Identification of pseudouridine methyltransferase
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ABSTRACT

In ribosomal RNA, modified nucleosides are found in functionally important regions, but their function is obscure. Stem-loop 69
of Escherichia coli 23S rRNA contains three modified nucleosides: pseudouridines at positions 1911 and 1917, and N3 methyl-
pseudouridine (m*W) at position 1915. The gene for pseudouridine methyltransferase was previously not known. We identified
E. coli protein YbeA as the methyltransferase methylating w1915 in 23S rRNA. The E. coli ybeA gene deletion strain lacks the
N3 methylation at position 1915 of 23S rRNA as revealed by primer extension and nucleoside analysis by HPLC. Methylation at
position 1915 is restored in the ybeA deletion strain when recombinant YbeA protein is expressed from a plasmid. In addition,
we show that purified YbeA protein is able to methylate pseudouridine in vitro using 70S ribosomes but not 50S subunits from
the ybeA deletion strain as substrate. Pseudouridine is the preferred substrate as revealed by the inability of YbeA to methylate
uridine at position 1915. This shows that YbeA is acting at the final stage during ribosome assembly, probably during translation
initiation. Hereby, we propose to rename the YbeA protein to RImH according to uniform nomenclature of RNA methyl-
transferases. RImH belongs to the SPOUT superfamily of methyltransferases. RImH was found to be well conserved in bacteria,
and the gene is present in plant and in several archaeal genomes. RImH is the first pseudouridine specific methyltransferase
identified so far and is likely to be the only one existing in bacteria, as m*¥1915 is the only methylated pseudouridine in bac-
teria described to date.
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INTRODUCTION et al. 1981; Green and Noller 1996; Gustafsson and Persson
1998; Caldas et al. 2000), and a number of additional
modifications provide advantages under particular condi-
tions, such as conferring resistance against ribosome-
targeting antibiotics (Cundliffe 1989; Weisblum 1995;
Mann et al. 2001; Toh et al. 2008). However, the possible

functional roles of the vast majority of modified nucleo-

The physiological importance of post-transcriptional mod-
ifications in rRNA is largely enigmatic. Although a ribo-
some lacking post-transcriptional modifications is able
to synthesize peptides in vitro (Krzyzosiak et al. 1987;
Cunningham et al. 1991; Green and Noller 1999; Khaitovich

et al. 1999), the conservation and clustering of modified
nucleosides in functionally important regions of the ribo-
some suggest that they might be important for efficient
translation, rRNA folding, ribosome assembly, or stability
of ribosomes in vivo (Noller and Woese 1981; Brimacombe
et al. 1993; Ofengand and Fournier 1998; Decatur and
Fournier 2002; Xu et al. 2008). Indeed, several rRNA
modifications have been shown to be important for 30S
and 50S assembly and ribosome functioning (Igarashi
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sides in rRNA remain unknown. A useful tool for studying
functional roles of modified nucleosides is to construct the
bacterial strains carrying mutant genes for modification
enzymes.

Thirty-six modified nucleosides are found at precisely
determined locations of Escherichia coli K12 strain ribo-
somes, 11 in 16S rRNA and 25 in 23S rRNA. Pseudouridine
is found at 11 positions, and various ribose and base
methylations are found at 24 positions across ribosomal
rRNA (Ofengand and Del Campo 2004; Andersen and
Douthwaite 2006; 3D Ribosomal Modification Maps data-
base, http://people.biochem.umass.edu/fournierlab/3dmod
map/main.php). Uridine at position 1915 of 23S rRNA is
both isomerized to pseudouridine and methylated (m>¥).
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In addition to pseudouridines and various methylated
residues, one dihydrouridine (hU2449) and one 2-thiocytidine
(s>°C2501) are found in 23S rRNA (Andersen et al. 2004;
for review, see Ofengand and Del Campo 2004). Most of
the genes encoding enzymes that modify rRNA have been
identified. Identification of remaining genes encoding
modification enzymes is a prerequisite for the use of genetic
and biochemical tools for functional studies on the mod-
ified nucleosides.

Stem-loop 69 (H69) of E. coli 23S rRNA forms a distinct
structure at the interface side of 50S subunit. H69 was the
first RNA structural element that was identified as the RNA
component of an intersubunit bridge (Mitchell et al. 1992),
later named B2a (Gabashvili et al. 2000; Yusupov et al.
2001). In addition, H69 has been shown to participate in
several ribosomal functions: H69 contacts A-site tRNA and
translation factors; it is functioning during ribosome
assembly and translation termination (Agrawal et al.
2004; Ali et al. 2006; Hirabayashi et al. 2006). The loop
region of H69 contains several post-transcriptional mod-
ifications in all known large subunit RNAs (Ofengand et al.
2001). Pseudouridine (V) is found at positions 1911, 1915,
and 1917, all of which are synthesized by pseudouridine
synthase RluD (Huang et al. 1998; Raychaudhuri et al.
1998). Pseudouridines of H69 were shown to be important
during translation termination (Ejby et al. 2007). In
addition, the pseudouridine residue at position 1915 of E.
coli 23S rRNA is further methylated to form m>¥ (Fig. 1;
Kowalak et al. 1996). The methyltransferase responsible for
this modification was previously unknown, and the func-
tional role of m*¥ modification has not been explored.

