measured for one of its substrates
(yeast tRNAP™) at 50°C in the presence of 6 .M AdoMet
is 80 nM for a Vmax of 0.4 pM methyl/mg.h, similar
to values found for another class IV Mtase, the Thermus
thermophilus TrmH (Watanabe et al. 2005). The
RNA Mtase activity is thermostable (80% of the initial
activity persists after incubating 2 h at 95°C, data not
shown).

To characterize the substrate specificity of the enzyme,
we predicted that the product of the PAB1040 gene could
catalyze the 2'-O-methylation of C56 since this conserved

position is invariably methylated in archaeal tRNAs and
is never modified in bacterial or eukaryotic tRNAs (see
http://www.staff.uni-bayreuth.de/~btc914/search/index.html)
(Auffinger and Westhof 1998; Sprinzl et al. 1998). To
identify the position methylated by the archaeal enzyme,
the E. coli tRNA™"? transcript was uniformly labeled either
with [a->*P]-ATP, GTP, CTP, or UTP for a nearest neigh-
bors analysis (Grosjean and Benne 1998). It was then sub-
jected to methylation in the presence of AdoMet and the
purified P. abyssi protein, followed by RNase T2 digestion
to generate 3’ monophosphate nucleosides. 2’-O-methylation
inhibits RNase T2 hydrolysis, and generates a dinucleoside
labeled by the adjacent 3'[**P]phosphate. The TLC analysis
shows a single spot corresponding to the dinucleoside
CmpAp for the E. coli tRNA"" transcript labeled with
[a-*°P]-ATP (Fig. 3A). In the tRNA™“? sequence, the
only CmpAp that can be labeled by the neighbor [a->*P]-
A is Cm56A57 located in the T-loop. Quantification of the
relative amount of [*?P] in the different radioactive spots
on the TLC plates revealed that ~1 mol of Cm56 is formed
per mole of E. coli tRNA""* after 1 h incubation at 50°C
(Fig. 3A). Similar results were obtained with the yeast
tRNA® (not shown), whereas 0.45-mol Cm56/mol tRNA
were formed with P. abyssi tRNAM"A4 (Fig. 3B) Kinetic
analyses performed with E. coli tRNA"" and P. abyssi
tRNAMYAA revealed that the E. coli substrate is more
suitable than that of P. abyssi at this temperature (Fig.
3C). Altogether, these data demonstrate that in vitro, the
P. abyssi protein catalyzes the 2’-O-methylation of C at
position 56 in the T-loop of tRNAs. Indeed, we named
this enzyme “aTrm56” for “archaeal tRNA methylase for
position 56.”

The aTrm56 enzymatic activity absolutely requires
a C at position 56, and recognizes the T-loop structure

To determine the substrate specificity of the aTrm56 protein,
mutants of the E. coli tRNA""? transcript were tested. Muta-
tions of C at position 56 either by U or G in tRNA abolish
methyl incorporation (Fig. 4A, left), implying a strict substrate
requirement with a C at position 56. We then tested the
influence of the 3D architecture of the tRNA on aTrm56
activity. Two double mutants of the E. coli tRNA"" tran-
script, G18A/G19A and G18C/G19C in which the G18-¥55,
and G19-C56 interactions responsible for the compact 3D
L-architecture of the tRNA are disrupted, are efficiently
methylated at 37°C (Fig. 4A, right). We tested a tRNA mini-
substrate corresponding to the yeast tRNA*P transcript
missing the D stem-loop (Fig. 4C), and found that it was
methylated in vitro at a slightly lower efficiency than the
wild-type tRNA*P (0.36-mol Cm56 formed per mol tRNA
against 0.55 for the wild-type tRNA*P, Fig. 4B). A second
minisubstrate consisting of the T-loop of tRNA*P closed by a
synthetic stem (“T stem-loop or TSL”, Fig. 4D) was also tested.
This TSL minisubstrate is still methylated in vitro even though
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FIGURE 1. (A) Sequence alignments of the COG 1303 proteins from the archaea genomes available in the public databases (http://www.ncbi.nlm.
nih.gov/) by PSI-BLAST searches (Altschul et al. 1997). Multiple alignments were performed by Multalin (http://prodes.toulouse.inra.fr/multalin/
multalin.html). Secondary structure elements of the P. abyssi sequence encoded by the PAB1040 gene were predicted using the JPRED software (Cuff
etal. 1998) (http://barton.ebi.ac.uk/servers/jpred.html). Putative 3-sheets and o-helices are represented by green arrows, and orange stretches respectively.
Amino acid numbering refers to the P. abyssi sequence. Motifs I, I, and III corresponding to conserved domains of the SpoU-like enzymes (Gustafsson
et al. 1996) are framed in green. Organism names and first and last amino acids are indicated for each sequence, as well as the total number (in brackets) of
amino acids, and the gene bank identifiers. Strictly conserved residues are in red, and residues with >70% identity or strictly of the same type are in blue.
The symbols in the consensus are: !, IV; $, LM; %, FY; h, hydrophobic; -, gap;. , any amino acid. (B) Multiple sequence alignment of SPOUT proteins.
Amino acid sequences of five eubacterial and eukaryotal proteins are compared. The consensus determined from the SpoU-like enzymes (Gustafsson et al.
1996) are reported on the first line. In the alignment, color, and symbol codes for residues conservation is as in (A). Reported in the last line are the
consensus sequences of the COG 1303 (part A). (C) Phylogenetic tree of the archaeal genomes derived from 16S rRNA genes (Marck and Grosjean 2002).
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FIGURE 2. (A) SDS-PAGE analysis of the purified recombinant
P. abyssi Mtase. SDS-PAGE was performed on a 10% polyacrylamide
gel, in Laemmli buffer. The gel was stained with Coomassie Brillant
blue. Lane I, MW marker (Sigma); Lane 2, GST-tagged protein eluted
from the Glutathione-Sepharose beads (1/30 of the protein retained
on Glutathion-Sepharose beads); Lane 3, purified P. abyssi Mtase (0.5
pg) after Thrombin cleavage. (B) The purified P. abyssi protein is a
tRNA methyl-transferase. Kinetics of *H(Met) incorporation in 1 pM
total yeast tRNAs, incubated at 37°C, (#), or 50°C, (e), or in 1 pM
TAR or SR47 RNAs, incubated at 50°C (e) in the presence of
(*H)AdoMet and purified enzyme. (C) Individual specific tRNA
methylation by the P. abyssi enzyme. Kinetics of >H(Met) incorpora-
tion in individual tRNA transcripts, yeast tRNAPPe (o), E. coli
tRNA™"2 (m), P. abyssi tRNA""S** (&), 0.5uM each incubated at
50°C in the same conditions as in (B).

