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Abstract

Many nucleotides in rRNAs are modified. We devised a method to locate 2'-O-methyl nucleotide residues using a conventional
DNA sequencer. We found 38 2’-O-methyl nucleotides in the 26S rRNA of Caenorhabditis elegans using this method. Fourteen of
the 38 residues are conserved in both human and yeast rRNAs and 14 residues are conserved in either human or yeast rRNA. The
remaining 10 nucleotides are uniquely methylated in C. elegans 26S rRNA. We searched the C. elegans genomic sequence for small
nucleolar RNAs (snoRNAs), which guide the methylation of ribose residues, and predicted 18 snoRNA sequences that are expected

to guide the methylation of some of these nucleotide residues.
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Many nucleotides in mature rRNAs undergo covalent,
posttranscriptional modifications, in all organisms. These
modifications occur on precursor RNAs during ribosome
synthesis and are essentially of three types: base methyl-
ation, methylation of the 2'-hydroxyl group of ribose
residues, and base rotation conversion of uridine residues
to pseudouridine [1]. Methylation of the 2’-hydroxyl
group of ribose is the most prominent of these modifica-
tions. The number of reported methylated residues is 54 in
the yeast Saccharomyces cerevisiae [2] and about 105-107
in mammals including humans and mice [1,3]. However,
the number of methylated residues is still uncertain, even
in most intensively studied human rRNA [4]. Although
virtually all of the modified nucleotides appear to be
confined to the most conserved and functionally impor-
tant regions of rRNA, the function of these modifications
remains largely enigmatic. A well-characterized model
organism is required for functional studies. The nematode
Caenorhabditis elegans is one such organism; however,
modification of C. elegans rRNA has not been reported.
The rRNA sequences of more and more species have
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become available through rDNA sequencing. Yet infor-
mation about the modified nucleotides cannot be ob-
tained simply sequencing the rDNA. Recently, some
convenient methods for locating 2'-O-methyl nucleotides
were devised [5]. We further improved one of these
methods to incorporate use of an automatic DNA se-
quencer. With this method, we located 38 2'-O-methyl
nucleotides on C. elegans 26S rRNA.

The selection of ribose residues for 2’-O-methylation
is directed by C/D box small nucleolar RNAs (snoR-
NAs) [6]. snoRNASs contain common features, including
one or two 10-21 nucleotide antisense elements that
complement mature rRNA and conserved sequence
motifs called boxes C, C’, D, and D’ [7]. Substrate
modification occurs in the complementary sequence, five
nucleotides upstream of the box D or D’ [38,9]. Since
snoRNAs have been detected in yeast, plants, and ver-
tebrates, they appear to be ubiquitous in eukaryotes.
Recently, small RNAs were identified as Archaean ho-
mologues of eukaryotic snoRNAs [10,11]. Although
genomic sequencing has almost been completed and the
expressed sequences of C. elegans are being studied ex-
tensively, only two snoRNAs have been registered in
the DDBJ/EMBL/GenBank database with Accession
Nos. Z75111 and Z75112. We searched for snoRNAs
that might be important for the methylation of the sites
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described here and found 18 candidate sequences in the
C. elegans genome.

Materials and methods

Culture and RN A preparation. Wild-type C. elegans (N2, Bristol) was
cultured at 20 °C in liquid following the description of Koelle and Her-
man (http://www.dartmouth.edu/artsci/bio/ambros/protocols/warm-
protocols.html). Four days after inoculation, worms were harvested by
centrifugation at 3000 rpm for 3 min, suspended in 0.1 M NaCl, recen-
trifuged at 2000 rpm for 3 min, resuspended in 0.1 M NaCl, left on ice for
Smin before the addition of an equal amount of 60% sucrose, and cen-
trifuged at 3500 rpm for Smin. The fluffy top layer was collected and
washed again with 0.1 M NaCl. The total worm RNA was prepared
using TRI reagent (Sigma) following manufacturer’s protocol.