According to current knowledge, m*¥1915 is the only
methylated pseudouridine in bacterial RNAs (Rozenski et al.
1999; RNA Modification Database, http://library.med.utah.
edu/RNAmods/), hence making the corresponding m*W-
methyltransferase a likely candidate for the only pseudour-
idine-specific methyltransferase in bacteria. In eukaryotes,
m!'¥, ¥m, and mlacp3‘lf are found (Gray and Keddy 1974;
Maden and Salim 1974; Saponara and Enger 1974; Maden
et al. 1975; Brand et al. 1978). So far, no pseudouridine-
specific methyltransferases have been described.
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FIGURE 1. Secondary structure of E. coli 23S rRNA stem-loop 69
and the structural formula of m*¥. (Left) Stem-loop 69 contains
three post-transcriptional modifications: two pseudouridines (¥) and
one 3-methylpseudouridine (m>¥) located at position 1915 according
to standard E. coli 23S rRNA numeration. (Right, bold) The methyl
group of the m*¥-modified base.
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rRNA methyltransferases are enzymes that catalyze the
transfer of a methyl group from S-adenosyl-L-methionine
(SAM) to an acceptor residue in rRNA. Five classes of
methyltransferases with structurally distinct folds have
evolved convergently to bind the cofactor SAM and to
perform the methyltransferase reaction (for review, see
Ofengand and Del Campo 2004). There is no significant
sequence conservation across all five methyltransferase
classes. All known rRNA methyltransferases belong to class
I or class IV. The genes corresponding to 16 out of the 24
rRNA methyltransferases predicted in E. coli have been
identified (Andersen and Douthwaite 2006; Sergiev et al.
2007, 2008; Toh et al. 2008), and the majority of them
belong to class I, characterized by the presence of a
common, conserved Rossmann fold SAM binding domain
(Schubert et al. 2003; for review, see Ofengand and Del
Campo 2004). Much less conservation is noticed at the
sequence level, where only a few conserved motifs are
present, most of them being a part of the SAM binding
region (Fauman et al. 1999). E. coli Gm2251 methyltrans-
ferase RImB and m’U1498 methyltransferase RsmE are
class IV methyltransferases and belong to the superfamily of
proteins characterized by an intriguing o/ knot structure
(Anantharaman et al. 2002; Forouhar et al. 2003; Schubert
et al. 2003; Basturea et al. 2006; Basturea and Deutscher
2007). Recently, Tkaczuk et al. (2007) proposed to include
the whole group of proteins with the a/f knot domain to
the SPOUT superfamily of methyltransferases, regardless of
the level of their functional characterization and the degree
of sequence similarity to the SpoU and TrmD methyl-
transferases that historically gave the name to the SPOUT
(SpoU-TrmD) family.

In this study, we report the identification of the meth-
yltransferase gene (ybeA) responsible for the m*¥1915
methylation in E. coli 23S rRNA. The gene was identified
by analysis of several putative RNA methyltransferase
deletion strains and was confirmed by gene complementa-
tion, overexpression, and in vitro characterization of the
purified YbeA protein. The enzyme has high specificity for
W¥1915 and does not methylate U1915. YbeA belongs to a
SPOUT superfamily of methyltransferases and is the first
pseudouridine-specific methyltransferase to be identified.
In agreement with the accepted convention (Ofengand and
Del Campo 2004; Andersen and Douthwaite 2006), we
propose to rename the YbeA protein as RImH (rRNA large
subunit methyltransferase gene H).

RESULTS

Identification of the gene associated
with the methylation of ¥1915 of E. coli 23S rRNA

The loop region of H69 in 23S rRNA contains three mod-
ified uridines. In addition to the methylated pseudouridine
(m>W¥) at position 1915, two additional pseudouridines are
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located at positions 1911 and 1917 (Fig. 1). Pseudouridines
at positions 1911, 1915, and 1917 are synthesized by the
RluD protein, while the methyltransferase responsible for
m’W1915 synthesis is not identified yet (Kowalak et al.
1996; Raychaudhuri et al. 1998).

In order to identify the gene involved in methylation
of w1915, for analysis we selected 11 genes predicted to
encode RNA methyltransferases. Eleven putative RNA
methyltransferase deletion strains (Fig. 2) were selected
from the pool of E. coli clones (“KEIO” collection) con-
taining single gene knockouts of all non-essential genes in
the K-12 strain BW25113 background (Baba et al. 2006).

The methylation status of W1915 was initially screened
by primer extension analysis of total rRNA isolated from
11 Keio collection knockout strains and the wild-type
MG1655 strain (Fig. 2). Total ribosomal RNA was isolated
from exponentially growing cells, and the methylation at
position 1915 of 23S rRNA was monitored. Methylation at
the N3 position of the pseudouridine (m*W) perturbs
Watson—Crick base-pairing and results in a strong reverse
transcriptase stop.

In the case of E. coli MG1655 wild-type strain (Fig. 2,
lane 12) and 10 out of 11 putative RNA methyltransferase
knockout strains analyzed, the strong stop signal corre-
sponding to the position 1915 of 23S rRNA was observed
(Fig. 2, lanes 1-8,10,11), indicating the presence of meth-
ylation. In contrast, no stop signal was detected in rRNA
extracted from strain JW0631 (Fig. 2, lane 9), referring to
the absence of methylation at position ¥1915 of 23S rRNA.
Strain JW0631 has the kanamycin-resistance cassette in-
serted into the putative RNA methyltransferase gene ybeA
and is hence renamed AybeA.
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A ybeA gene knockout strain in the E. coli wild-type
MG1655 background was constructed to eliminate the
possibility that unknown second-site mutations in the
JWO0631 strain are responsible for the loss of the methyl-
ation at position 1915 of 23S rRNA. The MG1655ybeA ::
kan strain was generated by transducing E. coli strain
MG1655 with P1 phage lysate derived from the phage-
infected AybeA strain (JW0631); the resulting knockout
strain was named MGAybeA. Deletion of the ybeA gene did
not have a detectable effect on the bacterial growth rate in
rich medium at 37°C (data not shown). Primer extension
analysis of rRNA demonstrated that the MGAybeA strain,
like the original JW0631 strain, lacked the methylation at
position 1915 of 23S rRNA (Fig. 2, lane 18), hence making
the ybeA gene a potential candidate for encoding m>¥'1915
methyltransferase.

ybeA gene encodes m*V methyltransferase

To test the possibility that the ybeA gene encodes a protein
responsible for the formation of m>¥1915 of 23S rRNA,
gene complementation analysis was conducted. The ybeA
gene was PCR-amplified using genomic DNA prepared
from the E. coli MG1655 strain as a template, and cloned
into a pQE-30 expression vector, introducing an N-terminal
His-tag. The recombinant YbeA protein was constitutively
expressed in the AybeA strain, and the methylation pattern
of w1915 was monitored by primer extension analysis.
Figure 2 shows a strong reverse transcriptase stop signal
at position 1915 of 23S rRNA when the AybeA strain
(JW0631) is transformed with the plasmid (pQE30/ybeA)
expressing N-terminally His-tagged YbeA protein (Fig. 2,

lane 19). This finding suggests that the

ybeA gene is required for the introduc-

&  tion of the methyl group to W1915.