the reaction is four- to fivefold less efficient than with
the wild type substrate. We conclude that the complete
3D architecture of the tRNA substrate is not required for
aTrmb56 catalysis. A T stem-loop structure alone is thus
a minimal substrate recognized by aTrm56.

A C/D sRNA in Pyrobaculum aerophilum
responsible for C56 methylation

A gene orthologous to PAB 1040 is present in all the
sequenced archaeal genomes except P. aerophilum (Fig. 1A).
We hypothesized that in this archaeal species, a C/D guide
machinery could catalyze the C56 methylation. A previous
global analysis of C/D box guide sRNAs in Archaeal ge-
nomes revealed that many of them harbor antisense ele-
ments matching a total of 23 different sites in tRNAs
(Dennis et al. 2001). Interestingly, the genome of the cren-
archaeon P. aerophilum appears to have the largest number
of genes for sSRNAs targeting tRNA positions. It implies
that this archaeon may have developed a greater number of
RNA guides involved in tRNA modification. To fully iden-
tify these sRNAs, we performed a systematic computer
search for the potential sSRNA/tRNA duplexes. We used
the 51 intergenic regions annotated as being sRNAs in the
genomic sequence of P. aerophilum available at the NCBI

site, and the archaeal tDNA database (Marck and Grosjean
2003) to assign a tRNA target to each of the P. aerophilum
sRNAs (assembled in http//atg.toulouse.inra.fr/~rnaworld/
PAE.html). Dennis et al. (2001) found 16 different sRNAs,
targeting 13 tRNA positions (Table 1, second column; Fig. 5),
and we found in addition the sSRNAs (sR39, sR23, sR32, sR41,
sR37, sR49, sR46, sR48) with antisense elements comple-
mentary to tRNAs, for methylation at positions 5, 8, 10, 25,
29, 31, 34, 64, and 66 (Table 1, third column). For the sSRNAs
already identified as targeting tRNAs (Dennis et al. 2001),
we found additional potential tRNA targets (Table 1, third
column), as sR35 (Table 1, cf. second and third columns).
SR35 presents a 11—-13 nt antisense element upstream of its
D box, complementary to the T-loop sequence of all 46
tRNAs of P. aerophilum, where the fifth position in the
RNA/RNA duplex corresponds to C56 (Fig. 6A). A North-
ern blot hybridization performed on total RNAs extracted
from P. aerophilum confirmed the presence of this sSRNA
(Fig. 6B). Thus sR35 may contribute to the C56 methyla-
tion of its tRNAs, in the absence of a gene coding an
aTrm56 homolog.

