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ABSTRACT

The presence of 5-methyluridine (m 5U) at position 54 is a ubiquitous feature of most bacterial and eukaryotic
elongator tRNAs. In this study, we have identified and characterized the TRM2 gene that encodes the tRNA(m 5U54)methyl-
transferase, responsible for the formation of this modified nucleoside in Saccharomyces cerevisiae . Transfer RNA
isolated from TRM2-disrupted yeast strains does not contain the m 5U54 nucleoside. Moreover, a glutathione S-transferase
(GST) tagged recombinant, Trm2p, expressed in Escherichia coli displayed tRNA(m 5U54)methyltransferase activity
using as substrate tRNA isolated from a trm2 mutant strain, but not tRNA isolated from a TRM2 wild-type strain. In
contrast to what is found for the tRNA(m 5U54)methyltransferase encoding gene trmA + in E. coli , the TRM2 gene is not
essential for cell viability and a deletion strain shows no obvious phenotype. Surprisingly, we found that the TRM2
gene was previously identified as the RNC1/NUD1 gene, believed to encode the yNucR endo-exonuclease. The
expression and activity of the yNucR endo-exonuclease is dependent on the RAD52 gene, and does not respond to
increased gene dosage of the RNC1/NUD1 gene. In contrast, we find that the expression of a trm2-LacZ fusion and the
activity of the tRNA(m 5U54)methyltransferase is not regulated by the RAD52 gene and does respond on increased
gene dosage of the TRM2 (RNC1/NUD1) gene. Furthermore, there was no nuclease activity associated with a GST-
Trm2 recombinant protein. The purified yNucR endo-exonuclease has been reported to have an NH 2-D-E-K-N-L motif,
which is not found in the Trm2p. Therefore, we suggest that the yNucR endo-exonuclease is encoded by a gene other
than TRM2.

Keywords: 5-methyluridine; gene expression; modification; NUC2; NUD1; RNC1; tRNA biosynthesis; yNucR
endo-exonuclease

INTRODUCTION

During the translational process, tRNA molecules me-
diate decoding of the mRNAs’ genetic information+
Transfer RNA is characterized by specific base or ri-
bose modifications, which allow the tRNA to function
with high efficiency and flexibility+ Modified nucleosides
are found in all phylogenetic domains and also in iden-
tical positions of the tRNA, which suggests a con-
served function of some tRNA modifications (Björk,
1986; Cermakian & Cedergren, 1998)+ Although most
mutants defective in tRNA modifications have been iso-
lated in bacteria (Björk, 1995), several have also been
characterized in eukaryotes+ In Saccharomyces cere-

visiae, the following tRNA modification genes have been
identified; TRM1, encoding the N2,N2-dimethylguano-
sinetransferase (Ellis et al+, 1986); TRM3, encoding the
putative tRNA Gm18 29-O-ribose methyltransferase
(Cavaillé et al+, 1999); TRM4, encoding the tRNA:m5C
methyltransferase (Motorin & Grosjean, 1999); MOD5,
encoding the N6-isopentenyladenosinetransferase
(Dihanich et al+, 1987); RIT1, encoding the 29-O-ribosyl
phosphate transferase (Åström & Byström, 1994);PUS1,
PUS3/DEG1,PUS4, encoding pseudouridine synthases
(Simos et al+, 1996; Becker et al+, 1997; Lecointe et al+,
1998); and TAD2/TAD3, encoding the adenosine de-
aminase that forms I34 in tRNA (Gerber & Keller, 1999)+
In addition, gcd10 and gcd14 mutants have been found
to be deficient in 1-methyladenosine (Anderson et al+,
1998; Calvo et al+, 1999)+ Finally, a trm2 mutant lacking
the tRNA modification m5U has been isolated, but the
corresponding structural gene, TRM2, has not been
identified (Hopper et al+, 1982)+ The m5U modification
is present at position 54 in the TcC loop in tRNAs of
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most eubacteria and in eukaryotic elongator tRNAs+ It
is one of the most abundant tRNA modifications+ Ker-
sten et al+ (1981) reported that m5U54-deficient tRNALys

was more efficient in an in vitro translation system when
compared to the modified tRNA+ It was suggested that
this effect was due to reduced binding to the ribosomal
A-site and an improved translocation process+ To clar-
ify whether the methylation of U at position 54 is an
important determinant in translation, we set out to iso-
late the TRM2 gene and create a trm2 null allele to
study its function in vivo by introducing it into appropri-
ate yeast strains+

In this paper we report the cloning of the TRM2 gene
encoding the tRNA(m5U54)methyltransferase of S. ce-
revisiae+ We found that the TRM2 gene was not es-
sential and a deletion strain showed no obvious growth
phenotype, which was in accordance with the pheno-
type of the trm2 mutant isolated by Hopper et al+ (1982)+
Others have previously suggested that the TRM2 gene
encoded the yNucR endo-exonuclease (Chow et al+,
1992; Sadekova & Chow, 1996; Asefa et al+, 1998),
which has been referred to as the NUC2, RNC1, or
NUD1 gene (Chow & Kunz, 1991; Chow et al+, 1992;
Van Vliet-Reedijk & Planta, 1993)+ The terms NUC2
and RNC1 represent alternative names for the same
cloned gene+ The NUC2/RNC1 gene was shown to be
a cloning artefact that was due to a deletion between
RHO4 and NUD1 genes, thereby creating a RHO4-
NUD1 gene fusion (Van Vliet-Reedijk & Planta, 1993)+
Although NUD1 represents the open reading frame
(ORF) separated from RHO4 and has been used in
recent work to denote the gene encoding the yNucR
endo-exonuclease (Sadekova & Chow, 1996; Asefa
et al+, 1998), RNC1 is used in the gene registry be-
cause NUD1 is the gene symbol for another unrelated
gene+ To avoid confusion when referring to the yNucR
endo-exonuclease we will use the gene symbol TRM2
(RNC1/NUD1)+ Our data suggest that TRM2 does not
encode the yNucR endo-exonuclease and that it is en-
coded by another, yet unidentified gene+

RESULTS

Identification of the S. cerevisiae
tRNA(m 5U54)methyltransferase ( TRM2) gene

A candidate for the TRM2 gene was identified in a
BLAST peptide homology search using the Esche-
richia coli tRNA(m5U54)methyltransferase gene trmA1

as a query+ The search revealed strong homology be-
tween the carboxy terminal end of the TrmA protein
and the corresponding domain of the previously iden-
tified protein Nud1p, (Fig+ 3)+ RNC1/NUD1 is located
on chromosome XI and was suggested to encode a
protein with endo-exonuclease activity (Chow et al+,
1992; Van Vliet-Reedijk & Planta, 1993; Sadekova &
Chow, 1996; Asefa et al+, 1998)+ Because there have

been contradictory reports on the genomic organiza-
tion in the region containing the RNC1/NUD1 gene
(Chow et al+, 1992; Van Vliet-Reedijk & Planta, 1993),
we investigated it using Southern blot and polymerase
chain reaction (PCR) analysis (data not shown)+ Our
analysis showed that the genomic organization in strains
FY23 and FY86 is the same as proposed by Van Vliet-
Reedijk and Planta (1993), with RHO4 and NUD1 as
two independent reading frames+

The TRM2 (RNC1/NUD1) gene complemented
the m 5U deficiency of a S. cerevisiae trm2
and the E. coli trmA5 mutation

Plasmid pGKU144 contains a 27-kb DNA fragment
from the right arm of chromosome XI and contains the
TRM2 (RNC1/NUD1) gene (Van Vliet-Reedijk & Planta,
1993)+ A 3,555 bp EcoRI-XbaI fragment containing the
TRM2 and RHO4 genes was subcloned from plasmid
pGKU144 into plasmid pRS316+ The resulting plasmid,
pRS316-RHO4-TRM2, was used to complement the
tRNA(m5U54)methyltransferase-deficient S. cerevisiae
trm2 mutant strain 4010-2 (Hopper et al+, 1982)+ Total
tRNA from strain 4010-2 transformed with either plas-
mid pRS316 or pRS316-RHO4-TRM2 was prepared
and analyzed on HPLC+ The m5U was absent in
tRNA prepared from the trm2 mutant carrying plasmid
pRS316, but the same strain transformed with pRS316-
RHO4-TRM2 showed a nucleoside with a retention time
corresponding to m5U (Fig+ 1, Table 1)+ Moreover, this
nucleoside has a spectrum identical to m5U (data not
shown)+ A 2,001-bp HindIII-XbaI fragment containing
only the TRM2 gene was subcloned into plasmid
pRS316+ The resulting plasmid, pRS316-TRM2, also
complemented the trm2 mutation (Table 1), showing it
was the TRM2 (RNC1/NUD1) gene and not the RHO4
gene that was responsible for the complementing ac-
tivity+ Furthermore, no m5U nucleoside was observed
in the HPLC elution profiles when tRNA was analyzed
from strain 4010-2 containing plasmid pRS316-RHO4-
trm2::LEU2, which has an entire deletion of the TRM2
gene, or plasmid pRS316-RHO4-trm2::HIS3,which con-
tains an insertion of HIS3 at the BamHI site at the
carboxy terminal of the TRM2 gene (Table 1)+ Thus, we
conclude that the TRM2 (RNC1/NUD1) gene comple-
ments the m5U deficiency of the trm2 mutant 4010-2+

In E. coli, the trmA1 gene encodes the tRNA(m5U54)
methyltransferase and the mutant allele, trmA5, present
in strain GB1-5-39 results in production of m5U-deficient
tRNA (Björk & Neidhardt, 1975)+ We used plasmid
pRS316-RHO4-TRM2 to complement the m5U-deficient
strain GB1-5-39+ As controls we used plasmid pRS316
and the prokaryotic trmA1 gene on plasmid pRS316+
Strain GB1-5-39 was transformed with plasmids
pRS316, pRS316-trmA1, or pRS316-RHO4-TRM2, and
total tRNA was prepared and analyzed on HPLC+ As
expected, no m5U nucleoside could be detected in tRNA
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analyzed from strain GB1-5-39 transformed with
pRS316+ In contrast, analysis of tRNA from the strain
transformed with pRS316-RHO4-TRM2 revealed a nu-
cleoside with the retention time and UV spectrum iden-
tical to that of m5U, and this nucleoside was present at
approximately 10% of the amount of tRNA derived from
pRS316-trmA1-transformed GB1-5-39 (Table 1)+ Al-
though, the relative amount of m5U nucleoside present
in strain GB1-5-39 transformed with pRS316-RHO4-
TRM2 was low, these results showed that TRM2 (RNC1/
NUD1) is the structural gene for the S. cerevisiae yeast
tRNA(m5U54)methyltransferase enzyme and demon-
strates the conservation of this activity between spe-
cies+We have therefore decided to rename gene RNC1/
NUD1 to TRM2 as suggested by Hopper et al+ (1982)+