(8)@0 To verify the loss of m*W'1915 meth-

& \\"?’v \}\QO ylation in the ybeA deletion strain,

gy v‘\& RP-HPLC analysis of nucleosides was

conducted. 70S ribosomes were isolated

4 from the wild-type MGI1655 strain,

s ybeA deletion strain (MGAybeA), and
-

ybeA deletion strain complemented
with a plasmid encoding YbeA protein
(MGAybeA/pQE30-ybeA). Phenol ex-
tracted RNA was used for oligonucleo-
tide-directed RNase H excision of the
23S rRNA fragments corresponding to
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FIGURE 2. Analysis of 1915 region of E. coli 23S rRNA by primer extension. rRNA was
isolated from various putative RNA methyltransferase gene knockout strains from (lanes 1-11)
the Keio collection, (lanes 12,17) E. coli wild-type MG1655 strain, (lane 18) the MGAybeA
strain, and (lane 19) the AybeA/pQE30-ybeA strain. MGAybeA is the ybeA gene knockout in
the MG1655 genetic background, and the AybeA/pQE30-ybeA strain is the AybeA strain
transformed with a plasmid (pQE30-ybeA) expressing YbeA protein. A strong stop signal
indicates the presence of methylation at position 1915. (Lanes 13—-16) The sequence of the
corresponding region of the E. coli 23S rRNA gene.

nucleotides 1778-1921. Nucleoside com-
position of RNA fragments was ana-
lyzed by RP-HPLC using a modified
multilinear gradient (Gehrke and Kuo
1989) on a Supelcosil LC-18-S HPLC
column at 30°C. The retention time of
m> ¥ under the conditions used is 11.73
min (Gehrke and Kuo 1989).
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HPLC chromatograms of the wild-type MG1655 strain
revealed a nucleoside with the retention time 11.73 min
(Fig. 3A), contrary to the nucleoside composition of the
ybeA knockout strain (MGAybeA), where no signal was
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FIGURE 3. HPLC analysis of nucleoside composition of 23S rRNA
fragment corresponding to positions 1778-1921. The 23S rRNA
fragment was isolated from 70S ribosomes of E. coli strains (A)
MG1655, (B) MGAybeA, (C) MGAybeA/pQE30-YbeA, and (D)
MGAybeA strain ribosomes treated with YbeA in vitro. Peaks
corresponding to three standard nucleosides (C, U, and G) and two
modified nucleosides, pseudouridine (¥) and 3-methylpseudouridine
(m>W), are indicated.
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detected in the corresponding region (Fig. 3B). When
the ybeA deletion strain was complemented with a
plasmid expressing recombinant YbeA protein, a strong
signal (retention time 11.73 min) corresponding to
the m*¥ appeared on HPLC chromatograms (Fig. 3C).
These data indicate that there is a causative relation-
ship between the presence of the ybeA gene and post-
transcriptional methylation of W1915 in E. coli ribosomes,
making YbeA protein the main candidate for m’W¥
methyltransferase.

Table 1 represents a relative nucleoside composition of
each RNA fragment compared to the wild-type reference
probe. Interestingly, the absence of YbeA protein leads also
to the reduced levels of H69 pseudouridines and m*G1835
in the 70S ribosomes.

YbeA protein has ¥1915-specific methyltransferase
activity in vitro

In order to test the functional properties of the ybeA gene
product, in vitro methylation assays were performed.
Recombinant YbeA protein with N-terminal His-tag was
purified by metal affinity chromatography. YbeA-dependent
incorporation of ["*C]-methyl groups into ribosomes was
monitored by TCA precipitation and scintillation counting.
The purified YbeA protein was able to catalyze transfer of
[14C]—methy1 groups from ['*C]-SAM to the 70S ribosomes
isolated from the MGAybeA strain but not to the ribo-
somes purified from the wild-type MG1655 strain (Fig. 4).
About 70%-75% of the ribosomes isolated from the
MGAybeA strain were methylated giving an average of
0.7 methyl groups per ribosome (Fig. 4). Only 0.05 methyl
groups were incorporated per 23S rRNA when 50S subunits
were used as substrate (Fig. 4), indicating that YbeA is
specific for fully assembled 70S ribosomes. Specificity of
the methylation reaction was verified by HPLC analysis. An
aliquot of ribosomes from in vitro methylation assay was
used for RNA fragment preparation and nucleoside com-
position determination. Ribosomal rRNA fragment isolated
from ybeA deletion strain MGAybeA did not show any
signal in the region corresponding to the m*W¥ (retention
time 11.73 min) (Fig. 3B). Incubation of ribosomes with
purified YbeA protein leads to appearance of strong signal
at 11.73 min on the chromatogram (Fig. 3D). Approxi-
mately 0.65 methyl groups were incorporated per 70S
ribosome according to the chromatographic analysis, which
is in good agreement with radioactivity incorporation data
(Figs. 3, 4; Table 1).