We looked in vitro for evidence of C56 2'-O-ribose
methylation activity in a P. aerophilum S100 extract using
tRNA as a substrate. The E. coli tRNA™"? transcript (whose
TWC stem-loop is able to form a duplex with the antisense
element of C/D guide sR35) was used as a substrate. A
labeled [a-**P]ATP transcript incubated with S100 extract
and analyzed by T2 digestion and 2D-TLC gives rise to the
dinucleoside Cmp56Ap57 (Fig. 6C; S100). To prove that
Cmb56 depends on C/D guide machinary present in the
S100 extract, we treated the S100 extract with micrococcal
nuclease (MN), prior to reaction. Degradation of sR35 was
verified by Northern blot (Fig. 6B). Under these conditions,
the Cmp56Ap57 spot was not observed (Fig. 6C,
S100 + MN), suggesting that the machinery for Cm56 is
RNA-dependent in P. aerophilum. A similar experiment
performed with the P abyssi, tRNA™"“** gave the same
results (data not shown). The MN treatment was also
controlled to be without effect on the P. abyssi aTrm56
enzymatic activity (data not shown). An E. coli tRNA™"?
C56U mutant transcript (whose RNA duplex with the
antisense element of C/D guide sR35 involves a U-G pair
at the fifth position instead of a C-G) was labeled by
[a->*P]ATP incorporation and incubated with the
P. aerophilum extract as described above. A spot corre-
sponding to dinucleoside Ump56Ap57 was observed that
was no more present when the extract was MN treated
(Fig. 6D; S100 & S100 + MN). We showed previously that
this E. coli tRNA™"? C56U mutant was not methylated by
the purified aTrm56 enzyme (Fig. 4A), supporting our
identification of an sRNA-dependent 2'-O-methylation
activity targeting tRNA position 56 in P. aerophilum
extracts. U56 does not exist in the archaeal tRNA genes
identified until now; all possess a C at this position
(Marck and Grosjean 2002).
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FIGURE 3. Position 56 is specifically methylated by the P. abyssi enzyme. T7 in vitro transcripts of E. coli wild type tRNA""? and P. abyssi
tRNAMYCAA yniformly labeled by incorporation of [a->*P]-NTP were incubated for 1 h at 50°C in the presence of the purified P. abyssi protein.
(A) 2D TLC in system A+C of RNase T2 digests obtained from E. coli tRNA™"? labeled with ATP, CTP, GTP, or UTP as indicated. (B) 2D TLC of
RNase T2 digest of P. abyssi tRNA""“** Jabeled with ATP. The yield of methylation is indicated on each chromatogram. A cloverleaf representation
of the corresponding tRNAs analyzed is shown on the right with CA dinucleosides marked in gray. (C) Comparative kinetic analysis of aTrm56-
catalyzed methylation of two tRNA substrates, E. coli tRNA""?, and P. abyssi tRNA™"“** {RNAs uniformly labeled by incorporation of [a->?P]-
ATP were incubated for different period of times as described above. The yield of methylation was determined by quantitative analysis of 2D-TLC.

In conclusion, our observations strongly suggest that in the
absence of an enzyme orthologous to the P. abyssi aTrm56,
the 2/-O-methylation of tRNAs at their 56th position is
performed by a sRNP-guided system in the crenarchaeon
P. aerophilum. The presence of other tRNA modification
activities in the P. aerophilum extract is evident in the TLC
of Figure 6C (S100[U]), were an E. coli tRNA™"? transcript
labeled with [a->P]JUTP was treated as described above:
Spots corresponding to ¥, m1'V¥, and D are clearly identified.

DISCUSSION

aTrm56, a new archaeal class IV RNA Mtase

In this study, we identify a new RNA Mtase, aTrm56, which
is the first archaeal tRNA ribose 2’-O-Mtase to be character-
ized. This protein which catalyzes the archaeal-specific
methylation of the conserved position C56 in the TWC
loop of tRNAs, belongs to the class IV Mtases (Schubert
et al. 2003) that groups the enzymes of the SPOUT (“SpoU/
TrmD”) family (Anantharaman et al. 2002). Only three
tRNA ribose Mtases have been included in this class: the
bacterial SpoU, its yeast homolog Trm3, catalyzing G18
2'-O-ribose methylation, and the aTrm56 Mtase. It is notice-
able that both positions involved in the tertiary interaction
which anchors the acceptor side to the anticodon side in the
L-shape of tRNA (G18 in eukarya and bacteria and C 56 in
archaeal tRNAs (Limbach et al. 1994; Bjork 1995; McCloskey
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and Crain 1998; Sprinzl et al. 1998) are methylated by the
only tRNA ribose methyl-transferases belonging to structural
class IV, suggesting a common origin for these enzymes.
aTrm56 belongs to the COG 1303 that contains 22
archaeal proteins (Fig. 1A), that all present partially con-
served domains characteristic of the SpoU-like Mtases
(Fig. 1A,B; Gustafsson et al. 1996). In addition, all of the
proteins contain conserved domains in the N-terminal
region and around positions 56, 80, 123, and 170 (P. abyssi
protein numbering, Fig. 1A) that may contribute to
substrate specificity. In the SPOUT enzymes crystallized
to date (Ahn et al. 2003; Elkins et al. 2003; Lim et al. 2003;
Nureki et al. 2004), conserved residues belonging to
motifs I, II, and III were demonstrated to form the char-
acteristic knotted catalytic pocket for AdoMet binding.
These amino-acid residues are only partially conserved
in aTrm56, indicating that a similar trefoil knot structure
providing different interactions with AdoMet is formed. It
will be of great interest to identify whether similar inter-
actions occur in crystals of the aTrm56 protein, as these
differences may reflect the distinct evolution of archaeal
enzymes from a common ancestor of the SPOUT enzymes.