Sequence analysis of the TRM2 gene

The m5U54 tRNA methylation reaction was shown to
be similar to that of other enzymes that catalyze the
transfer of hydroxyl or methyl groups to pyrimidine
substrates (Bellisario et al+, 1976; Wu & Santi, 1987;
Osterman et al+, 1988)+ In all reactions a cysteine res-
idue has been implicated as the catalytic nucleophile
and for the E. coli TrmA protein, Cys324 was identified

as the catalytic cysteine (Kealey & Santi, 1991)+ De-
spite the homologies between the C-terminal portions
of the Trm2 and TrmA proteins, we could not identify a
potential catalytic cysteine in the proposed protein-
encoding region of the TRM2 gene+ However, in an-
other reading frame we detected a region that showed
homology to the catalytic cysteine region of the TrmA
protein+ Therefore we decided to sequence the TRM2
gene again+ The sequence analysis confirmed the pre-
viously published DNA sequence (Van Vliet-Reedijk &
Planta, 1993), except for an additional adenine residue
inserted in the TRM2 sequence at position 1534 (cal-
culated from the start codon AUG3; Fig+ 2)+ This inser-
tion results in the substitution of isoleucine 511 to an
aspargine and extends the reading frame by 22 amino
acids+ The longer ORF included the potential catalytic
cysteine residue in position 521 (Fig+ 3)+ The amino
acid sequence L/I/V-V/L-E/D-V/I-G-C/G-G-P/T-G has
been suggested to be a consensus sequence for mo-
tif I of the S-adenosylmethionine (AdoMet) binding site
(Kagan & Clarke, 1994)+ As part of the AdoMet binding
site located an average of 13 amino acids from motif I,
there is another consensus motif post-I, h-h-X-h-D/E,
in which h corresponds to a hydrophobic and X to any
amino acid (Niewmierzycka & Clarke, 1999)+ The se-

A B C

FIGURE 1. RP-HPLC elution profiles of total tRNA preparations from (A) strain L1937 TRM2 carrying pRS316; (B) trm2
mutant strain 4010-2 lacking m5U (Hopper et al+, 1982) carrying pRS316; and (C) strain 4010-2 carrying pRS316-RHO4-
TRM2+ Only peaks with retention times between 8 and 24 min are shown+ Nucleosides were identified by their relative
retention times and UV spectra+ Peaks corresponding to m5U are indicated by m5U marked arrows; in profiles lacking m5U
the absence is indicated by arrow+
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quence analysis of the Trm2p revealed a potential
AdoMet binding site, having motif I and spaced by 12
amino acids from a post-I motif+ Motif I is located be-
tween amino acids 422 and 430, with the sequence
L-V-D-A-Y-C-G-S-G and the post-I motif V-I-G-V-E at
amino acids 443 through 447 (Fig+ 3)+ Motif I is homol-
ogous to the suggested AdoMet binding site of the TrmA
protein, that is, L-L-E-L-Y-C-G-N-G (Gustafsson et al+,
1991)+ Residues that differ from the consensus se-
quence are underlined and found in the same position+
Despite the different sizes of the Trm2 and TrmA pro-
teins, the distance between the potential AdoMet bind-
ing site and the catalytic cysteine residue is similar in
both proteins, that is, 94 amino acids in Trm2p and 104
in TrmAp+

Transcriptional and translational start sites

Sequence analysis of the TRM2 gene revealed an ORF
encoding a peptide of 73 kDa+ However, we found a
number of in-frame AUG codons that could potentially
act as translational start codons in vivo+ To determine
which AUG start codon was used, we first investigated
the transcriptional start sites of the TRM2 gene+ To
accomplish this, we performed primer extension analy-
sis of total RNA using two different oligonucleotides as
primers (Göransson et al+, 1989)+ Three major primer
extension products, potentially representing transcrip-

tional start sites, were observed and are identified by
asterisks in Figure 2+ All transcriptional start sites are
located 39 of the first AUG codon of the longest ORF
(Fig+ 2)+ Two of the major presumptive transcriptional
start sites are in close proximity to the second AUG
codon; one 17 nt upstream and one 2 nt downstream+
A third major transcriptional start is located 31 nt down-
stream of the second AUG codon and is succeeded by
three additional in-frame AUG codons (Fig+ 2)+ To iden-
tify the physiological start codon of the Trm2 protein,
we independently changed the first, the second, and
the third AUG of the ORF to UUG codons on plasmid
pRS316-RHO4-TRM2, generating plasmids pRS316-
RHO4-TRM2-UUG1, pRS316-RHO4-TRM2-UUG2, and
pRS316-RHO4-TRM2-UUG3+ The mutated plasmid
constructs were transformed into the m5U-deficient
strain, 4010-2, and total tRNA was analyzed by HPLC+
All three constructs complemented the m5U-deficient
strain 4010-2, suggesting that none of these three AUG
codons acted as translational start codons (Table 1)+
However, the majority of the translational initiation events
in eukaryotes are mediated by scanning the mRNA
from the 59 end and the first AUG acts as start a codon
(Kozak, 1989)+ Thus, we considered a model in which
either AUG2 or AUG3 still could be the correct start
codon and the introduction of UUG would allow scan-
ning to continue to a downstream AUG codon to pro-
duce a functional Trm2p+ Because no transcriptional

TABLE 1 + Quantification of the m5U nucleoside assayed by HPLC analysis of tRNA from
S. cerevisiae and E. coli strains, containing indicated plasmid derivatives+

Strains Plasmid construct m5U/t6A

UMY1901 (TRM2) none 2+0 6 0+2
UMY1902 (trm2::LEU2) none ,0+01
UMY1903 (TRM2) none 1+6 6 0+1
UMY1904 (trm2::LEU2) none ,0+01
4010-2 (trm2) pRS316 ,0+01

pRS316-RHO4-TRM2 1+4 6 0+3
pRS316-TRM2 1+4 6 0+1
pRS316-RHO4-trm2::LEU2 ,0+01
pRS316-RHO4-trm2::HIS3 ,0+01
pRS316-RHO4-TRM2-UUG1 1+3 6 0+3
pRS316-RHO4-TRM2-UUG2 1+4 6 0+2
pRS316-RHO4-TRM2-UUG3 1+4 6 0+2
pRS316-RHO4-TRM2-AUG2/-1fr 1+4 6 0+2
pRS316-RHO4-TRM2-AUG3/-1fr 0+19 6 0+08
pRS316-RHO4-TRM2-AUG3/-1fr-UUG4 0+19 6 0+01
pRS316-RHO4-TRM2-AUG3/-1fr-UUG5 0+26 6 0+11
pRS316-RHO4-TRM2-AUG3/-1fr-UUG4-UUG5 ,0+01

GB1-5-39 (trmA5 ) pRS316 ,0+01
pRS316-trmA1 10+6
pRS316-RHO4-TRM2 0+98

The S. cerevisiae trm2 and E. coli trmA5 mutations results in m5U deficient tRNA+ The peak
corresponding to m5U was correlated to the t6A peak and the number given represents the
absorption ratio m5U/t6A+ The absence of the m5U nucleoside is indicated by ,0+01, which
represents the detection limit+ The quantification of the m5U nucleoside in tRNA prepared from
yeast is based on three to five independent experiments and the standard deviation is indicated+
Only one representative value is shown when tRNA was prepared from E. coli strains+
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start site was identified 59 of the AUG1 codon (Fig+ 2),
we did not consider this codon as a potential transla-
tion start site of the Trm2 protein+ To test this model, we
introduced single-nucleotide insertions behind the
second and third in-frame AUG codons (pRS316-RHO4-
TRM2-AUG2/-1fr and pRS316-RHO4-TRM2-AUG3/-
1fr)+ If one of these two codons would represent the

physiological start codon, the ribosome would initiate
translation but terminate after eleven or four amino acids,
respectively, due to stop codons in the 21 frame+ The
m5U nucleoside was present in tRNA when plasmid
pRS316-RHO4-TRM2-AUG2/-1fr was transformed into
strain 4010-2 (Table 1)+ However, when total tRNA
was analyzed from strain 4010-2 carrying plasmid

FIGURE 2. Nucleotide sequence of the 59 and 39 regions of the TRM2 gene+ The termination codon and the first five
in-frame AUG codons are printed in bold and numbered in Roman numerals+ The numbering of the sequence is correlated
to the A residue of the major physiological start AUG (11) for the tRNA(m5U54)methyltransferase, which is the third AUG
codon+ Asterisks above the DNA sequence mark potential transcriptional start sites+ The extra adenine residue at position
1534, which leads to a frame shift and extends the Trm2p with 22 amino acids compared with the sequence of Van
Vliet-Reedijk & Planta (1993), is shown in bold+ The DNA sequence of the TRM2 gene appears in the EMBL database under
the accession number AJ250970+

FIGURE 3. C-terminal homology between amino acids 386 and 569 of the S. cerevisiae Trm2 protein and amino acids 186
and 366 of the E. coli TrmA protein+ The potential motif I (I) and post I (P-I) of the AdoMet binding site are overlined+ The
catalytic cysteine residue is marked with a diamond+ Amino acids of the corrected C-terminus are indicated with a dashed
line over the sequence+ Identical and similar residues are shown in black and grey, respectively+ In the BLAST2 sequence
search (Tatusova & Madden, 1999), 32% identity and 51% similarity was obtained between amino acids 411 and 561 and
210 and 358 of the Trm2 and TrmA proteins, respectively, and the remaining alignment was refined manually+
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pRS316-RHO4-TRM2-AUG3/-1fr, the m5U nucleoside
was only present in ;15% of the wild-type amounts
(Table 1)+ These results showed that the third AUG
codon acts as a start codon (see Fig+ 2)+ The residual
tRNA(m5U54)methyltransferase activity observed from
construct pRS316-RHO4-TRM2-AUG3/-1fr may be
caused by a translational termination of the ribosome
at the stop codon in the 21 frame and a reinitiation of
translation at the neighboring fourth or fifth in-frame
AUG codon+Alternatively, a translational initiation could
occur at AUG4 or AUG5 using a minor transcript+ To
test the significance of AUG4 and AUG5, we con-
structed double mutants containing the 21 frameshift
after the third AUG codon and a UUG codon instead of
the fourth or the fifth AUG codon, and a triple mutant
(pRS316-RHO4-TRM2-AUG3/-1fr-UUG4, pRS316-
RHO4-TRM2-AUG3/-1fr-UUG5, and pRS316-RHO4-
TRM2-AUG3/-1fr-UUG4-UUG5)+HPLC analysis of total
tRNA from strain 4010-2 containing either pRS316-
RHO4-TRM2-AUG3/-1fr-UUG4 or pRS316-RHO4-
TRM2-AUG3/-1fr-UUG5 revealed ;15% of wild-type
amounts of m5U nucleoside in the tRNA+However,when
transformed with the triple mutant plasmid pRS316-
RHO4-TRM2-AUG3/-1fr-UUG4-UUG5, no m5U was de-
tected in the analysis (Table 1)+ We conclude that the
third in-frame AUG acts as a major translational start
site of the TRM2 mRNA and that AUG4 and AUG5 are
responsible for the remaining 15% of m5U observed
in the AUG3/-1fr mutant+ The ORF starting at AUG3
would generate a peptide with the molecular weight of
64+2 kDa+ However, we cannot exclude that longer and
shorter minor forms of the Trm2 protein are also pro-
duced from the second, fourth, or fifth AUG codon
(Fig+ 2)+