To test whether the uridine or pseudouridine at position
1915 is a substrate for YbeA, 70S ribosomes from the
AybeA/ArluD double knockout strain were isolated, and
the efficiency of YbeA-directed methyl group incorporation
in vitro was tested. The purified YbeA protein was unable
to incorporate methyl groups into 70S ribosomes isolated
from the AybeA/ArluD double-knockout strain lacking
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TABLE 1. Quantification of nucleosides in 23S rRNA fragment 1778-1921

C u G A v m*¥ m’G
MG1655 100 = 0.9 100 = 2.7 100 £ 2.5 100 = 0.5 100 = 2.7 100 = 3.0 100 = 3.7
MGAybeA 98 = 0.7 103 = 0.9 103 = 1.7 97 £ 1.3 79 £ 7.0 0 * 0.2 83 £ 5.6
MGAybeA/pQE30-YbeA 100 = 1.0 105 = 1.0 105 £ 1.0 94 = 1.0 64 = 1.0 50 = 1.0 64 = 1.0
MGAybeA+YbeA? 98 = 0.6 103 = 0.4 102 £ 1.2 98 £ 1.2 85 £ 2.1 63 £ 1.6 83 £ 2.8

70S ribosomes were isolated, nucleosides of 23S rRNA fragment 1778-1921 were analyzed, and molar amounts of nucleosides were calculated
as described in Materials and Methods. The relative molar amounts of nucleosides of three independent ribosome preparations are presented

as relation to the 100% value of wild-type ribosomes.

470S ribosomes from MGAybeA strain treated with purified YbeA protein as described in Materials and Methods.

both ybeA and rluD genes (Fig. 4). RluD protein was shown
to synthesize 1911, 1915, and 1917 pseudouridines in vitro
using purified 70S ribosomes as substrates, albeit at
reduced efficiency as compared to the free 50S subunits
(Vaidyanathan et al. 2007). When AybeA/ArluD 70S
ribosomes were pre-incubated with purified RluD protein,
they became substrates for YbeA-directed methylation (Fig.
4). These results show that the pseudouridine rather than
uridine at position 1915 is the substrate for YbeA.

Taking together, we have shown that the ybeA gene
encodes a methyltransferase specific for methylation of
W1915 of 23S rRNA. Therefore, we propose the ybeA gene
to be renamed rimH (ribosomal large subunit methyltrans-
ferase H). The same result was found by our accompanying
paper in this issue (Purta et al. 2008) using different
methods.

ybeA is a widely conserved gene

YbeA belongs to the COG1576 cluster of SPOUT super-
family methyltransferases (Tkaczuk et al. 2007). Clusters of
Orthologous Groups, also known as COGs, is a systematic
grouping of gene families from completely sequenced
genomes (Tatusov et al. 1997, 2003). Multiple sequence
alignment of proteins from the COGI1576 cluster of the
SPOUT methyltransferase superfamily is shown in Figure 5.
From each class of organisms with an annotated putative
COG1576 member, one representative sequence was taken
(31 sequences in total) and aligned with MUSCLE (Edgar
2004). Sequences for alignment were selected from COG
(Tatusov et al. 2003) and RefSeq (Pruitt et al. 2007)
databases as of March 2008.

Putative members of COG1576 were found in all
three domains of life (Fig. 5). In eukaryotes, they are
present in genomes of green plants (Viridiplantae). In
Arabidopsis thaliana, the gene was annotated as a chloro-
plast protein. In archaea, the corresponding gene was found
only in the phylum Euryarchaeota, and in bacteria in phyla
Acidobacteria, Actinobacteria, Bacteroidetes, Cyanobacteria,
Deinococcus-Thermus, Firmicutes, Fusobacteria, Lentisphaerae,
Proteobacteria, Synergistetes, Thermotogae, and Verrucomi-
crobia (Fig. 5; Supplemental Fig. 1; Supplemental Table 1).

The taxonomy represented here is based on The NCBI
Entrez Taxonomy Homepage (http://www.ncbi.nlm.nih.
gov/sites/entrez?db=taxonomy) as of March 2008. Interest-
ingly, while annotated the YbeA homolog is present in
Mycoplasma pulmonis and Ureaplasma urealyticum, it is
not present in Mycoplasma pneumoniae and Mycoplasma
genitalium, and it is also missing from Rickettsiales
among alpha-proteobacteria. The fact that parasites with
small genomes have lost the ybeA gene is interesting and
probably indicates the secondary nature of such loss.
Whether it has some biological importance remains to be
seen.