C56 2'-O-methylation involves conformational
change of the tRNA

aTrm56 in vitro methylates C56 in various tRNA substrates.
This modification at the 56th position of tRNAs, (together
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the T and D loops of tRNA have no effect on the efficiency
of Cm56 formation in vitro, and that the TSL minihelix is
modified by aTrm56 at the correct site, assuming that the
11bp T-stem of the TSL minihelix persists at a temperature
of 50°C. This implies that the global or tertiary structure of
tRNA is not the feature recognized by aTrm56 and that the
T-loop is the minimal recognition element. Formation of
other modifications in the T-loop also occured efficiently
in vitro on TSL minihelices incubated with an extract of
Haloferax volcanii (Constantinesco et al. 1999b), and with
yeast or E.coli enzymes catalyzing tRNAs T54 and W55
(Becker et al. 1997; Gu et al. 1998), strongly suggesting
that enzymes modifying T-loop positions require a confor-
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FIGURE 4. aTrm56 specifically recognizes T-loop structure. Mutant
T7 transcripts of E. coli tRNAYY2 (A) or yeast tRNAMP (B,C,D) uni-
formly labeled by incorporation of [a->*P]-ATP were incubated for 1 h
at 50°C with aTrm56 and treated as described in Figure 3. The yield of
methylation is indicated and cloverleaf representations of each mutant
show the effect of the mutation on the D-T loops’ interactions.

with the modifications at positions 54, 55, 18, or 15), is
located in the “corner” formed by the tertiary interactions
of the canonical L-shape, where bases are less accessible to
modification enzymes. Despite the fact that aTrm56 was
demonstrated to be highly thermostable, we fixed the incu-
bation temperature with heterologous tRNA transcripts at
50°C, taking into account the melting of unmodified T7
transcripts of yeast and E. coli tRNAs which begins at
55-60°C (Sampson and Uhlenbeck 1988; Sampson et al.
1990). In these conditions we observed a rapid and complete
methylation of the E. coli tRNA""*, when the P. abyssi
tRNAMA4 (Tm > 60°C) was slowly and incompletely mod-
ified (Fig. 3C). This suggests that at least a partial melting of
the substrate, leading to the disruption of the tertiary struc-
ture of the tRNA, is required for efficient methylation. We
observed also that mutations disrupting the association of

complementarities with tRNAs

sRNAs from Pyrobaculum aerophilum showing

tRNA targeted sRNAs sRNAs
position [Dennis et al. 2001] [this study]
5 sR39: D (6tRNAs)
8 sR23: D (4tRNAs)
10 sR32: D (5tRNAs)
sR34: D (8tRNAs) sR34: D (9tRNAs)
sR48: D (2tRNAs) sR48: D (15tRNAs)
sR5: D (6tRNAs) SR5: D’ (4tRNAs)
12 sR46: D (2tRNAs) sR46: D (3tRNAs)
19 sR11: D (3tRNAs)
25 sR41: D (10tRNAs)
26 sR51: D’ (3tRNAs) sR51: D’ (1tRNA)
29 sR39: D’ (9tRNAs)
sR37: D (5tRNAs)
30 sR49: D (1tRNA)
31 sR49: D’ (1tRNA)
34 sR27: D (1tRNA) sR27: D (1tRNA)
sR46: D’ (3tRNAs)
sR51: D (1tRNA) sR51: D (1tRNA)
sR45: D (2tRNAs) sR45: D (2tRNAs)
sR26: D (3tRNAs) sR26: D (1tRNA)
36 sR36: D (1tRNA)
51 sR29: D’ (3tRNAs) sR29: D’ (10tRNAs)
52 sR37: D’ (11tRNAs) sR37: D’ (5tRNAs)
56 sR35: D (14tRNAs) sR35: D (32tRNAs)
59 sR4: D’ (1tRNA) sR4: D’ (14tRNAs)
64 sR48: D’ (6tRNAs)
66 sR23: D (8tRNAs)
68 sR39: D’ (1tRNA) sR39: D’ (2tRNAs)
72 sR37: D (3tRNAs) sR37: D (4tRNAs)

Potential tRNA modified positions are indicated in the first column
from the left; SRNAs targeting these positions found by Dennis
et al. (2001) are in the second column, and additional sRNAs
found in this study are in the third column with either new or
more tRNA position targets. In each case, the nature of antisense
element targeting the indicated tRNA position (upstream D or D’
box) is given. For example, (in bold) sR39 targets three tRNAs for
position 68 with the antisense element upstream its box D’, and six
tRNAs for position 5 with the antisense element upstream its box
D. The particular case of sR35 (in bold) was previously annotated
as targeting 14 tRNAs (Dennis et al. 2001) and was found to target
46 tRNAs (http://atg.toulouse.inra.fr/~rnaworld/PAE.html).
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34 936

FIGURE 5. Predicted sRNAs targeting tRNA sites in Pyrobaculum
aerophilum. The structure of a tRNA is depicted in the standard clo-
verleaf configuration. Conserved positions among the 46 P. aerophilum
tRNAs are indicated by letters, positions known to be methylated in
archaeal tRNAs are circled in green (Auffinger and Westhof 1998);
positions predicted to be methylated based on C/D sRNA guide sequence
complementarities predicted by Dennis et al. (2001) and from this study
are in orange (see Table 1). Intron insertion sites are indicated by red
arrows, and the number of tDNAs bearing these introns is indicated
(Marck and Grosjean 2003). The hybridization site for the antisense
element of sR35 targeting position C56 is shown (in blue).