TRM2 was not essential

Hopper et al+ (1982) studied the physiological conse-
quences of the m5U54 deficiency in S. cerevisiae+ They
could not detect any difference in growth rates be-
tween trm2 mutant and TRM2 wild-type cells and the
wild type did not show a competitive advantage over
trm2 cells when cocultured in rich media for 35 gener-
ations (Hopper et al+, 1982)+ However, an E. coli mutant
deficient for m5U54 in its tRNA exhibits a 4% growth
reduction and is outgrown when cocultured with wild-
type cells in minimal medium (Björk & Neidhardt, 1975;
Björk, 1986)+ Furthermore, the E. coli trmA1 gene was
shown to be essential for cell viability, although the
known catalytic activity of the tRNA(m5U54)methyl-
transferase was not (Persson et al+, 1992)+

To determine the null phenotype of the trm2 gene, we
used a trm2::LEU2 plasmid disruption construct in which
almost the entire ORF of the TRM2 gene is replaced by
a functional LEU2 gene (see Materials and methods)+
In a diploid formed between the haploid strains FY23
and FY86, we replaced one chromosomal copy of the

TRM2 gene using this construct+ Tetrad analysis of the
resulting heterozygous TRM2/trm2::LEU2 diploid strain
showed that in all 20 tetrads examined, four viable
spores were obtained and that the LEU2 marker seg-
regated 2:2+ Total tRNA of a tetrad was prepared (strains
UMY1901–UMY1904) and analyzed by HPLC+ We
found that the LEU2 marker correlated with the m5U
deficiency (Table 1)+ Because we obtained four viable
spores in all tetrads, we concluded that the TRM2 gene
is not essential for cell viability+

We investigated the strains derived from this tetrad
for growth at different temperatures (17, 26, 30, and
37 8C), on minimal and rich plates (Rose et al+, 1990)
and for mitochondrial dysfunction on nonfermentable
carbon sources, that is, YEP plates with 2% glycerol
and 3% ethanol (Yaffe, 1991)+We did not observe any
growth difference in either case between TRM2 wild-
type and trm2 mutant cells (data not shown)+

Role of the m 5U54 modification in initiator
and elongator tRNA identity

Eukaryotic initiator tRNAs have a conserved adeno-
sine in position 54 of the TcC loop, whereas eukaryotic
elongators have m5U+ Previously we showed that a
tRNAi

Met containing C60-U/m5U54 lost the ability to
initiate, but gained ability to elongate during pro-
tein synthesis+ This suggests that when U or m5U is
placed in position 54 of an initiator tRNA, it acts as an
antideterminant in initiation of protein synthesis (von
Pawel-Rammingen et al+, 1992; Åström et al+, 1993)+
Introduction of a C60-U/m5U54 into tRNAi

Met would make
the mutant tRNAi

Met a substrate for the tRNA(m5U54)
methyltransferase (von Pawel-Rammingen et al+, 1992;
Kealey et al+, 1994)+ Furthermore, the initiator-specific
adenosine introduced at position 54 of elongator me-
thionine tRNA (tRNAi

Met) lowered the activity of this
tRNA in the elongation of translation, suggesting that a
U or a m5U at position 54 is important for optimal elon-
gator tRNA function (Åström et al+, 1993)+ To determine
whether the methylation of U54 is important in initiator/
elongator tRNA discrimination,we first introduced a trm2
null allele into a yeast strain in which the effect of one
single mutated initiator tRNA gene can be investigated
(von Pawel-Rammingen et al+, 1992)+ An initiator
tRNAi

Met with the C60-U54 mutation could not act as an
initiator tRNA, either in the TRM2 or the trm2 back-
ground (data not shown)+ Thus, we conclude that the
methyl group of m5U54 as such is not an antidetermi-
nant in initiation of translation+

A strain with four of the five EMT genes disrupted has
a reduced growth rate, that is, 71% compared to that of
wild type (Åström et al+, 1993)+ We investigated the
effect on growth of introducing a trm2::LEU2 allele into
this strain and comparing it with its isogenic TRM2 de-
rivative+ We could not detect any difference in growth
between these two strains+ Thus, strains with reduced
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translational capacity due to low gene dosage of EMT
genes do not exhibit an increased growth defect when
lacking the m5U54 modification (data not shown)+

A heterologously expressed Trm2p has
tRNA(m 5U54)methyltransferase activity

To establish tRNA(m5U54)methyltransferase activity for
the Trm2 peptide, we cloned the TRM2 gene into the
expression plasmid pGEX-4T-2 and expressed a GST-
tagged version of the protein, which subsequently was
purified to near homogeneity (Fig+ 4; see Material and
methods)+ We investigated the tagged protein for in
vitro tRNA methyltransferase activity using various
amounts of total tRNA prepared from strains UMY1901
(TRM2) or UMY1902 (trm2::LEU2) as substrates+ We
found that it efficiently methylated tRNA, lacking the
m5U modification, but it was not active on preparations
of fully modified tRNAs from the TRM2 strain (Fig+ 5)+
The maximum incorporation of methyl groups into tRNA
prepared from strain UMY1902 (trm2::LEU2) was 31
pmol/mg+ As nearly all tRNAs contain m5U54, initiators
excluded, we estimated that 78% of total tRNA chains
were methylated by the GST-Trm2 protein in the in vitro
assay+

Although m5U has so far only been found in position
54 of tRNA (Sprinzl et al+, 1999), we wanted to inves-
tigate if the GST-Trm2 protein catalyzed incorporation
of methyl groups in this position+ Methylation reactions
containing UMY1902 (trm2::LEU2) total tRNA and crude
protein extracts of GB1-5-39 (trmA5 ) or BL21/pMTRX1
were performed+ The trmA5 allele of GB1-5-39 en-
codes an inactive E. coli tRNA(m5U54)methyltransfer-
ase unable to modify U54 to m5U54 (Björk & Neidhardt,
1975)+Plasmid pMTRX1 contains a wild-type TrmA gene
regulated by the tac promoter (Gu & Santi, 1990)+
UMY1902 (trm2::LEU2) tRNA incorporated methyl
groups with the BL21/pMTRX1 protein extract contain-
ing the active tRNA(m5U54)methyltransferase but not
with the inactive tRNA(m5U54)methyltransferase of the
GB1-5-39 (trmA5 ) extract (Fig+ 6)+ Purified GST-Trm2
protein was added to part of the above reactions and
the incubation was prolonged+ In this case only a minor
incorporation was obtained in the reaction preincu-
bated with BL21/pMTRX1 protein extract, whereas a
significant incorporation was obtained in the reaction
preincubated with GB1-5-39 (trmA5 ) extract (Fig+ 6)+ In
a similar experiment UMY1901 (TRM2) tRNA did not
accept methyl groups using the BL21/pMTRX1 protein
extract (data not shown)+ Thus, an active E. coli
tRNA(m5U54)methyltransferase with known specific-
ity will incorporate methyl groups into UMY1902
(trm2::LEU2) tRNA but not UMY1901 (TRM2) tRNA+
Furthermore, the GST-Trm2 protein only significantly
incorporates methyl groups in UMY1902 (trm2::LEU2)
tRNA that have not been preincubated with active E.
coli tRNA(m5U54)methyltransferase+ To confirm the na-
ture of the product, UMY1901 (TRM2) tRNA, UMY1902
(trm2::LEU2) tRNA, and tRNA of an in vitro methylation
reaction using GST-Trm2p, UMY1902 (trm2::LEU2)
tRNA and nonradioactive S-adenosyl-L-methionine was

FIGURE 4. Electrophoresis of affinity purified GST-Trm2 protein on
a 10% SDS-polyacrylamide gel+ The gel was stained with Coomas-
sie Brilliant Blue R-250+ Lane 1: molecular weight standard+ Lane 2:
E. coli crude extract with overexpressed GST-Trm2 protein+ Lane 3:
Affinity purified GST-Trm2 protein eluted from a glutathione sepha-
rose column with glutathione+

FIGURE 5. The extent of methylation as a function of the amount of
tRNA+ Substrates were total tRNA preparations from strains UMY1901
(TRM2) (l) and UMY1902 (trm2::LEU2) (n)+ The enzyme used was
affinity purified recombinant GST-Trm2p+ Conditions for the methyl-
ation reaction and sample treatment are described in Materials and
methods+
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subjected to combined HPLC–mass spectrometry (MS)+
To detect the presence of m5U in tRNA, MS analysis in
the form of selected-ion recordings was carried out and
the ion used for detection of m5U was m/z 259+ The
analyses revealed that tRNA from strain UMY1902
(trm2::LEU2) was missing one peak in the HPLC and
MS profiles compared to UMY1901 (TRM2) (Fig+ 7 and
data not shown)+This peak present in UMY1901 (TRM2)
tRNA has the retention time and spectra of m5U using
HPLC analysis and a m/z of 259 as analyzed by MS,
which corresponds to a protonated m5U nucleoside
(Fig+ 7)+ UMY1902 (trm2::LEU2) tRNA in vitro methyl-
ated with GST-Trm2p restored the missing peak both in
the HPLC and MS analysis and it corresponds to the
peak obtained with m5U (Fig+ 7)+ In conclusion, the
GST-Trm2p methylated U at position 54 and the prod-
uct has the retention time, spectra, and molecular weight
of the m5U nucleoside+