Mapping 2'-O-methyl nucleotides. The method described by Maden
[5] for mapping 2'-O-methyl groups in RNA was modified to incor-
porate the use of an automatic DNA sequencer instead of a radio-
isotope and radioautography. A 11 ul solution containing 10 pg total
worm RNA and 1pmol 5-Texas red-labeled primer was treated at
70°C for 5min and then placed on ice for 5 min. An appropriate
amount of dNTP and 5pul of 5x concentrated reverse transcriptase
reaction buffer [250mM Tris-HCI (pH 8.3), 250mM KCI, 50 mM
MgCl,, 2.5mM spermidine, and 50 mM DTT], 20 U RNase inhibitor,
and 30U AMV reverse transcriptase (Promega) were added to the
solution, adjusted with distilled water to a final volume of 25 ul, and
incubated for 1h at 42°C. Primer extension product was precipitated
in 89% ethanol, washed with 80% ethanol, dried in vacuo, and dis-
solved in 10l distilled water, before addition of 3l loading dye
mixture. The primer extension products and position markers were
resolved on a sequencing gel on a Hitachi SQ-5500 sequencer. The
position marker was a sequence ladder produced from the same primer
and PCR-amplified rRNA gene as the template.

Oligonucleotide primers. A total of 40 oligonucleotide primers were
made for approximately every 100 nucleotides along the C. elegans 26S
rRNA. The primers were 19-25 nucleotides long and designed to have
Tw’s of around 58 °C. Nucleotide synthesis and 5'-end labeling with
Texas red were completed by Hokkaido System Science (Sapporo,
Japan) or Hitachi Instruments Service (Tokyo, Japan). Some cases, we
labeled synthetic oligonucleotides using the 5’ oligonucleotide Texas
red labeling kit (Amarsham) according to manufacturer’s instructions.

Prediction of snoRNA sequences. We used two methods to screen
the methylation guide snoRNA: a snoscan [2] computer program with
default parameters and a largely manual method as follows. We
searched the C. elegans genomic sequence using BLAST [12] under the
assumption that snoRNA contains a sequence complementary to 13
rRNA nucleotides with a methyl nucleotide at the fifth position, fol-
lowed by box D (CUGA). Of the resulting sequences, we selected se-
quences of about 100 nucleotides containing box C (RUGAUGA) and
short inverted sequences at the 5'- and 3’-ends to ensure we included
the stem structure. The candidates obtained from both methods were
critically reexamined to verify that they complemented the methylation
sites, contained complete boxes C, C', D, and D', and contained
matching 5'- and 3’-ends. Thus, only sequences with high probability
of being methylation guide snoRNAs were selected.

Results and discussion
Mapping of 2'-O-methyl nucleotides
Locating 2'-O-methyl nucleotides on an RNA mole-

cule had been laborious until some clever methods
were recently devised [3]. One of the most convenient

methods is based on the fact that 2’-O-methyl nucleo-
tides impede reverse transcriptase at low dNTP con-
centrations but not at elevated dNTP concentrations [5].
We modified the method to use an automatic DNA se-
quencer instead of a radioisotope and radioautography.
Replacement of radiolabeled primers with Texas red-
labeled ones enables the switch to the conventional au-
tomatic DNA sequencer. Fig. 1 shows a typical printout
of the analyzer. The bands of the modified nucleotides,
which diminish as the dNTP concentration increases,
are clearly recognized, as indicated by arrows in Fig. 1.
Automatic DNA sequencers are fairly easy to use and
provide rapid results that are highly reliable, since the
band image intensity and contrast are freely adjustable.
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Fig. 1. Printout of an automatic sequencer run. (a) Lanes 1-4: sequence
ladder produced using the same primer as lanes 5-7 and cDNA as the
template. Lanes 5-7: reverse transcriptase products at the dNTP
concentrations of 1, 0.4, and 0.04 mM, respectively. The area corre-
sponds to residues 2901-2938 of 26S rRNA and the sequence appears
on the left-hand side. The arrowheads show bands of Gm2903,
Gm?2927, and Um2934. (b) The 26S rRNA sequence from residues
2900 to 2979. Filled circles indicate 2’-O-methyl nucleotides. The un-
derlined sequences are positions of the primer.
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Also advantageous, the procedure was automated in
that the 2’-O-methyl nucleotides were located by the
programmed sequencer.