mational change of the tRNA that disrupts the D-T loops’
interactions. Indeed, in the complex formed between
T-loop and E. coli TruB (catalyzing the formation of ¥55)
U55 is flipped out, and highly accessible for modification
(Hoang and Ferre-D’Amare 2001). Modifications occuring
on the D-loop also require a conformational change of the
tRNA L-shape (Ishitani et al. 2003; Nureki et al. 2004),
as observed when the enzyme archaeosin tRNA transglyco-
sylase (ArcTGT) catalyzes the formation of the precursor for
archaeosin at position 15 of archaeal tRNAs (Bai et al
2000). When complexed with its tRNA substrate, ArcTGT
stabilizes a tRNA A-form in which the D-stem and the
canonical core are completely disrupted, releasing the
T-loop for access to other modification enzymes. In this
conformation of the tRNA, the T-loop conserves its local
structure, particularly the reverse Hoogsteen pair U54:A58
(Romby et al. 1987) demonstrated to be an important
identity determinant for substrate recognition by the
enzymes modifying positions 54 and 55 (Becker et al.
1997; Gu et al. 1998; Hoang and Ferre-D’Amare 2001).
We suggest that tRNA modification by aTrm56 involves
an L to N\ shape transition that might be rate-limiting
for the reaction. Binding of ArcTGT may initiate this
transition.

A large number of C/D guide RNAs with antisense
elements to tRNAs in Pyrobaculum aerophilum

The crenarchaeota thermoproteale Pyrobaculum aerophilum

is the only archaea (among the 23 archaea genomes totally
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or partially sequenced that we could analyze) that has
no gene coding an aTrm56 Mtase. Instead, it contains the
sR35 sRNA that potentially targets the TWC loop of all
the 46 tRNAs for the Cm56 modification (Fig. 5; Table 1;
http://atg.toulouse.inra.fr/~rnaworld/PAE.html). C/D guide-
RNA directed tRNA 2'-O-methylation is specific to
archaea, as there is no evidence to date that any eukaryotic
tRNA modifications are C/D guide-RNA directed. Nine
archaeal species contain sSRNAs for which one or both D
and D’ box guide regions exhibit complementarities to
tRNAs (Omer et al. 2000; Clouet d’Orval et al. 2001;
Dennis et al. 2001; this study). Among the archaea studied
(listed at http://rna.wustl.edu/snoRNAdb/; Dennis et al.
2001; this study), P. aerophilum displays the highest num-
ber of sRNA targeting tRNA positions: altogether, 19
sRNAs for 20 tRNA positions (Table 1; Fig. 5). Another
pecularity of P. aerophilum is the presence of a high num-
ber of introns in its tRNA genes (26 introns in 23 iso-
acceptors) and a high diversity of locations of these introns
(Marck and Grosjean 2003; Fig. 5). Usually, most tRNA
introns are found between positions 37-38 of the anti-
codon. In the crenarchaeon P. aerophilum, 19 of the 26
introns are located elsewhere. For their excision, the
archaeal splicing machinery does not require the three
dimensional structure of the pre-tRNA and cleaves introns
at variable positions in pre-tRNAs within a bulge—helix—
bulge motif such as BHB (Arn and Abelson 1996; Trotta et al.
1997; Li et al. 1998). Five P. aerophilum pre-tRNAs contain
an intron in their T-loop (Fig. 5; Marck and Grosjean
2003). Since sR35 base-pairs to the mature sequence
of this loop in the 46 tRNAs, guided-2’-O-methylation
should arise after intron excision in these tRNAs. Thus,
sR35 may have a chaperone function, its base-pairing
with the mature tRNA directing the efficient local folding
of the tRNA after intron processing and preventing the
formation of nonproductive structures that may block or
delay the folding process. This mechanism is different from
that of the intronic C/D guide in the euryarchaeal pre-
tRNA™™ which is predicted to act at positions 34 and 39
of the unspliced tRNA precursor, through a pair of guide
RNA duplexes spanning exon—intron junctions, directing
transition from a splicing-competent structure to a methyl-
ation-competent RNA conformer (Clouet d’Orval et al.
2001, 2005; Singh et al. 2004). Considering the high num-
ber of introns in P. aerophilum tRNA genes, the numerous
C/D sRNAs targeting 20 tRNA positions (Fig. 5; Table 1)
may be the result of a selective advantage provided by the
chaperone function of the duplexes formed between guide
and tRNAs to insure a correct folding of the tRNAs after
intron splicing. P. aerophilum growing at an optimal tem-
perature of 100°C may also require numerous tRNA posi-
tions 2'-O-methylated for stabilization of the tRNA
structures (Davis 1998). Nevertheless, other archaea (like
Pyrococcus) growing at similar temperatures, do not have as
many sRNAs.
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FIGURE 6. The P. aerophilum sR35 C/D sRNA. (A) Sequence of the C/D sRNA sR35, the consensus boxes C, D, C' D' are framed. The antisense
element (AE) complementary to all of the P. aerophilum tRNA T-loop sequences (in italic) is indicated in bold letters. Position 56 within the
complementary sequence is indicated, as well as the oligonucleotide SR35as used for Northern hybridization. (B) Detection of the predicted C/D
sRNA sR35 by Northern hybridization: Aliquots of total cellular RNA before (lane 1) and after micrococcal nuclease (MN) treatment (lane 2)
were analyzed. Hybridization was performed using [**P]-labeled oligonucleotide SR35as (partA); lane 3, size marker. (C) T7 transcript of E. coli
wild type tRNA""> (which TWC stem-loop can duplex with the antisense element of C/D guide sR35) uniformly labeled by [a-**P]-ATP
incorporation was incubated for 2 h at 70°C, in the presence of P. aerophilum S100 extract, not treated (S100), or treated (S100+ MN) with
micrococcal nuclease (MN). Analysis was performed as in Figure 3. The labeled nucleotide is indicated, as well as the yield of methylation. T7
transcript of E. coli mutant tRNA™"? C56U was tested in similar conditions: in the presence of P. aerophilum S100 extract, not treated (S100), or
MN-treated (S100 + MN). T7 transcript of wild type E. coli tRNA™"? uniformly labeled by incorporation of [&-**P]-UTP was treated as described
above. The U modifications performed by the P. aerophilum extract are indicated.