The sequences of YbeA homologs are well conserved,
especially the C-terminal part that is thought to contain the
catalytic center. Six amino acids were universally conserved
among the aligned sequences presented in Figure 5—G103,
G107, H129, E138, R142, and Y152 (E. coli numbering). Of
those six, G103 and G107 are in the predicted SAM binding
motif (Anantharaman et al. 2002), and R142 is of particular
interest as a potential catalytic amino acid (Fig. 5).
Structurally equivalent arginine is also conserved in TrmD
(R154 in E. coli) and is shown to be part of its catalytic
center (Elkins et al. 2003). The role of highly con-
served arginine in the catalytic center of another SPOUT
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FIGURE 4. Methyltransferase activity of YbeA in vitro. 70S ribo-
somes were isolated from E. coli wild-type MG1655, MGAybeA, and
AybeA/ArluD strains. Twenty-four picomoles of 70S ribosomes or 50S
subunits was incubated with 100 M [**C]-SAM, 3 g of YbeA, and
1 pg of RluD (if indicated). Incorporation of [**C]-methyl groups
into TCA insoluble material was determined. The data presented are
the average of three experiments.
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m Fusnuc.gi|19703798 1 MNINIICIEKIKDKY INDGIAEFSKRMTS INISIEKESLEILKQISKSNSYNILLD 13
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Aratha.gi|15238214 39 LPIRVITVEKKRSEGVRLLVDEYKIKLKP——=-—-~ YCSFEDSLVRSNPRNAQD----VRAQVEDEEVAMMKLI-GSDDWVVVLD 111
2] Phypat.gi|168060349 i MPMKLVTVigKDRGAALENVALEY IKKIQR-—~—~~ YCPFEEVQLRPNPKNSSD----VPTQVSSEGERVMRSI~STKDWVIILD T3
Chlrei.gi}159475549 28 ALVQLITVSKENSKGATLFADELLEKVQR------ YAPVQSINIKPNPRNSPD--—--PAVQRETEGEKVLKAL-DSRDLVVVLD 100
_— Ostluc.gi|145344864 40 VPL GGGAKVDDAVDEYARRCAR=====~ YAPFEEKTVKQNPKNVKD----TELQKVHEGERVMRAI-TARDYVVLLD 112
Predicted SAM binding motif
ins5 B3 S
].'31 2}41 1!.51
= Esccol.gi|16128619 74 tKPWDTPQLA-AELERWKLDGR—-DVS LLgex 154
Roslit.gi|163732522 74 A 155
Burdol.gi|84362417 &5 155
Camjej.gi|15791514 77 153
Bdebac.gi| 42525168 74 155
Marfer.gi|114776729 69 148
Polirg.gi| 88803363 75 156
Baccap.gi|154496020 79 160
Pedobacter sp.gill49279619 75 156
Synechococcus_sp.gi}116074639 65 143
Promar.gi|159903250 66 144
Bifden.gi|171741054 78 159
Rubxyl.gi|108804498 75 158
Themar.gi|15643607 71 1.5%
m Fusnuc.gi| 19703798 74 155
Deirad.gi|15805646 64 145
Akkmuc.gi| 166834251 64 145
Lenara.gi|149195686 67 148
Acibac.gi| 94967055 63 144
Solusi.gi|116624738 59 139
Synwol.gi|{114567973 78 159
Bacsub.gi|16081075 78 159
Cloace.gi| 15896772 78 159
Mycpul.gi|15828725 78 152
4_ Metmar.gi|159906004 78 159
Methun.gi| 88603833 78 159
Orysat.gi|115460408 115 196
Aratha.gi|15238214 112 193
[ | Phypat.gi|168060349 74 155
Chlrei.gi|159475549 101 181
— Ostluc.gi| 145344864 113 194

FIGURE 5. Sequence alignment of proteins belonging to the COG1576 cluster of SPOUT methyltransferases superfamily.

The domains of

organisms are indicated on the left as follows: (B) Bacteria; (A) Archaea; (E) Eukaryota. Each class of organisms is represented by one sequence,
denoted by species name and NCBI gene identification (GI) number. Columns of residues are shaded according to the percent of identity: (dark
gray) 100% identity; (light gray) 90% identity. Secondary structure elements derived from E. coli YbeA protein crystal structure (INS5) are shown
on top of the alignment, together with predicted SAM binding motif (Anantharaman et al. 2002). The alignment was performed using MUSCLE
(Edgar 2004), and the figure was generated with Jalview (Clamp et al. 2004).

methyltransferase, TrmH, was recently shown (Watanabe
et al. 2005). When the set of aligned sequences was widened
to include a representative member from each family of
organisms having a putative COGI1576 member (95
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sequences in total), the number of totally conserved
amino acids was reduced to four—G107, E138, R142,
and Y152 (Supplemental Fig. 1). As one of the four
universally conserved amino acids was R142, it further
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supports the possible importance of R142 in YbeA catalytic
activity.

DISCUSSION

An extensive bioinformatical analysis predicted the product
of the ybeA gene to be a member of the SPOUT superfamily
of methyltransferases characterized by an intricate trefoil-
knot structure (Anantharaman et al. 2002; Tkaczuk et al.
2007). Several members of the SPOUT superfamily are
confirmed to exhibit Gm (e.g., RImB responsible for
Gm2251 in 23S rRNA) and m'G (e.g., TrmD responsible
for m'G37 in tRNA) methyltransferase activity in E. coli.
RsmE protein, also a member of the SPOUT superfamily
of methyltransferases according to recent classification
(Tkaczuk et al. 2007), has an m’U methyltransferase
activity (responsible for m’U1498 in 16S rRNA). Since
corresponding enzymes for all of the Gm, m'G, and m’U
modifications in E. coli rRNA have been accounted for, the
remaining putative RNA methyltransferases of the SPOUT
superfamily are speculated to synthesize modifications of
different chemical nature (such as m>W¥), or on different
RNA substrates (Tkaczuk et al. 2007).

We have determined that the gene product of ybeA is
responsible for the post-transcriptional modification of
W1915 to m*W¥ in E. coli 23S rRNA. Cells lacking the ybeA
gene carried non-methylated ¥ at position 1915. Reintro-
duction of the ybeA gene into the knockout strain restored
the corresponding m>¥ methylation. Furthermore, puri-
fied YbeA protein was shown to synthesize m*¥ methyl-
ation in vitro using ribosomes purified from the ybeA
knockout strain as a substrate. Notably, YbeA protein was
not able to methylate ribosomes isolated from a AybeA/
ArluD double deletion strain. YbeA-directed methylation
was activated by prior treatment of ribosomes with pseu-
douridine synthase RluD, suggesting that the substrate for
YbeA is pseudouridine at position 1915. The identity of
m>¥ was determined by RP-HPLC using 23S rRNA
fragment 1778-1921. It was important to use a fragment
of 23S rRNA that does not contain m’C (present at
position 1962) due to the similar retention times during
reversed phase chromatography. These results unambigu-
ously establish YbeA as the methyltransferase that methyl-
ates w1915 in E. coli 23S rRNA to m’V.