Detection of 2'-O-methylated nucleotides

Using the 40 primers, we searched from the 5'-end to
the vicinity of the 3’-end of 26S rRNA in C. elegans and
found 38 2’-O-methyl nucleotides (Table 1). Comparing
this number with the reported 64 and 37 2'-O-methyl
residues in human 28S rRNA and yeast 25S rRNA [3],
we suspect that some 2'-O-methyl nucleotides are still
missing. This is highly probable: locating 2’-O-methyl
nucleotides is so difficult that the total number of 2'-
O-methyl nucleotides in most intensively studied human
rRNA is still uncertain [4]. The structure of rRNA is

Table 1
2'-0O-Methyl nucleotides in C. elegans 26S rRNA?

C. elegans H. sapiens S. cerevisiae
Am395 Am391

Gmo668

Am678 Am1306 Am647
Gm860 Gm1501 Gm803
Am931 Am874
Gm963 Gm1604 Gm906
Aml185 Am1849 Aml131
Cm1502 Cm2328 Cm1435
Aml514 Am2340 Am1447
Uml544

Um1955

Um1981 Um2814 Um1886
Am2317 Am3687

Gm2343 Gm3713

Am2359 Am3729 Am2254
Am2384 Am3754 Am2279
Gm2391 Gm?2286
Um2417 Um3787

Am?2429 Am3799

Am2448

Cm2486 Cm3856

Gm2498

Um?2524 Um3894 Um2419
Um2762 Um4187

Um2841 Um4266 Um2726
Gm2903 Gm2788
Gm?2927 Gm2812
Um2934

Cm2991 Cmd4416

Am2999

Gm3029 Gm4454

Um3033 Um4458 Um2918
Am3058 Am4483 Am2943
Cm3060 Cm2945
Cm3071 Cm4496 Cm2956
Um3087

Um3109

Am3159

#The first column is a list of detected 2'-O-methyl nucleotides. The
second and third columns show the corresponding nucleotides in hu-
mans and yeast, respectively [1,2].