Site-specific Mtase or C/D sRNP: Which came first?

In this study, we demonstrated the invention of two inde-
pendent systems to catalyze the same tRNA modification
within the archaeal kingdom: 1) a class IV enzyme, present
in most of the archaeal species, and 2) a SRNP (the methyl-
ation being catalyzed by aFib, a class I Mtase) present in
one crenarchaeal species among the five crenarchaea gen-
omes sequenced to date. In the crenarchaea P. aerophilum,
the sRNP is the only system able to catalyze 2'-O-methyl-
ation at position C56. To determine if this feature may be
specific to the crenarchaeota, as no other sequenced ge-
nomes of Pyrobaculum are yet available, we carefully
checked if a sR35-like SRNP could be present in the other
sequenced crenarchaea. The database of archaeal sRNA
(http://lowelab.ucsc.edu/snoRNAdb/#archaea) was exam-
ined for selecting known candidate sRNA able to target
C56 position in tRNAs. sRNA candidates of A. pernix,
S. solfataricus, and S. acidocaldarius were examined. No
such sRNA was found in the genomes concerned.
Alltogether, these results do not exclude that both systems
(site-specific enzyme and sRNP) may be present in a same

archaea. At this step, the knowledge of both C56 methyl-
ation systems represents a new case of two independent
inventions of enzymes to catalyze the same reaction.

The existence of two modification systems acting on a
same site was reported once for snRNA modification in
eukaryotes. Pseudouridylation at position 34 of the U2
snRNA is modified by an H/ACA snoRNP in X. laevis,
and by the Pus7p enzyme in S. cerevisiae, (Behm-Ansmant
et al. 2003). Another situation was recently described in
yeast, concerning the 2’-O-methylation of positions U2921
and G2922 in the large ribosomal subunit (LSU). In a wild-
type context, Um2921 is RNA-guided by a C/D snoRNA
(snR52), whereas the neighbor Gm2922 is enzymatically
modified by Sbpl at a later stage of 60S maturation. In a
context of snR52 depletion, however, Um2921 may also be
performed by Sbp1 described as a “region” specific enzyme
(Lapeyre and Purushothaman 2004).

From an evolutionary point of view, it is hard to say
which RNA modification system was created first, as the
ancestral RNP complex was recently proposed to have a
very ancient origin derived from the primitive translation
apparatus (Tran et al. 2004). The absence of RNA-guided
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nucleotide-modification complexes in bacteria does not
necessarily indicate that RNPs arose in the archaeal and
eukaryotic branches after divergence from bacteria. Both
systems—the RNP-guided nucleotide modification system
and the site-specific enzymes system—may have evolved in
parallel. As a consequence, in most cases, the enzyme
responsible for the RNA 2'-O-methylation is a Class |
methylase (site-specific Mtase or the C/D RNP Mtase of
the Fibrillarin family), and in some cases (aTrm56), the
site specific Mtase is a class IV Mtase that could have
derived from the class I. Altogether, these observations
show how diverse are the modification systems in the
three domains of life. In the case of archaea, the 2'-O-
methylation at the conserved tRNA position C56 is the
first example of the coexistence of two different mech-
anisms to modify the same nucleoside in tRNAs within
the same kingdom.