The finding that TRM2 is allelic to the potential endo-
exonuclease gene RNC1/NUD1 was unexpected; there-
fore we investigated if the GST-Trm2 protein fusion had
deoxyribonuclease activity+ The deoxyribonuclease as-
says were performed essentially according to Chow
and Resnick (1987) using superhelical YEp351 plas-
mid or ss-M13mp19 as substrates+ In a total reaction
volume of 300 mL, we added 6 mg of plasmid and
5–50 mg of purified GST-Trm2 protein+ The reaction
was incubated at 37 8C and samples of 50 mL were
taken out at time intervals and analyzed on agarose
gels (data not shown)+ In some preparations we found
no degradation of the plasmid DNA whereas in others,
the efficiency of the degradation varied dramatically+
When we used the same amount of purified GST pro-
tein lacking the Trm2 moiety, the same result was ob-

tained, that is, from no degradation to varying efficiency
of degradation+ From these experiments, we concluded
that the GST-Trm2p did not have nuclease activity and
when nuclease activity was observed it was due to
contaminating proteins from E. coli+

A trm2-LacZ fusion and the tRNA(m 5U54)
methyltransferase activity showed gene
dosage response but no RAD52 dependence
of in exponentially growing cells

Others have previously described the TRM2 gene to
be the RNC1/NUD1 gene (Chow et al+, 1992; Van Vliet-
Reedijk & Planta, 1993; Sadekova & Chow, 1996;Asefa

FIGURE 6. The GST-Trm2p methylates position U54 of tRNA+
UMY1902 (trm2::LEU2) tRNA was incubated for 2 h with GB1-5-39
(trmA5 ) (lane 1) and BL21/pMTRX1 (lane 2) crude protein extracts+
Samples were withdrawn and incorporation of 14C-methyl groups
was determined (grey bars)+ Purified GST-Trm2p was added to re-
maining samples and incubation continued for another 2 h and in-
corporation of 14C-methyl groups was determined (black bars)+ Values
shown are an average of two measurements and corrected for un-
specific incorporation of the GB1-5-39 (trmA5 ) and BL21/pMTRX1
crude protein extracts+ Conditions for the methylation reaction and
sample treatment are described in Materials and methods+

FIGURE 7. HPLC-coupled MS analysis of m5U in tRNA+ Identifica-
tion of m5U in tRNA using selected ion profile for the protonated
nucleoside, m/z 259+ Relative levels of protonated nucleosides m/z
259 is plotted as a function of elution time+ A: tRNA from strain
UMY1901 (TRM2)+ B: tRNA from strain UMY1902 (trm2::LEU2)+
C: tRNA from strain UMY1902 (trm2::LEU2) in vitro methylated with
GST-Trm2p+ D: Five nanomoles each of nucleosides guanosine (G),
uridine (U), cytosine (C), pseudouridine (c) and 5-methyluridine (m5U)+
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et al+, 1998)+ The RNC1/NUD1 gene was suggested to
encode a protein with endo-exonuclease activity, yNucR,
that was identified using antibodies raised against a
Neurospora crassa endo-exonuclease+ In an exponen-
tially growing rad52 mutant, only about 20% yNucR
endo-exonuclease activity was precipitated by the anti-
bodies compared to a RAD52 strain and the difference
was suggested to be at the expression level (Chow &
Resnick, 1988)+ We decided to investigate a possible
dependence of the allelic state of the RAD52 gene on
TRM2 gene expression and the activity of its product,
the tRNA(m5U54)methyltransferase+ The expression of
the TRM2 gene was measured in rad52 mutant and
RAD52 wild-type strains by assaying b-galactosidase
activities of a trm2-lacZ fusion plasmid integrated at
the TRM2 locus (see Materials and methods)+ Further-
more, we used the same extract to measure the spe-
cific activity of the tRNA(m5U54)methyltransferase+ In
cells growing exponentially in synthetic complete me-
dia (SC) lacking uracil, we found no difference between
the isogenic rad52 mutant or RAD52 wild-type cells
with respect to trm2-lacZ expression or the specific
activity of the tRNA(m5U54)methyltransferase (Table 2)+
These data are not consistent with the data for the
yNucR endo-exonuclease (Chow & Resnick, 1988),
where the reported amount of DNase activity precipi-
tated with the antibodies was dependent on the rad52
genotype+ Furthermore, we examined the level of the
m5U nucleoside in tRNA from a rad52 mutant strain
using HPLC analysis and did not observe any effect on
the modification level (data not shown)+

The amount of yNucR endo-exonuclease activity pre-
cipitated by the antibodies only increased twofold in a
yeast strain having a cloned TRM2 (RNC1/NUD1) gene
on a YEp high copy vector, whereas the TRM2 (RNC1/
NUD1) mRNA increased tenfold or more (Sadekova &
Chow, 1996)+We introduced a YEp-trm2-LacZ or YEp-
TRM2 plasmid into strain L1937 and measured the

b-galactosidase and the tRNA(m5U54)methyltransferase
specific activity in exponentially growing cells+ For these
two transformed strains, we observed a 19-fold and
10-fold increase, respectively (Table 2)+ In summary,
the yNucR endo-exonuclease suggested to be en-
coded by the TRM2 (RNC1/NUD1) gene is not regu-
lated as the trm2-lacZ fusion or the tRNA(m5U54)
methyltransferase specific activity with respect to the
status of the RAD52 allele or increased expression of
mRNA from the TRM2 (RNC1/NUD1) gene+

Involvement of the Nud1p/Trm2p
in DNA metabolism

Because of the dependence of the RAD52 gene prod-
uct (Chow & Resnick, 1988), the elevated levels of
immunoprecipitable nuclease in meiosis (Resnick et al+,
1984), and the observed cross-reactivity of the N. crassa
antibodies to the E. coli recC gene product (Fraser
et al+, 1990), the yNucR endo-exonuclease was pro-
posed to be important in DNA recombination and/or
DNA repair (Chow & Kunz, 1991; Moore et al+, 1993;
Sadekova & Chow, 1996; Asefa et al+, 1998)+ RAD52
and other members of the RAD52 epistasis group are
required for X-ray damage repair and various types of
intra- and interchromosomal mitotic recombination re-
pair+ RAD52 is also required for repair of double-
stranded breaks during induction of HO-endonuclease
and is essential during sporulation (Friedberg et al+,
1995)+

To investigate the potential role of the Trm2p in
recombination or DNA repair, we performed a set of
assays in isogenic TRM2 and trm2::LEU2 strains to
measure the spontaneous mutation frequencies and
the recombination efficiency+ We measured the in-
crease in canavanine resistance, CanR, reversion or
suppression of the hom3-10 allele having a T insertion
in the structural gene and the lys2-Bgl allele having a

TABLE 2 + RAD52 and gene dosage dependence of a trm2-LacZ fusion and
the tRNA(m5U54)methyltransferase activity in exponentially growing cells+

Strain
Units of

b-galactosidase
Specific activity of

tRNA(m5U54)methyltransferase

UMY2229 RHO4::trm2-LacZ (RAD52) 6+1 6 0+3 6+1 6 1+1
UMY2235 RHO4::trm2-LacZ (rad52) 5+9 6 0+1 6+1 6 1+0
L1937 YEp352-TRM2 (RAD52) n+a+a 63 6 19
L1937 YEp358-trm2-LacZ (RAD52) 116 6 19 n+d+b

The cells were exponentially grown in synthetic complete (SC) medium lacking uracil and
harvested at approximately OD600 5 0+5+ The values for UMY2229 and UMY2235 are based on
five independent experiments,whereas, the values on L1937 YEp352-TRM2 and L1937 YEp358-
trm2-LacZ are based on four independent transformants+ The standard deviation is indicated+
The tRNA(m5U54)methyltransferase-specific activities are given in microunits per milligram of
protein+ One enzymatic unit transfers 1 mmol of methyl group to tRNA per minute at 37 8C+
Strains L1937, UMY2229, and UMY2235 are isogenic except for the rad52 and RHO4::trm2-
LacZ alleles+

an+a+: not applicable+
bn+d+: not determined+
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14 frameshift mutation (Marsischky et al+, 1996)+ No
difference in mutation frequencies was observed for
any of these alleles in TRM2 and trm2::LEU2 strains
(data not shown)+ We measured the mitotic recombi-
nation frequencies between two tandem direct repeats
of truncated alleles of the ade2 gene separated by an
URA3 gene (Fiorentini et al+, 1997) and the nonallelic
ade2 sequences located on homologous chromosomes
in diploids (Bai & Symington, 1996)+ In neither strain
did a trm2::LEU2 allele influence recombination fre-
quencies (data not shown)+ We also investigated iso-
genic TRM2 and trm2::LEU2 strains for their tolerance
to X-ray, ultra violet (UV) light, and MMS (methyl-
methan-sulfonate), and observed no difference in
sensitivity+

The levels of immunoprecipitated yNucR endo-
exonuclease, increased within the first hour of meiosis
in a RAD52 diploid strain but not in rad52 homozygous
diploids (Resnick et al+, 1984; Chow & Resnick, 1988)+
The RAD52 is an essential gene for sporulation and
affects the activity, most likely at the expression level,
of the yNucR endo-exonuclease (Resnick et al+, 1984;
Chow & Resnick, 1988; Chow et al+, 1992)+ Because
TRM2 was identical to RNC1/NUD1, we argued that
meiosis might be deleterious in a trm2 homozygous
diploid+ Therefore, we investigated the ability of a
trm2::LEU2 homozygous diploid, formed between
UMY1902 and UMY1904, to go through meiosis+ No
difference in spore survival was observed when com-
pared with the cross-generating strains UMY1901 to
UMY1904 (data not shown)+ Furthermore, during the
first half hour of sporulation, the TRM2 (RNC1/NUD1)
transcript decreases threefold (Chu et al+, 1998)+ Thus,
we concluded that the Trm2p is not essential for meiosis
and the reported increase in yNucR endo-exonuclease
activity (Resnick et al+, 1984; Chow & Resnick, 1988)
did not correlate with an increase of TRM2 (RNC1/
NUD1) mRNA+

The HO gene codes for a site-specific endonuclease
that will generate a double-strand break at the mating
type (MAT ) locus+ Strains defective in the RAD52 gene
are not viable in the presence of the HO gene (Malone
& Esposito, 1980)+ Recently, Asefa et al+ (1998) dem-
onstrated that prolonged induction of HO endonucle-
ase in a trm2 (rnc1/nud1) null strain showed 9% viability
when compared with isogenic TRM2 (RNC1/NUD1)
strain+ Furthermore, a strain with both the rad52::URA3
and the trm2 (rnc1/nud1) null allele shows the same
viability as the strain with the trm2 (rnc1/nud1) null al-
lele, suggesting that the trm2 (rnc1/nud1) mutation is
suppressing the deleterious effects of the rad52 muta-
tion+ As we have been unable to link the TRM2 gene
product with a nuclease activity, we decided to repeat
this experiment in the SK1 strain background, which is
the genetic background used earlier to define the yNucR
endo-exonuclease (Resnick et al+, 1984; Chow &
Resnick, 1987; 1988; Chow & Kunz, 1991; Chow et al+,