Ribosome biogenesis is known to occur in a stepwise
manner with some modifications synthesized on newly tran-
scribed rRNA prior to its assembly into subunits (Liu et al.
2004). At the same time, synthesis of other modifications
requires partially, or even fully assembled subunits (for
review, see Ofengand and Del Campo 2004). RluD has been
shown to be far more efficient in modifying H69 in
structured 50S subunits, compared to free 23S rRNA; a
low level of activity was seen even with 70S ribosomes
(Vaidyanathan et al. 2007). Analysis of the pseudouridyla-
tion pattern of 23S rRNA of ribosome assembly precursor

particles has shown that the pseudouridines in H69 are
formed by RluD during the late assembly steps (Leppik
et al. 2007). Given that synthesis of ¥'1915 by RluD is likely
to precede the methylation of the same position by YbeA,
we propose that YbeA is also acting during the late step of
ribosomes assembly. Furthermore, we show that both RluD
and YbeA proteins are active on 70S ribosomes. YbeA does
not methylate the pseudouridine on free 50S subunits. 70S
ribosomes are formed during the initiation step of protein
synthesis. Purta et al. (2008) have found that docking of
the YbeA crystal structure onto the 70S ribosomes suggests
extensive contacts with both ribosome subunits, without
any clash with the P-site tRNA (Purta et al. 2008). These
data suggest that the last steps of ribosome assembly
overlap with the first step of translation. We speculate that
YbeA is involved in the quality control of ribosome
biogenesis. Interestingly, deletion of the ybeA gene has an
effect on the modification level of nearby nucleosides. The
absence of YbeA protein leads to slightly reduced amounts
of all modified nucleosides in the 23S rRNA fragment
1778-1921 (Table 1). This points to possible interplay
between modification enzymes RluD, RImG, and RlmH
during ribosome biogenesis.

The amino acid sequence of the YbeA protein has two
C-terminal motifs that map to the SAM binding pocket,
characteristic signatures of proteins belonging to the
SPOUT superfamily. Proteins with highly significant sim-
ilarity to YbeA exist in virtually all bacteria and are also
found in genomes of green plants, as well as in the archaea
phylum Euryarchaeota (Fig. 5). The YbeA homologs likely
perform the same function in these organisms. The presence
of the m*¥ modification in 23S rRNA was experimentally
determined in E. coli (Kowalak et al. 1996). It is worth noting
that Bacillus subtilis and Zea mays chloroplast ribosome
large subunit rRNAs are very likely to contain the equiva-
lent of m*W1915 as revealed by a strong reverse transcrip-
tase stop (Ofengand et al. 1995). The extent of conservation
of the m’¥ modification at the position equiva-
lent to E. coli 1915 within the evolutionary domains is
unknown.

Although both pseudouridines and methylated residues
are widely distributed in rRNA, m>W¥ is the only derivative
of pseudouridine thus far found in bacterial rRNA. Fur-
thermore, to our knowledge, m>¥ in 23S rRNA position
1915 (or equivalent) is the only example of methylated
pseudouridine described in bacterial RNAs (includ-
ing extensively modified tRNAs), making it in that
sense “unique” (Rozenski et al. 1999; The RNA Modifica-
tion Database, http://library.med.utah.edu/RNAmods/).
The YbeA protein is hence a candidate for the only
pseudouridine-specific methyltransferase in bacteria.
Eukaryotic rRNAs also possess m'W (Brand et al. 1978),
W¥m (Gray and Keddy 1974; Maden and Salim 1974), and
the hypermodified derivative m'acp®¥ (Saponara and
Enger 1974; Maden et al. 1975). To our knowledge, no
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pseudouridine-specific methyltransferase has been de-
scribed in eukaryotes.

The crystal structure of the YbeA protein has been
determined (PDB 1NS5) (Benach et al. 2003), and like
other SPOUT methyltransferases, it displays the a/B knot
fold consisting of six-stranded parallel B-sheets flanked by
a-helices and an unusual C-terminal trefoil knot structure
(Forouhar et al. 2003; Mallam and Jackson 2006). The deep
trefoil knot in the YbeA backbone is formed by the
threading of the last 35 residues (120-155) through a 45-
residue knotting loop (residues 74-119). YbeA crystallizes
as an antiparallel homodimer, and the protein interface
involves close-packing ol and a5 from each monomer.
Dimerization is consistent with other SPOUT methyltrans-
ferase crystal structures, although in some cases (e.g., RrmA
and RsmE) the monomers are nearly perpendicular instead
of being antiparallel. Dimerization is thought to be impor-
tant for methyltransferase function as the knotted topology
alone is not sufficient for maintaining the active confor-
mation of the cofactor and substrate binding site (Nureki
et al. 2004; Mallam and Jackson 2007a,b).

YbeA is composed solely of the core catalytic domain
characteristic of SPOUT methyltransferases and lacks the
extra N-terminal and C-terminal domains exhibited by
many SPOUT methyltransferases (Benach et al. 2003;
Tkaczuk et al. 2007). Comprehensive structural genomics
data on the YbeA protein can be found in the accompa-
nying paper by Purta et al. (2008).

The broad distribution of YbeA homologs among dif-
ferent species and the “uniqueness” of m*¥ modification
imply that there must have been a compelling reason for
the cells to evolve an enzyme catalyzing this modification.
What could be the functional purpose of this methylation
remains to be determined.

MATERIALS AND METHODS

Strains and plasmids

Single gene knockout mutants of E. coli strain BW25113 (Keio
collection) were obtained from the Nara Institute of Science and
Technology. In each of the 11 mutant strains studied (JW5107,
JW1123, JW0200, JWO0203, JW4268, JW4366, JW2565, JW3581,
JWO0631, TW2777, JW0904), one putative RNA methyltransferase
gene is replaced with a kanamycin-resistance cassette (Baba et al. 2006).