highly conserved, so that a specific nucleotide in C.
elegans can be correlated to that in another species such
as human and yeast. As shown in Table 1, 14 of the 38
2'-O-methyl nucleotides are conserved in both human
28S rRNA and S. cerevisiae 255 rRNA and 14 are
conserved in either human rRNA or yeast rRNA. The
remaining 10 are unique to C. elegans, suggesting that
the location of 2’-O-methyl nucleotides is less conserved
than the nucleotide sequence. Although 2'-O-methyl
nucleotides are widely dispersed in 26S rRNA, two
clusters of methyl nucleotides were remarkable at the
positions of 2310-2530 and 2840-3090. These corre-
spond to the last one-third of domain IV and domain V,
as shown in Fig. 2. The modified nucleotides in Esc-
herichia coli rRNAs have been reported to occur within
or close to the functional center of the ribosome [13].
The most important function of the 50S ribosomal
subunit is to catalyze peptide bond formation. The lo-
cation of the peptidyl transferase center appears to be in
domain V of 23S rRNA. The structure of the ribosome
was recently determined with atomic resolution and
three-dimensional positions of the nucleotide residues of
rRNA were clearly shown [14]. The fine structure of the
peptidyl transferase center and its reaction mechanism
were proposed [15]. Applying the model to eukaryotes,
many 2’-O-methyl nucleotides are in the near vicinity of
the peptidyl transferase center, but may not directly
affect the reaction. Nazar et al. [16] suggested that
methylation of the single nucleotide U14 in 5.8S rRNA
shifts the rRNA to a more open structure and destabi-
lizes the 5.8S rRNA-28S rRNA interaction. On the
other hand, in vivo evidence suggests that 2’-O-methyl-
ation is important for RNA structural stability [6,17].
RNA methylations may elicit different effects on in vitro
RNA from those on in vivo RNA-protein complex and
the location of the methylation may determine the dif-
ferent influences. At any rate, 2’-O-methylation may fi-
ne-tune the structure of rRNA and control flexibility
and stability important for its function and interaction
with proteins. However, no clear functional role has
been assigned to any of the modified nucleotides. Sirum-
Connolly et al. [18] demonstrated that mutants lacking
the PET56 gene, which is required for the formation of
2'-O-methylguanosine within the peptidyl transferase
center in mitochondrial 21S rRNA, are deficient in
production of functional large ribosomal subunits. This
observation suggests that at least one posttranscrip-
tional modification in 21S rRNA is required for the
assembly of large subunits [18]. Tollervey et al. [19]
generated temperature-sensitive NOP1 gene mutants
(NOP1 encodes the snoRNA-associated protein fibrill-
arin) and showed that inhibition of methylation in 25S
rRNA or its precursor mildly inhibited rRNA process-
ing. Disruption of the U24 snoRNA gene prevented
methylation of three nucleotides but did not affect the
growth rate or accumulation of precursor and mature
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Fig. 2. Locations of 2’-O-methyl nucleotides in domains IV and V of 26S rRNA. The secondary structure of the region was drawn by a RnaViz [21]
computer program. Nucleotides methylated at the 2’-O positions are indicated by filled circles. Nucleotide numbers are indicated for every 50 residues.

rRNAs [8]. Thus, further work is required to elucidate

the role 2'-O-methyl nucleotides play in ribosomal

function and formation. C. elegans is certainly one of
the most suitable organisms for such studies.

Prediction of snoRN A sequences in the C. elegans genome

rRNA 2'-O-methylation in eubacteria is mediated
simply by specific methyltransferases, whereas the
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sn668 aaaaagtcaATGATGTtttttcaagacgggaCCGActggtgaatgatgcataaatgaaatgCTGAgacttttt

3 CGUT?GGCATTAAGUU 5' 671
NERRRARRERNY

uls tggcaGTGATGAtcacaaatccgtgtttCTGAcaagcgattgacgatagaaaaccggCTGAgeca

3' GCGGUCAAGACGAAU 5' 1180
(RERRRRARRE!

snll85 gaatcgGTGATGTgatatccagttctgectaCTGAgttattgtgaagattaactttcccecgtCTGAgatte
3' GAUGGUAAUGCUAGACG 5' 1496

ELTLTETLT

snl502 tgtccgtTGATGAcaacatacatacaccattacgatctCTGAagacttcgtgectgatcatgtatccatgcaacaccaaCTGAggaca
3' GCUUAAUGAUGCUAAAUUGU 5' 2312

FILLLLEELLELTLL

sn2317 tgtcaATGATGTctaaaaaattactacgatttaatTCGAattgctgtgagatcaatcttatacaattCTGAgaca
3' GGCGGCAAAUGGGCGC 5' 2338

RIRNERANANE

sn2343 cggctGTGATGAtttcctattgeccgtttacccgtCTGAggaaaaccgtgecttgatacaacttggaaaaggCTGAgecg
3' UGCUCCGUAAACCG 5' 2379