MATERIALS AND METHODS

Unless otherwise noted, all techniques for cloning and manipulat-
ing nucleic acids were performed according to standard protocols
(Sambrook 1989). The following oligodeoxynucleotides were
used:

PAB1040(5'): TACCGGATCCATAGTCGTCCTTAGACTAGG;

PABI1040(3'): ACGCAAGCTTTTAGCTAGGTAACTGGCCGT;

TSL(3'): TAATACGACTCACTAT;

TSL(5'): GmCGCGACGGGGAATTGAACCCCGTCGCGCCATA
GTGAGTCGTATTA;

EC Leu2(5'): TAATACGACTCACTATAGCCGAGGTGGTGGAA
TTGGT;

EC Leu2(3): TGGTACCGAGGACGGGACTT;

EC Leu2 U56(3'): TGGTACCGAGGACGGGACTTAAACCCGTA
AG;

EC Leu2 G56(3'): TGGTACCGAGGACGGGACTTGAACCCGTAAG;

EC Leu2 C18/C19(3'): TAATACGACTCACTATAGCCGAGGT
GGTGGAATTCCTAGACACG;

EC Leu2 A18/A19(3'): TAATACGACTCACTATAGCCGAGGTG
GTGGAATTAATAGACACG; and

SR35as: AGCGTTCAAATCCGCGATC.

Strains, media, growth conditions, and general
procedures

Transfer RNAs from both yeast and E. coli were obtained from
Sigma.

P. abyssi genomic DNA was a gift from B. Clouet d’Orval
(LBME Toulouse), P. aerophilum cells were from 1. Schroeder
(UCLA, Los Angeles).

Amplification and cloning of the PAB 1040 gene

The PAB 1040 ORF was amplified from P. abyssi genomic DNA
using Pfu DNA polymerase (Promega) and the primer pairs
PAB1040(5') and PAB1040(3’) containing the EcoRI (5’) and
Xhol (3') restriction sites (Table 1). After cloning the PCR prod-
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uct in PKS vector (BluescriptIl KS+, Stratagene), the EcoRI/Xhol
fragment was extracted and cloned in pGEX 2TK-p vector, gen-
erating MHI1x plasmid. Plasmid pGEX 2TK-p was derived from
pGEX 2TK plasmid (Amersham) by insertion of the sequence:
AATTCTAGACTCCATGGGTCGACTCGAGCTCAAGCTT at the
EcoRI site allowing bacterial expression of the N-terminal-
GST tagged P. abyssi protein by IPTG induction of the tac
promoter.

Expression and purification of the GST-P. abyssi
recombinant protein

The GST-P. abyssi protein was expressed in E. coli strain BL21
(DE3). Freshly transformed cells were grown to an OD600 of
0.5-0.6, at 37°C in 200 mL Luria broth with antibiotics. IPTG
(isopropyl-B-D-thiogalactopyranoside; 1mM) was then added to
induce recombinant protein expression (37°C, overnight). Cells
were harvested, rinced with 1X PBS, and the pellet resuspended in
4 mL of the same buffer complemented with protease inhibitors
(complete Mini, EDTA-free protease inhibitor, Roche) prior to
lysis by sonication. The lysate was cleared by centrifugation
(14,000g for 20 min) and applied to a GST-sepharose column
(Pharmacia Biotech) previously equilibrated with 1X PBS. The
column was washed with the same buffer, and the absorbed
material was directly cleaved by incubation of the beads with
thrombin (10 u) during 2 h at room temperature. The eluted
fractions were then pooled, heated 10 min at 70°C, centrifuged
10 min at 15,000g, to eliminate the denatured GST and thrombin,
and concentrated by centrifugation on YM-10 centricon. Aliquots
of the purification steps were analyzed by 10% SDS-PAGE.

Northern hybridization

The SR35as oligonucleotide was end-labeled with [y-**P]ATP and
T4 polynucleotide kinase for 1 h at 37°C, then purified by filtra-
tion through Sephadex G25. Total RNA from P. aerophilum was
isolated by TRIZOL (Invitrogen). Aliquots (24 ng) were separated
on 6% denaturing polyacrylamide gel (8 M urea, 1X TBE buftfer)
and electro-transferred onto a nylon membrane (HybondN+,
Amersham). After crosslinking (Stratagene crosslinker), prehy-
bridization was performed 1 h at 50°C in 5X SSPE, 1X Denhardt,
1% SDS with calf thymus DNA. Hybridization was carried out at
50°C for 4 h in 5X SSPE, SDS 0.1% buffer. After three washes at
room temperature in 0.1X SSPE, 0.1% SDS, membrane was
exposed to Kodak MS-1 film for 8 h.

Preparation of P. aerophilum S100 extract;
micrococcal nuclease treatment

A S100 extract of P. aerophilum was prepared as follows: About 1 g
of frozen cells was resuspended in 4 mL PBS in the presence of half
a tablet of complete Mini, EDTA-free protease inhibitor (Roche)
and sonicated. The lysate was then centrifuged at 100,000¢ for
20 min and the resulting supernatant was dispatched in 100pL
aliquots and stored at —80°C. For the micrococcal nuclease treat-
ment, 20 L of P. aerophilum S100 extract were incubated 15 min
at 37°C, in Tris-HCI 10 mM (pH 8.8), 1 mM CaCl,, in the presence
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(or not) of 50 units of micrococcal nuclease (USB): The nuclease
reaction was stopped by addition of 10 mM EGTA.

Reaction inhibition was controlled by addition of EGTA prior to
the addition of micrococcal nuclease. The effect of micrococcal
nuclease on purified aTrm56 enzyme was controlled by incubation
of 10 pL of the purified enzyme under conditions described above.