The MGAybeA (RE111) strain was generated by transducing
the E. coli wild-type MG1655 strain (Blattner et al. 1997) with
lysate derived from a P1 phage-infected AybeA strain (JW0631,
Keio collection), followed by selection of colonies based on ac-
quired kanamycin resistance. Similarly, the AybeA/ArluD double-
knockout strain (RE112) was generated by transducing the E. coli
ArluD (Leppik et al. 2007) strain with lysate derived from the P1
phage-infected AybeA strain, followed by selection of colonies
based on both kanamycin and chloramphenicol resistance. Con-
structed strains were confirmed for ybeA and/or rluD deletion by
PCR analysis.
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For generation of the YbeA protein expression plasmid, the
ybeA gene was amplified by PCR from genomic DNA of the E. coli
MG1655 strain. The N-terminal primer was 5'-CCATCGGATCC
AAGCTGCAACTTGTCGCCG-3’, which introduced a BamHI
restriction site. The C-terminal primer was 5'-GGCTCAAGCTTT
CACTCACGGTGATAAGGATGG-3’, and introduced a HindIII
restriction site. The purified PCR fragment was digested with
appropriate restriction enzymes and cloned into pQE-30 expres-
sion vector (QIAGEN) between the BamHI and HindIII restric-
tion sites. The constructed plasmid pQE30-ybeA contained the
ybeA gene coding for a protein with an N-terminal His-tag.
Plasmid pQE60-1luD expressing RluD protein with a C-terminal
His-tag was constructed as follows: The rluD gene was amplified
by PCR from genomic DNA of the E. coli MG1655 strain. The N-
terminal primer was 5'-GCCCATGGCACAACGAGTACAGCTC
ACTGCA-3’, which introduced an Ncol restriction site. The C-
terminal primer was 5'-GCAGATCTTAACCAGTCCACTCCAT
CCT-3', and introduced a BglII restriction site. The purified PCR
fragment was digested with appropriate restriction enzymes and
cloned into the pQE-60 expression vector (QIAGEN) between
the Ncol and BglII restriction sites. Constructed plasmids were
verified by sequencing.

For complementation analysis, the AybeA strain was trans-
formed with a pQE30-ybeA plasmid. Standard techniques were
used for DNA manipulations, plasmid DNA isolation, and E. coli
transformation (Sambrook et al. 1989).

Preparation of ribosomes and rRNA

Bacterial strains were grown at 37°C in 2xYT medium (16 g of
tryptone, 10 g of yeast extract, 5 g of NaCl per liter) supplemented
with kanamycin (50 wg/mL), chloramphenicol (20 pg/mL), or
ampicillin (100 pwg/mL). Ribosomes were isolated from exponen-
tially growing cells at ODggo = 0.851.0. Bacteria were collected by
low-speed centrifugation and resuspended in buffer TKNMS (16%
sucrose [w/v] in 6 mM MgCl,, 60 mM NH,Cl, 60 mM KCl, 50
mM Tris/HCl at pH 8.0, and 6 mM B-mercaptoethanol). Cells
were lyzed by five freeze—thaw cycles in the presence of lysozyme
(final concentration 0.5 pg/mL) and DNase I (final concentration
50 units/mL). The S-30 lysate was prepared by centrifugation at
12,000¢ for 30 min in an SS34 rotor (Sorvall), and the volume of
the lysate was increased twofold with TKNM buffer (12 mM
MgCl,, 60 mM NH,Cl, 60 mM KCl, 20 mM Tris/HCI at pH 8.0,
and 6 mM B-mercaptoethanol). A total of 150 U (OD,¢) of S-30
lysate was layered onto a 15%-30% (w/w) sucrose gradient in
TKNM buffer followed by centrifugation at 21,000 rpm for 17 h
in a Beckman SW-28 rotor (0t = 2.96 X 10'!). Gradients were
analyzed with continuous monitoring of absorbance at 254 nm.
Ribosomal particles from gradient fractions were precipitated with
2.5 volumes of ice-cold ethanol and collected by centrifugation at
5000 rpm for 30 min in an HS4 rotor (Sorvall). Ribosomal pellets
were dissolved in TKNM buffer and used for RNA preparation.
70S ribosomes were prepared as described above using sucrose
gradient centrifugation in TKNM buffer. Gradient fractions
containing 70S ribosomes were collected, and ribosomal particles
were sedimented by centrifugation at 39,000 rpm for 20 h (w’t =
1.2 X 10") in a Beckman Ti50.2 rotor. 50S subunits were
obtained by dissociating 70S ribosomes. Ribosomal pellets were
dissolved in TKNM buffer and stored at —80°C.

For primer extension analysis, the RNA was isolated from
ribosome particles as described in Liiv et al. (2005). In the case of
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HPLC analysis, the rRNA was purified by extraction with phenol
and chloroform followed by ethanol precipitation. rRNA was
dissolved in water and stored at —80°C.

Primer extension analysis

Primer Ul (CAGCCTGGCCATCATTACGCC) complementary to
positions 1972-1992 of E. coli 23S rRNA was annealed to rRNA
extracted from 70S ribosomes. The primer was extended by AMV
reverse transcriptase (Seikagaku Corp.) according to the manu-
facturer’s protocol using [a->*P]dCTP (Amersham Biosciences).
Primer extension products were precipitated with ethanol; dis-
solved in loading buffer containing formamide, bromophenol
blue, and xylene cyanol; and separated on a 7% polyacrylamide/
8 M urea denaturing gel. The gel was transferred to Whatman
3MM paper and vacuum-dried. Radioactivity was visualized by a
Typhoon PhosphorImager (GE Healthcare).

Sequencing of E. coli 23S rDNA was done using a Ul primer
and CycleReader DNA Sequencing Kit (Fermentas Life Sciences).