1992; Moore et al+, 1993; Sadekova & Chow, 1996;
Asefa et al+, 1998)+ Isogenic derivatives of rad52::hisG,
trm2::LEU2, and the combination thereof were con-
structed in the SK1 derivative, S2889, and transformed
with the pGAL-HO plasmid, pSB283+ However, no ef-
fect of the trm2::LEU2 allele, either alone or in combi-
nation with the rad52::hisG allele under prolonged HO
induction, was observed (Table 3)+ We also investi-
gated the effect of prolonged HO induction in S288C
background in isogenic TRM2 and trm2::LEU2 deriva-
tives and observed no difference in survival (data not
shown)+

DISCUSSION

The nucleoside m5U at position 54 in most bacterial
and eukaryotic tRNAs is one of the most abundant
nucleoside modifications+ Still, it has been difficult to
establish a biological role for this modification+ In this
article we describe the identification and characteriza-
tion of the structural gene TRM2, which encodes the
tRNA(m5U54)methyltransferase in S. cerevisiae+ In con-
trast to what was found earlier for the tRNA(m5U)
methyltransferase-encoding gene TrmA1 in E. coli
(Persson et al+, 1992), a deletion was not lethal and
showed no obvious phenotype+ The major homology
between the TrmA and the Trm2 proteins is located in
the terminal carboxyl region (Fig+ 3)+ This may indicate
that the terminal amino part of the TrmA protein pro-
vides the essential function in E. coli,which is not present
in the Trm2p+ The TRM2 gene complemented the m5U
deficiency of a trm2 mutant strain of S. cerevisiae, as
well as a trmA5 E. coli strain+ In addition, total tRNA
isolated from a trm2 mutant strain acts as a substrate
in a methylation reaction using purified GST-Trm2p pro-
duced in E. coli and the enzyme modifies U at position
54 to m5U+

Alternative translational start sites
of the Trm2p

When analyzing the transcriptional and translational start
sites of TRM2, we found that the major physiological

TABLE 3 + The effect of HO-endonuclease expression
on cell survival+

Strain Surviving fraction

S2889 0+96 6 0+05
UMY2353 (trm2::LEU2) 0+97 6 0+07
UMY2361 (rad52::hisG) 0+006 6 0+001
UMY2362 (trm2::LEU2 rad52::hisG) 0+008 6 0+006

Cells were incubated for at least 72 h at 30 8C+ Strain S2889 is an
SK1 derivative and strains UMY2353, UMY2361, and UMY2362 are
isogenic to this strain+ The values are based on three independent
transformants and the standard deviation is indicated+
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AUG start codon was the third in-frame AUG codon+
However, one potential transcriptional start site (weak-
est of three major transcripts) was located 59 of the
second in-frame AUG codon and there were some mi-
nor transcripts that ended upstream of AUG4 and AUG5+
Our analysis could not completely exclude that these
AUGs also could act as start codons, in addition to the
third AUG codon, and perhaps contribute with a small
fraction of differently sized Trm2p+ Interestingly, some
genes in S. cerevisiae express two different proteins by
using alternative start codons, leading to two different
proteins with divergent N-terminal sequences (Hinne-
busch & Liebman, 1991)+ Two of these genes are TRM1
and MOD5, both of which encode tRNA modification
enzymes (Rose et al+, 1992; Tolerico et al+, 1999) and
the amino terminal extended protein is imported into
the mitochondria+ This could also be the case for the
Trm2p, as mitochondrial tRNAs contain m5U+ However,
the deletion of the TRM2 gene did not affect growth of
the yeast cells on nonfermentable carbon sources, in-
dicating that a functional TRM2 gene is not essential
for normal mitochondrial function+ The m5U modifica-
tion is found in unspliced tRNAs, suggesting that the
action of the tRNA(m5U54)methyltransferase is within
the nucleus (Hopper et al+, 1982)+ The presence of a
candidate motif for a bipartite nuclear localization sig-
nal (Makkerh et al+, 1996) at amino acid positions 19–35
with the sequence Lys-Arg-Leu-Ser-Ser-Pro-Leu-Thr-
Asp-Ser-Gly-Asn-Arg-Arg-Thr-Lys-Lys is likely how the
Trm2p is targeted to this compartment+

Does the Trm2 protein have nuclease activity?

We have identified the TRM2 gene to be the structural
gene for the tRNA(m5U54)methyltransferase of S. ce-
revisiae+ The TRM2 gene was previously cloned and
suggested to encode an endo-exonuclease, Rnc1p/
Nud1p+ This endo-exonuclease activity was identified
in S. cerevisiae using antibodies made against a 31-kDa
enzyme purified from N. crassa with the same ac-
tivities (Chow & Fraser, 1983)+ The antibodies were
also used to purify a endo-exonuclease with these ac-
tivities from S. cerevisiae+After an 850-fold purification,
a major band at 72 kDa was obtained by SDS gel
electrophoresis (Chow & Resnick, 1987; Chow et al+,
1992)+ This band was extracted from the gel, rena-
tured, and found to retain its nuclease activity+ The yeast
enzyme was named yNucR+ From the purest fraction of
the S. cerevisiae yNucR enzyme, the amino terminal
was determined to be NH2-D-E-K-N-L (Chow & Resnick,
1987; Chow et al+, 1992)+ Based on the sequence of
NUD1 (Van Vliet-Reedijk & Planta, 1993) and the cor-
rected TRM2/NUD1 sequence shown here, there is no
amino acid motif -D-E-K-N-L present in Trm2p+ Thus,
if the TRM2 gene should encode the yNucR endo-
exonuclease, it must be a minor constituent of the
purified yNucR endo-exonuclease fraction or not be

encoded by the TRM2 (RNC1/NUD1) gene+ Further-
more, we also considered that the yNucR endo-
exonuclease might be encoded by an alternative ORF
within the TRM2 DNA fragment+ However, the second
longest ORF would encode a protein of 5+7 kDa, ex-
cluding this possibility+

We found that an affinity-purified GST-Trm2 protein
fusion expressed in E. coli had tRNA(m5U54)methyl-
transferase activity+ However, we could not detect any
significant nuclease activity from the GST-Trm2 protein
when compared to the same amount of purified GST
protein (data not shown)+ However, the difference in
our results and the results of Chow and Resnick (1987)
could be explained by three points: First, a native Trm2
protein is needed, that is, the GST tag will interfere with
the nuclease activity+ Second, the Trm2 protein could
be posttranslationally modified in yeast to obtain nu-
clease activity+ Third, in all experiments defining the
S. cerevisiae yNucR endo-exonuclease, antibodies
against a purified endo-exonuclease from N. crassa
was used to precipitate the nuclease activity (Resnick
et al+, 1984; Chow & Resnick, 1987; 1988; Chow &
Kunz, 1991; Chow et al+, 1992; Moore et al+, 1993;
Sadekova & Chow, 1996)+ Thus, as the antibodies do
recognize the S. cerevisiae Trm2p (Rnc1p/Nud1p)
(Asefa et al+, 1998), the yNucR endo-exonuclease could
be coprecipitated and copurified with the Trm2p+ Alter-
natively, the antibodies recognize both the Trm2p and
the yNucR nuclease and they happened to be in the
same size range+ One of the two assumptions in the
third point must be correct, as the major peptide in
the yNucR endo-exonuclease purification using the anti-
bodies has a D-E-K-N-L amino terminal end (Chow &
Resnick, 1987; Chow et al+, 1992) not present in the
Trm2p+

In exponentially growing cells, the expression and
activity of the yNucR endo-exonuclease has been re-
ported to be dependent on the allelic state of the RAD52
gene (Chow & Resnick, 1987; 1988)+ We find no such
dependence when measuring the b-galactosidase ac-
tivities of a trm2-LacZ fusion integrated at the TRM2
locus or the endogenous tRNA(m5U)methyltransferase-
specific activity+ Furthermore, the levels of the m5U
modification in tRNA are not affected in a rad52 mutant
strain+ Moreover, it has been shown that the N. crassa
antibody-precipitated nuclease activity from a yeast
strain having a TRM2 (RNC1/NUD1) gene on a high
copy YEp vector only increases twofold, whereas the
TRM2 (RNC1/NUD1) mRNA increased tenfold or more
(Sadekova & Chow, 1996)+ In contrast, we find that in
yeast strains transformed with YEp-trm2-LacZ fusion
or YEp-TRM2, the b-galactosidase activity and the
tRNA(m5U)methyltransferase-specific activity increased
19-fold and 10-fold, respectively+ Thus, our trm2-LacZ
expression data and measurements of tRNA(m5U)
methyltransferase-specific activity does not correlate
with the earlier data on yNucR expression and nucle-
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ase activity in response of the allelic state of the RAD52
allele and gene dosage of the TRM2 (RNC1/NUD1)
gene+ To relate our Trm2p expression and activity data
with that of the yNucR endo-exonuclease, one has to
consider very complicated explanations+ In response
to increased gene dosage, only a fraction of the Trm2p
peptide will be posttranslationally modified or has to
interact with a limiting factor in the cell to obtain nucle-
ase activity+ With respect to the allelic state of the
RAD52, we have to postulate that strains used earlier
to identify the yNucR endo-exonuclease contained a
modifier of the Trm2p expression and activity and it
was not present in the strains used by us+ Furthermore,
the activity of this modifier should be dependent on the
status of the RAD52 allele+

We have identified the gene encoding the
tRNA(m5U54)methyltransferase of S. cerevisiae and de-
noted it, TRM2, according to the nomenclature of Hop-
per et al+ (1982)+ This gene is identical with the RNC1/
NUD1 gene, suggested to encode a endo-exonuclease
designated yNucR (Chow et al+, 1992; Sadekova &
Chow, 1996; Asefa et al+, 1998)+ However, we have
been unable to show a nuclease activity associated
with the TRM2 gene product or correlate its expression
and the activity of the encoded tRNA(m5U54)methyl-
transferase to that of the yNucR endo-exonuclease+
We have also been unable to repeat experiments con-
cerning the effect of a trm2 (rnc1/nud1) null allele on
cells after prolonged HO nuclease induction+ To relate
our data on the Trm2p to the earlier data on the yNucR
endo-exonuclease, we have to make very complicated
and laborious assumptions and explanations that we
find highly unlikely+ Furthermore, the purified yNucR
endo-exonuclease has been reported to have an NH2-
D-E-K-N-L motif, which is not found in the Trm2p+ Thus,
we suggest that the TRM2 gene, per se, does not en-
code the yNucR endo-exonuclease and that it is en-
coded by another yet unidentified gene+