U1ls tcaccaATGATGCaatggttaaatcagacgagtctattttggctatctattcgagttcttcgaagaaattgeccgctaageggggtgaaattgaggcatttgtCTGAggtga
3' CAAUUAGGUAAGUA 5' 2412

sn2417 gaggagtTGATGAgaactctaatccattctCTGAgcgagaaggatggeccgaagcgggttcgecatttgaggcattaaggtagacgacagagttcttectggaaactactgectegegCTGACgte
3' GUCAUCCUUAGAGCA 5' 2424

sn2429 tgggaATGATGAccttctgtgtaggaatctcaATGAgtgactgtgacataaaaatgcagtaaattcaCTGAcccca
3' AGUUUGAUCUCAGUUCG 5' 2517

sn2524 tatTGAGAGaacatacgtaaaactagagtcaATGCcttctttecttgtecttetecatttttacaataaatgegtctacaaaatcgtegecttettcaCTGAgagta
3' CGGAAUCCUGUGGAUG 5' 2757

sn2762 caagagt tGTGATGActtacttaggacaccttTGGAgggcctcggtctgectgaaaagaaaaatagtacgecttagtCTGAgectettg

3' ACAUGAGCAUGACUU 5' 2836
EERRRRARNL

sn2841 ctgcgGTGACGAtcaactcttacctactatgacaaaaacaatggttagacgttactcgtactgtCTGAgecag
3' AAAGACUGUGGAGAAUGG 5' 2898

[LLELELEETTTL
sn2903 gagcgGTGATGAatgcacgtattgctctgacacctecttatGTTAgeggtaaatttcegtgeegegatgagtccactaggatctCTGAgete
3' UCCUUCUCGGCUGU 5' 2985
[IEEITTLT
sn2991 atttctagATGATGGaagagcagtgaaagatctttgaagagccgaATGTtcagaatcaacagataccaatgaagcatctgtatctcCTGAcgagaaat
3' GAUUUGGGUCGAGUG 5' 3055
FITELIELT

sn3060 gcttcTGTGATcgacaacaaacccagctctCTGAatgattgtgaggttaagaaaacagCTGAgaage
3 ACAGAGUGCUGC&AGAUU 5' 3066

[ LT

sn3071 gatctATGATGAgactttcacgacggtcttCCGAtgtaatacatacctgtggatatctttacgtgaagCTGAgate
3' CCAUUUUGAUUGGACA 5' 3081

sn3087 gttGTGATGAtttattaaccatctaaaactaacctCCGAaatgatatgatcgtagtcagcaggatcacagatcacaCTGAcac
3' ACUUGGUUUACAAACUUG 5' 3153

sn3159 aagccgATGATTAccaaaaataaccaaatgtttgaGTGAttgtttgtgatcgaattttgtcactatcgCTGAggett

Fig. 3. Predicted snoRNAs. Predicted snoRNAs are shown along with the complementary rRNA sequence including the 2’-O-methyl nucleotides (shown by filled circles). Boxes C, C’, D, and D’ are
shown by capital letters. Short inverted repeat sequences are shown by slanting letters. U18 and U15 are the DDBJ/EMBL/GenBank database names, with Accession Nos. Z75111 and Z75112.
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reaction in eukaryotes involves several proteins and is
guided by snoRNAs [20]. Searching for snoRNAs that
guide methylation of nucleotides located in this experi-
ment was fascinating. Finding novel snoRNAs on ge-
nomic DNA sequences is as complicated as locating new
coding sequences. Before this work, only two snoRNA
sequences were reported on the DDBJ/EMBL/GenBank
database under Accession Nos. Z75111 and Z75112. We
scanned the C. elegans genomic sequence with the sno-
scan [2] computer program and manually, as described
in the Materials and methods. Consequently, we found
18 putative snoRNA genes (Fig. 3). Although we se-
lected only highly probable sequences, 18 snoRNA
genes for 38 methylation sites is an unsatisfactory pre-
diction. A more sensitive and reliable algorithm for
searching snoRNAs is needed. Furthermore, the pre-
dicted snoRNA methylation guide genes reported here
should be confirmed experimentally to ensure that they
are expressed as snoRNAs.
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