HPLC analysis
Preparation of rRNA fragment

A fragment of 23S rRNA corresponding to nucleotides 1778-1921
was excised by RNase H using oligonucleotides complementary
to nucleotides 1760-1777 (primer C4: 5'-CAGTTGCAGCCAGC
TGG-3") and 1922-1942 (primer Ul mini: 5'-TTTCGCTACCTT
AGGACCG-3') of E. coli 23 S rRNA essentially as described by
Douthwaite and Kirpekar (2007). In the denaturation step, 300
pmol of rRNA was mixed with a 10-fold molar excess of both
oligodeoxynucleotides and heated for 3 min at 100°C in 270 pL of
1 mM EDTA. Denatured RNA probes were placed on ice, and
30 nL of 10X buffer (600 mM HEPES at pH 7.0 and 1.25 M KCl)
were added. In the hybridization step, the reactions were heated
for 1 min at 90°C and cooled in a water bath over the period of 2
h to 45°C. The resulting RNA-DNA hybrids were digested with 10
units of RNase H (Fermentas) in the presence of 8 mM MgCl, and
1 mM DTT for 30 min at 37°C to remove RNA/DNA hetero-
duplexes. Nuclease-treated RNA was phenol-extracted and recov-
ered by ethanol precipitation, and the 143-nucleotide-long rRNA
fragment was gel-purified using a 5% LE TOP agarose gel. The
RNA fragment was excised and extracted from the gel by over-
night incubation in 450 nL of 2M NH,OAc (pH 6.0) at 4°C. The
RNA was precipitated with two volumes of 1:1 mixture of ethanol
and isopropanol, collected by centrifugation, and dissolved in water.

High performance liquid chromatography

For HPLC analysis, 100-200 pmol of gel-purified RNA fragment
were digested with nuclease P1 (MP Biochemicals) and bacterial
alkaline phosphatase (Fermentas Life Sciences) according to the
method of Gehrke and Kuo (1989). Nucleoside composition was
determined by RP-HPLC on a Supelcosil LC-18-S HPLC column
(25cm X 4.6mm, 5 pum) equipped with a pre-column (4.6mm X
20mm) at 30°C on a SHIMADZU Prominence HPLC system.
The following buffers were used: buffer A (10 mM NH,H,PO,,
2.5% methanol at pH 5.3), buffer B (10 mM NH,H,PO,, 20%
methanol at pH 5.1), and buffer C (10 mM NH,H,PO,, 35%
acetonitrile at pH 4.9). RP-HPLC analysis was performed using
the gradient conditions of Gehrke and Kuo (1989): flow rate 1.0

mL/min held at 0%B 12 min, to 10%B over 8 min, to 25%B over
5 min, to 60%B over 8 min, to 64%B over 4 min, to 100%B over
9 min, 0%—-100%C over 35 min, held at 100%C for 10 min, and
equilibration with 0%B for 30 min. Nucleoside absorbance pro-
files were recorded at 260 nm, and peak areas were integrated. For
quantitative calculations, the following molar extinction coeffi-
cients (at pH 4.1) were used: 13,100 for adenosine, 10,300 for
guanosine, 6800 for cytidine, and 9000 for uridine (Holness and
Atfield 1971).

Purification of recombinant proteins

Recombinant N-terminal Hises-tagged YbeA and RluD proteins
were prepared from E. coli M15 cells (QIAGEN), harboring the
PQE30-ybeA or pQE60-rluD plasmid. Cells were grown in 400 mL
of 2xYT liquid media containing 50 pg/mL kanamycin and 100
pg/mL ampicillin at 37°C to an ODggyy of 0.5. Isopropyl-B-D-
thiogalactopyranoside (IPTG) at 1 mM was added, and incuba-
tion continued for 2 h. Cells were harvested by low-speed
centrifugation; resuspended in lysis buffer (50 mM NaH,PO,,
1 M NaCl, 10% glycerol, 10 mM imidazole at pH 7.0); incubated
on ice for 30 min with lysozyme (final concentration 1 mg/mL)
and DNase I (final concentration 40 units/mL); and were passed
through a French pressure cell at 18,000 psi. Cell debris was
removed by centrifugation at 16,000 rpm for 30 min in a SS-34
Sorvall rotor. The recombinant YbeA protein was purified by
nickel ion affinity chromatography on a Ni Sepharose 6 Fast Flow
column (GE Healthcare Life Sciences) according to the manufac-
turer’s instructions. Fractions containing YbeA protein were pooled;
analyzed by SDS-PAGE; and dialyzed for 72 h against buffer: 10
mM Tris/HCl at pH 7.6, 50 mM NH,CIl, 6 mM B-mercaptoetha-
nol, and 1 mM EDTA. Purified protein was concentrated with an
Amicon Ultra Ultracel-3k filter, frozen in liquid nitrogen, and
stored at —80°C in dialysis buffer containing 50% glycerol.

In vitro methylation assay

Methyltransferase activity of YbeA protein in vitro was tested as
follows: A reaction mixture (75 L) containing 24 pmol of 70S
ribosomes or 50S subunits, 3 pg of purified YbeA protein, 100
M [14C]-S-adenosyl-L-methionine (Amersham Pharmacia Bio-
tech), and methylation buffer (50 mM Tris/HCI at pH 8.0, 100
mM NH,CI, 10 mM MgCl,, and 1 mM DTT) was incubated for 1 h
at 37°C. When indicated, pre-incubation of ribosomes with 1 g
of purified RluD protein in the methylation buffer for 30 min at
37°C was performed. Reaction products were precipitated with
2 mL of ice-cold 5% TCA. Samples were incubated for 30 min on
ice prior to collection on glass fiber filters (Whatman). Filters were
washed with 10 mL of 5% TCA, followed by 2 mL of 70% ethanol,
and allowed to dry. Radioactivity was determined by scintillation
counting using Optiphase HiSafe III scintillator (PerkinElmer).

Preparative methylation of 300 pmol of 70S ribosomes for
HPLC analysis was performed in the same conditions.

Multiple sequence alignment

Multiple sequence alignment was done with MUSCLE (Edgar
2004). Sequences for alignment were selected from COG (Tatusov
et al. 2003) and the RefSeq database (Pruitt et al. 2007) as of
March 2008 so that each class of organisms having the annotated
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putative COG1576 member is represented by a single sequence.
Taxonomy is based on The NCBI Entrez Taxonomy Homepage
(http://www.ncbi.nlm.nih.gov/sites/entrez?db=taxonomy) as of March
2008.

SUPPLEMENTAL DATA

Supplemental material can be found at http://www.rnajournal.org.
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