In vitro T7 transcription of tRNA genes

Generation of in vitro T7 transcripts from tRNA genes is based on
the method described in Reyes and Abelson (1987). Transcription
was performed from cloned DNA, oligonucleotides, or PCR frag-
ments with 15 U of T7 RNA polymerase (Promega). We used the
plasmids carrying the sequences for the yeast tRNA™, tRNAMP
(wild type and deleted for stem-loop D), the P. abyssi tRNA"/<AA
sR47, and the HIV TAR RNA cloned behind the T7 promoter to
produce the corresponding RNA transcripts. The TSL minisub-
strate was transcribed from the oligonucleotides TSL(3’) and
TSL(5’) (1 pmol of each oligonucleotide introduced in the tran-
scription mixture). The E. coli tRNA"2, wild type and C56U,
C56G, G18C/G19C or G18A/G19A mutants were transcribed
from PCR fragments obtained by amplification of E. coli genomic
DNA with the oligonucleotide pairs formed with the EC Leu2(5)
and one of the EC Leu2 (3') oligonucleotides. Radioactive (**P)
transcripts were generated using [a->?P]ATP, [«a->?P]GTP,
[a->*P]CTP, or [a-P]JUTP (20-50 pCi, 400-800 Ci/mM)
(Amersham) in the transcription mix. Cold or radioactive tran-
scripts were purified by 8% polyacrylamide/urea gel electropho-
resis, eluted in 500 mM NH4-acetate, 1 mM EDTA, and ethanol-
precipitated in the presence of polyU.

In vitro assays for tRNA methyltransferase activity

Two types of tRNA Mtase assays were used. The first measured
the amount of *H transferred to total E. coli or yeast tRNA or in
vitro tRNA transcripts, using [methyl-3H]AdoMet (Amersham
Biosciences) as the methyl donor. Reactions were at 37, 50, or
70°C in 80 pL containing 100 mM Tris-HCI (pH 8.0), 100 mM
ammonium acetate, 5 mM MgCL,, 2 mM DTT, 0.1 mM EDTA
(methylation buffer 1X as described in Motorin and Grosjean
(1999), 8 uM AdoMet (5000cpm/pM), and 1-2 uM tRNA tran-
script (T7 tRNA in vitro transcripts) or 10 wM bulk yeast or
E. coli tRNA mix (Sigma). The reaction was initiated by addition
of purified enzyme (30 nM); aliquots (15 L) were removed at
regular time intervals to cold 5% trichloroacetic acid and the
precipitate was collected by filtration through a GF/C filter
(Whatman); after two washes with cold 5% TCA, and one with
EtOH, filters were dried and radioactivity measured by liquid
scintillation counting.

The second tRNA Mtase assay used in vitro transcribed uniform-
ly [**P]-labeled tRNAs as substrates. Incubation was performed
in the buffer described above, in the presence of 20 WM AdoMet,
1-2 fmol of radiolabeled tRNA, and purified enzyme (30 nM) or
P. aerophilum S100 extract (15 wL) and incubated 1 h at 50 or
70°C. AdoMet stock solutions were made at 2 mM concentration
in sterile water, and stored at —80°C. Prior to the reaction, the
solutions of tRNA substrates (in sterile water) were denatured by a
1-min incubation at 90°C, transferred on ice, and renatured, after
addition of the reaction buffer, at 50°C for 10 min.

Analysis of modified nucleosides

Modified nucleoside(s) were analyzed as described (Jiang et al.
1997). Each modified tRNA was purifed on 8% acrylamide/urea
gel and completely hydrolyzed to 3'-nucleoside monophosphates
by RNAse T2 (nearest neighbor analysis). Digestion was in 10 pL
of 50 mM Na-acetate (pH 5.2) with 0.05 U/ml RNase T2, for 24 h
at 37°C. Digestion products were analyzed by 2D-thin layer chro-
matography (TLC) on cellulose plates (10 X 10 cm, Merck) using
chromatographic solvents A and C (Grosjean et al. 2004). The first
dimension developed with solvent A (isobutyric acid/concentrated
NH,OH/H,0 (66:1:33; v/v/v) ; second dimension developed with
solvent C: ter-butanol/HCI/H,O (70:15:15; v/v/v) or 2-propanol/
HCI/H20 (68:18:14). Radiolabeled spots were identified by auto-
radiography by comparison with standard 2D-TLC maps
(Grosjean et al. 2004). The yield of modified nucleotides in
mol/mol was evaluated by quantification of 2D-TLC spot inten-
sities by a Fuji-F-3000 imager, taking into account the nucleotide
composition of the tRNA transcripts.

Search for Pyrobaculum aerophylum
C/D sRNA targeting tDNAs

We used the 51 intergenic regions annotated as being sRNAs in
the genomic sequence of P. aerophilum available at the NCBI site,
and the archaeal tDNA database (Marck and Grosjean 2003) to
assign tRNA targets to the P. aerophilum sRNAs. For each sRNA
we searched a minimal ten-base pairing in a tDNA sequence with
or without intron, allowing at most one G-U pair, and one
mismatch. All the potential duplexes that can be formed may be
computed and visualized at the http://atg.toulouse.inra.fr/
~rnaworld/PAE.html Web site.
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