MATERIALS AND METHODS

Materials

All restriction enzymes and DNA modification enzymes were
purchased from Roche Molecular Biochemicals and New
England Biolabs+ Pwo and Taq DNA polymerase for PCR
amplifications was purchased from Roche Molecular Bio-
chemicals+ Hybridizations were carried out on Zeta-Probe
membranes from Bio-Rad+ Southern blots were visualized
using a PhosphorImager (Molecular Dynamics)+ Sequencing
gels were autoradiographed on Amersham MP hyper film+
The 5-flouro-orotic acid was purchased from SCM Speciality
Chemicals+Adenosine 59[g32P]-triphosphate (3,000 Ci/mmol),
Adenosine 59[a35 S]-triphosphate (600 Ci/mmol) and
S-adenosyl-L-(methyl-14-C)methionine (54 mCi/mmol) were
purchased fromAmersham+S-adenosyl-L-methionine was pur-
chased from Sigma+

Strains and genetic procedures

Genotypes and sources of S. cerevisiae strains used in this
study are listed in Table 4+ Yeast media and genetic proce-
dures have been previously described (Rose et al+, 1990;
Gietz et al+, 1992)+ Disruption of the chromosomal TRM2
gene locus by a LEU2 selectable marker was performed
using a two-step gene replacement method described by
Scherer and Davis (1979)+ All gene disruptions were con-
firmed by Southern blot hybridization or PCR and HPLC
analysis of total tRNA as described below+ To target the
trm2::LEU2 disruption to the correct chromosomal locus, a
unique MluNI site was utilized to linearize plasmid pRS306-
RHO4-trm2::LEU2 (Orr-Weaver et al+, 1981)+ One TRM2
allele was replaced in a diploid derived from a cross be-
tween FY23 (MATa trp1D63 ura3-52 leu2D1) and FY86
(MATa his3D200 ura3-52 leu2D1)+ The heterozygous TRM2/
trm2::LEU2 strain was sporulated and subjected to tetrad
analysis+ Strains UMY1901–UMY1904 are derived from as-
cospores of one tetrad in which UMY1901 and UMY1903
represent TRM2 wild-type cells, whereas UMY1902 and
UMY1904 represent strains in which TRM2 was disrupted by
a functional LEU2 gene+ To construct strain UMY2229, plas-
mid YIp358-RHO4-trm2 containing an in-frame trm2-LacZ fu-
sion was linearized with MluNI and targeted to the RHO4
gene, leaving the chromosomal RHO4 and TRM2 genes in-
tact+ Strain UMY2235 was generated in a cross between
strains UMY2229 and UMY2230+ Strain UMY2230 was con-
structed using a rad52::hisG-URA3-hisG construct (Curcio
& Garfinkel, 1994)+ Strains UMY2353 (trm2::LEU2) and
UMY2361 (rad52::hisG) were generated from SK1 deriva-
tive, S2889, using plasmid pRS306-RHO4-trm2::LEU2 and
the rad52::hisG-URA3-hisG construct as described+ Strain
UMY2362 (trm2::LEU2 rad52::hisG) was generated from strain
UMY2353 (trm2::LEU2) using the rad52::hisG-URA3-hisG
construct+

DNA methods and plasmid constructions

Isolation of plasmid DNA, restriction enzyme analysis, and
agarose gel electrophoresis were performed following stan-
dard procedures (Sambrook et al+, 1989)+ The 2-kb Hind III-
XbaI fragment containing the TRM2 (RNC1/NUD1) gene was
sequenced using the chain termination method described by
Sanger et al+ (1977)+ Preparation of chromosomal DNA and
Southern blot analysis were described by Boeke et al+ (1985)
and Byström and Fink (1989), respectively+ A 59-ATT TTA
GAG GAA TAG TTT AG-39 oligonucleotide was used as a
hybridization probe in Southern blot analysis against TRM2
or trm2+

The RHO4 and TRM2 (RNC1/NUD1) genes were isolated
as part of a 3,555-bp EcoRI-XbaI fragment from plasmid
pGKU144 (Van Vliet-Reedijk & Planta, 1993) and subcloned
into the corresponding sites of plasmids pRS316 and pRS306
(Sikorski & Hieter, 1989), generating plasmids pRS316-RHO4-
TRM2 and pRS306-RHO4-TRM2+ Plasmid pRS316-TRM2
was constructed by digesting plasmid pRS316-RHO4-TRM2
with HindIII and religating, thereby eliminating a 778-bp
fragment that contains the RHO4 gene+ A 2-kb HindIII-XbaI
fragment containing the TRM2 gene was cloned into the
corresponding sites of YEp352 (Hill et al+, 1986), generating
plasmid YEp352-TRM2+A 1+1-kb EcoR1-HindIII fragment con-
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taining the prokaryotic trmA1 gene was cloned into the
corresponding sites of plasmid pRS316 (obtained from J+
Urbonavicius, Umeå University)+ To construct a disruption al-
lele of the TRM2 gene, two XhoI sites were introduced with
oligonucleotide-directed mutagenesis at positions 1610 and
3440 of the 3,555-bp fragment on the plasmid pRS306-RHO4-
TRM2 using oligonucleotides, 59-AAA AAA GAA AAC TCG
AGC TGT TCG TAC AT-39 and 59-CTC TTA TGC TCT CGA
GCT GGT GGG CGG AA-39, respectively (Kunkel, 1985)+
The TRM2 sequence between the XhoI sites was replaced
by a 2+5-kb Sal I fragment containing a functional LEU2 gene,
resulting in plasmids pRS306-RHO4-trm2::LEU2 and pRS316-
RHO4-trm2::LEU2+ To construct plasmid pRS316-RHO4
trm2::HIS3, a 1,760-bp BamHI fragment containing the HIS3
gene was inserted into a unique BamHI site of the TRM2
gene+

To convert the potential AUG translational start codons of
the TRM2 gene to UUG codons, oligonucleotide directed mu-
tagenesis was performed as described by Kunkel (1985)+
The following oligonucleotides were used: 59-TCA AAC TGT
TCG TAC AAA ATG ACT TTG TCC T-39 (AUG1–UUG1), 59-
TCC AAA AGC AAC GCA AGC ATG TGA TAA TAC T-39
(AUG2–UUG2), and 59-AAA CTA ATC AGC ACC TTG ACT
GGA AGT ACT GAA-39 (AUG3–UUG3)+ Frameshifts (21)
were introduced using oligonucleotides: 59-GTC CAA AAG
CAA CGA CAT GCA TGT GAT AAT A-39 (1 nt insertion after
AUG2), 59-TTC AGT ACT TCC AGT ACA TGG TGC TGA
TTA G-39 (1 nt insertion after AUG3), and 59-GTG GTA CCA
ATT CAG TAC TTC CAG TAC ATG GTG CTG-39 (1 nt inser-
tion after AUG3 and conversion of AUG4 to UUG4)+ To change
AUG5 to UUG5, we made a PCR-based mutagenesis of plas-
mid pRS316-TRM2 using oligonucleotides 59-GAA ATG GTA

CCA CCAACA TTG AAA CAT ACC GTT GAC-39 and 59-GTC
AAC GGT ATG TTT CAA TGT TGG TGG TAC CAT TTC-39,
generating plasmid pRS316-TRM2-UUG5+A351-bp KpnI frag-
ment was exchanged from plasmid pRS316-TRM2-UUG5 with
a 1,883-bp KpnI fragment from plasmid pRS316-RHO4-
TRM2 AUG3/-fr or pRS316-RHO4-TRM2 AUG3/-fr-UUG4 to
generate plasmids pRS316-RHO4-TRM2 AUG3/-fr-UUG5 and
pRS316-RHO4-TRM2 AUG3/-fr-UUG4-UUG5 (KpnI sites are
in the multiple cloning cassette of pRS316 and between AUG4
and AUG5 of the TRM2 gene)+

For b-galactosidase assays a 1,834-bp EcoRI-KpnI trm2
fragment was cloned from pRS316-RHO4-TRM2 into the cor-
responding sites of YIp358 or YEp358 (Myers et al+, 1986),
creating an in-frame trm2-lacZ fusion, encoding eight amino
acids of the Trm2p+

For protein expression and purification, the TRM2 gene
was subcloned into the expression plasmid pGEX-4T-2 (Phar-
macia Biotech) as follows: A Bgl II site was introduced at the
physiological ATG start site of the TRM2 gene by oligo-
directed mutagenesis according to Kunkel (1985) using oligo
59-TTC AGT ACT TCC AGA TCT GGT GCT GAT TAG T-39+A
1,890-bp Bgl II-PvuII fragment from plasmid pRS316-RHO4-
TRM2 was subcloned into the BamHI-SmaI site of pGEX-
4T-2+ In this plasmid, transcription is under the tac promoter
and the product made is a Trm2 protein with the GST tag and
thrombin cleavage site located at the amino terminal end+

RNA methods

Total tRNA for HPLC was prepared as follows: S. cerevisiae
strains were inoculated in 100 mL of YEPD or selective media
and grown to approximately 1+0 OD600 unit+ The cells were

TABLE 4 + Yeast and E. coli strains used in this study+

Genotype Source

Yeast strains
FY23 MATa ura3-52 trp1D63 leu2D1 F+ Winston

FY86 MATa ura3-52 his3D200 leu2D1 F+ Winston
GRF88 MATa his4-39 G+ Fink
L1937 MATa leu2-3/112 ura3-52 trp1D1 G+ Fink
L1938 MATa leu2-3/112 ura3-52 trp1D1 G+ Fink
4010-2 MATa SUP4 gal1-ochre trm2 gal7 can1-100 lys2-1 ade2-1 ura3 met Hopper et al+, 1982
S2889 MATa lys2 ura3 leu2::hisG ho::LYS2 trp1-H3 S+ Roeder
UMY1901 MATa ura3-52 his3D200 leu2D1 This study
UMY1902 MATa ura3-52 trp1D63 trm2::LEU2 This study
UMY1903 MATa ura3-52 trp1D63 leu2D1 This study
UMY1904 MATa ura3-52 his3D200 trm2::LEU2 This study
UMY2229 as L1937 but also RHO4::trm2-LacZ This study
UMY2230 as L1938 but also rad52::hisG This study
UMY2235 as UMY2229 but also rad52::hisG This study
UMY2353 as S2889 but also trm2::LEU2 This study
UMY2361 as S2889 but also rad52::hisG This study
UMY2362 as S2889 but also trm2::LEU2 rad52::hisG This study

E. coli strains
BL21 F2 ompT hsdS (rB

2,mB
2) gal dcm Studier & Moffatt, 1986

CJ236 dut1 ung1 thi relA/pCJ105 (CmR) Kunkel, 1985
DH5a F2 endA1 hsdR17 (rK

2,mK
1) supE44 thi-1 d2

recA gyrA96 relA1 D(argF-lacZYA) U169 f80dlacZ DM15
Betheseda Research

Laboratories
GB1-5-39 trmA5 argH lac Björk & Neidhardt, 1975
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harvested, washed in sterile water, and stored at 220 8C+ The
pellet was resuspended in 2 mL extraction buffer (0+5 M NaCl;
0+2 M Tris-HCl, pH 7+6; 10 mM EDTA), mixed with 2 mL PCIA
(25:24:1 phenol:chloroform:isoamylalcohol, equilibrated with
extraction buffer) and 3 mL sterile RNase-free glass beads
(0+45–0+55 mm, Sigma Chemicals)+ The mixture was vor-
texed for 5 min to break the yeast cells and centrifuged
at 6,500 3 g for 5 min+ The aqueous phase was removed
and re-extracted with an equal volume of PCIA+ After the
second centrifugation, the aqueous phase was loaded onto a
QIAGENT plasmid Midi prep column that had been equili-
brated with tRNA equilibration buffer (0+5 M NaCl; 50 mM
MOPS, pH 7+0; 15% ethanol; 0+15% Triton X-100)+ The col-
umn was washed with 15 mL tRNA washing buffer (0+6 M
NaCl; 50 mM MOPS, pH 7+0; 15% ethanol), and finally eluted
with 3 mL of tRNA elution buffer (0+7 M NaCl; 50 mM Tris-HCl,
pH 7+4; 15% ethanol)+ Total tRNA was precipitated with 7+5 mL
ethanol, centrifuged at 12,000 3 g for 30 min, dried, and
resuspended in 100 mL TE+ The qualities of the tRNA prep-
arations were controlled on a 2% agarose gel+ Large scale
purification of crude RNA from strain UMY1901 TRM2 and
UMY1902 trm2::LEU2, using 50 g of cells from each strain,
was prepared as described above and fractionation of tRNA
was according to Avital and Elson (1969)+

Prokaryotic tRNA from strain GB1-5-39 containing plas-
mids pRS316, pRS316-trmA1, or pRS316-RHO4-TRM2 was
prepared as follows: Cells were grown in 100 mL LB medium
(supplemented with 50 mg/mL of carbenicillin) to approxi-
mately 1+0 OD600 unit+ The cells were harvested, washed in
0+9% NaCl, and resuspended in extraction buffer (10 mM
Tris-HCl, pH 8+0; 10 mM MgAc, pH 8+0) containing DNase
(25 mg/mL) and lysozyme (250 mg/mL)+ The suspension was
frozen and thawed repeatedly (up to three times), phenol
extracted twice (phenol equilibrated with extraction buffer),
and finally the aqueous phase was ethanol precipitated+ The
pellet was resuspended in 1 mL TE buffer (10 mM Tris-HCl,
1 mM EDTA, pH 8+0) and subjected to the QIAGENT purifi-
cation protocol, as described above+

Potential transcriptional start points of TRM2 were estab-
lished by primer extension analyses (Göransson et al+, 1989)
using two different oligonucleotides: 59-GTT GTC AAC GGT
ATG TTT CAT TG-39 and 59-TCT AGG ACA CCC ATC GG-39
hybridizing to positions 32–54 and 150–160 of the TRM2
gene+ Total RNA for primer extension analyses was prepared
according to Carlson and Botstein (1982) from strain GRF88
exponentially grown in YEPD+

Analysis of the m 5U content by HPLC
and HPLC-coupled MS

For HPLC analysis, 50 mg tRNA were digested with nuclease
P1 and bacterial alkaline phosphatase (Gehrke et al+, 1982)
and the hydrolysate was separated on a RP-HPLC column
according to Gehrke and Kuo (1990)+ The nucleoside mixture
from tRNA was analyzed on a WatersTM System liquid chro-
matograph with a WatersTM 996 diode array UV detector
(WatersTM Corporation, Milford, Massachusetts)+ Separation
of nucleosides by HPLC was achieved using a Supelcosil
LC-18-S reverse-phase column (4+6 3 250 mm) and a Su-
pelguard LC-18-S, 2+1 3 20 mm guard column (Supelco,
Bellefonte, Pennsylvania) thermostatted to 26 8C, at a flow
rate of 1 mL/min+ For MS analysis the flow rate was 2 mL/min

and the UV detector was directly interfaced to a VG platform
mass spectrometer equipped with an electrospray ionization
source (Fisons Instruments, Altrincham, United Kingdom)+ In
MS analysis nucleosides were eluted using the gradient of
Buck et al+ (1983) altered to accommodate a lower ammo-
nium acetate concentration (5 mM) which is more compatible
with electrospray ionization+ UV data were recorded contin-
uously, and mass spectra were recorded every 1+0 s during
the 60 min chromatography+ The procedures and interpreta-
tion of data for qualitative LC-MS analysis of nucleosides in
RNA hydrolysates have been previously described in detail
(Pomerantz & McCloskey, 1990)+

Preparation of protein extracts and
purification of the Trm2 protein

Total protein extracts of S. cerevisiae were done as previ-
ously described (Rose et al+, 1990) and dialyzed against
10 mM Tris-HCl, pH 8+0, and 0+1 mM DTT+ To purify the Trm2
protein the bacterial strain BL21 (Studier & Moffatt, 1986)
was transformed with pGEX-4T-2-TRM2+ A total volume of
1 L of LB medium containing 50 mg/mL of carbenicillin was
inoculated, grown to OD600 5 1+0 at 37 8C, chilled on ice to
15 8C before IPTG was added to a final concentration of 1 mM+
After 4 h induction at 15 8C the cells were harvested+ The
pellet was dissolved in 50 mM Tris-HCl, pH 7+5, 1 mM DTT,
5 mM MgCl2, 1+5 M NaCl, 5% NP-40, 10% glycerol and pro-
tease inhibitors at a final concentration of 2 mg/mL Chymo-
statin, 0+3 mg/mL leupeptin, 1+4 mg/mL pepstatin A, 0+2 mg/mL
PMSF, and 0+3 mg/mL benzamidin+ E. coli cells were broken
using a French Press and cell debris was removed by cen-
trifugation at 48,000 3 g for 10 min+ The GST-Trm2p was
purified using Glutathione SepharoseT 4B (Pharmacia Bio-
tech) according to Smith and Johnson (1988)+ Crude protein
extracts of E. coli strains GB1-5-39 (trmA5 ) and BL21/
pMTRX1 were prepared according to Gu & Santi (1990)+

In vitro methyltransferase assay

In vitro tRNA(m5U54)methyltransferase assays were per-
formed with total S. cerevisiae and E. coli protein extracts or
with the GST-Trm2 fusion protein purified from E. coli+ Cul-
tures used were S. cerevisiae strains UMY2229, UMY2235,
and L1937/YEp352-TRM2 or E. coli strains GB1-5-39, BL21/
pMTRX1, and BL21/pGEX-4T-2-TRM2+A total of 50 mg m5U54

deficient or m5U54 containing crude tRNA, were mixed with
various amounts of total yeast protein extracts or purified
GST-Trm2 protein in 50 mM Tris-HCl, pH 7+5; 10 mM MgCl2;
20 mM (NH4)2Cl2; 0+1 mM DTT; and 38 mM S-adenosyl-L-
(methyl-14C)methionine (54 mCi/mmol) in a total volume of
100 mL+ The reaction mixture was incubated at 37 8C for
30 min+ Reactions were terminated by adding 3 mL of 0+5 M
perchloric acid containing 0+01 M lanthanium nitrate+ Sam-
ples were collected on GF/C filters, washed repeatedly with
5% TCA and once with acetone, dried, and counted in a
scintillation counter+

When measuring the extent of methylation as a function of
the amount of tRNA prepared from UMY1901 (TRM2) or
UMY1902 (trm2::LEU2), the same buffer conditions and sam-
ple preparation as above was used+ The reaction was carried
out in a total volume of 300 mL with 1+2, 2+4, and 3+6 mg of
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tRNA and 5mg of GST-Trm2 protein+ Samples of 50 mL were
withdrawn over a 5-h period+ The maximum incorporation of
methyl groups, plateau value, was used in the calculations,
and to estimate the fraction of the tRNA pool that incorpo-
rated methyl groups we used a molecular weight of 2+5 3 104

g/mol for a tRNA+
To determine if the Trm2p methylates U at position 54 of

tRNA, an experiment using UMY1901 (TRM2), UMY1902
(trm2::LEU2) total tRNA, purified GST-Trm2, and crude pro-
tein extracts of GB1-5-39 (trmA5 ) and BL21/pMTRX1 was
performed+ The trmA5 allele of GB1-5-39 encodes an inac-
tive E. coli tRNA(m5U54)methyltransferase unable to modify
U54 to m5U54 (Björk & Neidhardt, 1975)+ Plasmid pMTRX1
contains a wild-type TrmA gene regulated by the tac pro-
moter (Gu & Santi, 1990)+ Buffer conditions used for the
methylation reaction and treatments of samples were as
above+ The reaction was carried out in a total volume of
300 mL with 12 mg of UMY1902 (trm2::LEU2) tRNA and
150 mg of GB1-5-39 (trmA5 ) or BL21/pMTRX1 crude protein+
The tRNA was incubated for 2 h and samples representing
4 mg of tRNA were withdrawn and incorporation of 14C-
methyl groups was determined+ To the remaining reactions
5 mg of purified GST-Trm2 protein were added and the incu-
bation was continued for another 2 h+ Samples representing
4 mg of tRNA were withdrawn and incorporation of 14C-
methyl groups was determined+ The UMY1901 (TRM2) tRNA
was incubated with the protein extract BL21/pMTRX1 using
the same conditions+ In HPLC-coupled MS analysis of m5U
content in in vitro methylated UMY1902 (trm2::LEU2) total
tRNA, nonradioactive S-adenosyl-L-methionine was used+Re-
action conditions were as above+

b-galactosidase assays

b-galactosidase assays were measured on protein extracts
as previously described (Rose et al+, 1990)+ The activities
are expressed as nanomoles of o-nitrophenyl-b-D-galacto-
pyranoside hydrolyzed per minute per milligram protein+ Pro-
tein concentrations were measured by the Bradford dye
binding method (BioRad) with bovine serum albumin as the
standard+

Induction of HO endonuclease

Overnight cultures of strains S2889, UMY2353, UMY2361,
and UMY2362 carrying plasmid pSB283 were grown at 30 8C
in SC medium lacking uracil and with 2% glucose as a carbon
source+ Joshua Trueheart provided plasmid pSB283 that is
pGAL-HO (Herskowitz & Jensen, 1991), with a LEU2 gene
located on a Sal I-XhoI fragment cloned into the Sal I site+
Cells were collected by centrifugation, washed, and resus-
pended in sterile water+ The cell suspension was diluted and
plated on SC medium lacking uracil with 2% glucose or
galactose as carbon sources and incubated at 30 8C for at
least 72 h+

ACKNOWLEDGMENTS

We are grateful to B+ Dujon for providing plasmid pGKU144;
G+R+ Björk for the gift of E. coli strain GB1-5-39, J+ Urbonavi-
cius for providing plasmid pRS316-trmA1, A+K+ Hopper for

the gift of S. cerevisiae strain 4010-2, J+ Trueheart for plas-
mid pSB283, D+J+Garfinkel for the rad52::GB plasmid, and K+
Schmeckel for SK1 strain S2889+ B+ Persson is acknowl-
edged for drawing our attention to the homology between the
TrmA and Nud1 proteins+ B+ Persson, S+U+ Åström, P+ Crain,
and G+R+ Björk are acknowledged for valuable comments on
the manuscript+ Kerstin Jacobsson, Gunilla Jäger, and Ingela
Maxvall are acknowledged for technical assistance+ This work
was financially supported by the Swedish Natural Science
Research Council (B-AA/BU-04856-315, S-AA/FO 04856-
317), the Swedish Cancer Society (3516-B98-05XAC), and
the Swedish Foundation for Strategic Research (B-AA/BU
04856-316)+

Received November 16, 1999; returned for revision
December 7, 1999; revised manuscript received
April 7, 2000

REFERENCES

Anderson J, Phan L, Cuesta R, Carlson BA, Pak M, Asano K, Björk
GR, Tamame M, Hinnebusch AG+ 1998+ The essential Gcd10p-
Gcd14p nuclear complex is required for 1- methyladenosine mod-
ification and maturation of initiator methionyl-tRNA+ Genes & Dev
12:3650–3662+

Asefa B, Kauler P, Cournoyer D, Lehnert S, Chow TY+ 1998+ Genetic
analysis of the yeast NUD1 endo-exonuclease: A role in the re-
pair of DNA double-strand breaks+ Curr Genet 34:360–367+

Åström SU, Byström AS+ 1994+ Rit1, a tRNA backbone-modifying
enzyme that mediates initiator and elongator tRNA discrimina-
tion+ Cell 79:535–546+

Åström SU, von Pawel-Rammingen U, Byström AS+ 1993+ The yeast
initiator tRNAMet can act as an elongator tRNAMet in vivo+ J Mol
Biol 233:43–58+

Avital S, Elson D+ 1969+ A convenient procedure for preparing trans-
fer ribonucleic acid from Escherichia coli+ Biochim Biophys Acta
179:297–307+

Bai Y, Symington LS+ 1996+A Rad52 homolog is required for RAD51-
independent mitotic recombination in Saccharomyces cerevisiae+
Genes & Dev 10:2025–2037+

Becker HF, Motorin Y, Planta RJ, Grosjean H+ 1997+ The yeast gene
YNL292w encodes a pseudouridine synthase (Pus4) catalyzing
the formation of C55 in both mitochondrial and cytoplasmic tRNAs+
Nucleic Acids Res 25:4493–4499+

Bellisario RL, Maley GF, Galivan JH, Maley F+ 1976+ Amino acid
sequence at the FdUMP binding site of thymidylate synthetase+
Proc Natl Acad Sci USA 73:1848–1852+

Björk GR+ 1986+ Transfer RNA modification in different organisms+
Chemica Scripta 26B:91–95+

Björk GR+ 1995+ Biosynthesis and function of modified nucleosides+
In: Söll D, RajBhandary UL, eds+ tRNA, Structure, biosynthesis
and function+ Washington, DC: ASM Press+ pp 165–205+

Björk GR, Neidhardt FC+ 1975+ Physiological and biochemical stud-
ies on the function of 5-methyluridine in the transfer ribonucleic
acid of Escherichia coli+ J Bacteriol 124:99–111+

Boeke JD, Garfinkel DJ, Styles CA, Fink GR+ 1985+ Ty elements
transpose through an RNA intermediate+ Cell 40:491–500+

Buck M, Connick M, Ames BN+ 1983+ Complete analysis of tRNA-
modified nucleosides by high-performance liquid chromatogra-
phy: The 29 modified nucleosides of Salmonella typhimurium and
Escherichia coli tRNA+ Anal Biochem 129:1–13+

Byström AS, Fink GR+ 1989+ A functional analysis of the repeated
methionine initiator tRNA genes (IMT ) in yeast+ Mol Gen Genet
216:276–286+

Calvo O, Cuesta R, Anderson J, Gutiérrez N, García-Barrio MT, Hin-
nebusch AG, Tamame M+ 1999+ GCD14p, a repressor of GCN4
translation, cooperates with Gcd10p and Lhp1p in the maturation
of initiator methionyl-tRNA in Saccharomyces cerevisiae+Mol Cell
Biol 19:4167–4181+

Carlson M, Botstein D+ 1982+ Two differentially regulated mRNAs

858 M.E. Nordlund et al.



with different 59 ends encode secreted and intracellular forms of
yeast invertase+ Cell 28:145–154+

Cavaillé J, Chetouani F, Bachellerie JP+ 1999+ The yeast Saccharo-
myces cerevisiae YDL112w ORF encodes the putative 29-O-
ribose methyltransferase catalyzing the formation of Gm18 in
tRNAs+ RNA 5:66–81+

Cermakian N, Cedergren R+ 1998+ Modification nucleotides always
were:An evolutionary model+ In:Grosjean H, Benne R, eds+Mod-
ification and editing of RNA+ Washington, DC: ASM Press+ pp
535–541+

Chow TY, Fraser MJ+ 1983+ Purification and properties of single strand
DNA-binding endo-exonuclease of Neurospora crassa+ J Biol
Chem 258:12010–12018+

Chow TY, Kunz BA+ 1991+ Evidence that an endo-exonuclease con-
trolled by the NUC2 gene functions in the induction of ‘petite’
mutations in Saccharomyces cerevisiae+ Curr Genet 20:39–44+

Chow TY, Perkins EL, Resnick MA+ 1992+ Yeast RNC1 encodes a
chimeric protein, RhoNUC, with a human rho motif and deoxy-
ribonuclease activity+ Nucleic Acids Res 20:5215–5221+

Chow TY, Resnick MA+ 1987+ Purification and characterization of an
endo-exonuclease from Saccharomyces cerevisiae that is influ-
enced by the RAD52 gene+ J Biol Chem 262:17659–17667+

Chow TY, Resnick MA+ 1988+ An endo-exonuclease activity of
yeast that requires a functional RAD52 gene+Mol Gen Genet 211:
41–48+

Chu S, DeRisi J, Eisen M, Mulholland J, Botstein D, Brown PO,
Herskowitz I+ 1998+ The transcriptional program of sporulation in
budding yeast+ Science 282:699–705+

Curcio MJ, Garfinkel DJ+ 1994+ Heterogeneous functional Ty1 ele-
ments are abundant in the Saccharomyces cerevisiae genome+
Genetics 136:1245–1259+

Dihanich ME, Najarian D, Clark R, Gillman EC, Martin NC, Hopper
AK+ 1987+ Isolation and characterization of MOD5, a gene re-
quired for isopentenylation of cytoplasmic and mitochondrial tRNAs
of Saccharomyces cerevisiae+ Mol Cell Biol 7:177–184+

Ellis SR, Morales MJ, Li JM, Hopper AK, Martin NC+ 1986+ Isolation
and characterization of the TRM1 locus, a gene essential for the
N2,N2-dimethylguanosine modification of both mitochondrial and
cytoplasmic tRNA in Saccharomyces cerevisiae+ J Biol Chem
261:9703–9709+

Fiorentini P, Huang KN, Tishkoff DX, Kolodner RD, Symington LS+
1997+ Exonuclease I of Saccharomyces cerevisiae functions in
mitotic recombination in vivo and in vitro+ Mol Cell Biol 17:2764–
2773+

Fraser MJ, Koa H, Chow TY+ 1990+ Neurospora endo-exonuclease is
immunochemically related to the recC gene product of Esche-
richia coli+ J Bacteriol 172:507–510+

Friedberg EC,Walker GC, Siede W+ 1995+ DNA repair and mutagen-
esis+ Washington, DC: ASM Press+

Gehrke CW, Kuo KC, McCune RA, Gerhardt KO, Agris PF+ 1982+
Quantitative enzymatic hydrolysis of tRNAs:Reversed-phase high-
performance liquid chromatography of tRNA nucleosides+ J Chro-
matogr 230:297–308+

Gehrke CW, Kuo KCT+ 1990+ Chromatography and modification of
nucleosides+ Amsterdam: Elsevier+

Gerber AP, Keller W+ 1999+ An adenosine deaminase that generates
inosine at the wobble position of tRNAs+ Science 286:1146–1149+

Gietz D, St Jean A,Woods RA, Schiestl RH+ 1992+ Improved method
for high efficiency transformation of intact yeast cells+ Nucleic
Acids Res 20:1425+

Göransson M, Forsman P, Nilsson P, Uhlin BE+ 1989+ Upstream ac-
tivating sequences that are shared by two divergently transcribed
operons mediate cAMP-CRP regulation of pilus-adhesin in Esch-
erichia coli+ Mol Microbiol 3:1557–1565+

Gu XR, Santi DV+ 1990+ High-level expression of Escherichia coli
tRNA (m5U54)- methyltransferase+ DNA Cell Biol 9:273–278+

Gustafsson C, Lindström PH, Hagervall TG, Esberg KB, Björk GR+
1991+ The trmA promoter has regulatory features and sequence
elements in common with the rRNA P1 promoter family of Esch-
erichia coli+ J Bacteriol 173:1757–1764+

Herskowitz I, Jensen RE+ 1991+ Putting the HO gene to work: Prac-
tical uses for mating-type switching+ Methods Enzymol 194:132–
146+

Hill JE, Myers AM, Koerner TJ, Tzagoloff A+ 1986+ Yeast/E. coli shut-
tle vectors with multiple unique restriction sites+ Yeast 2:163–167+

Hinnebusch AG, Liebman SW+ 1991+ Protein synthesis and transla-
tional control in Saccharomyces cerevisiae+ In: Broach JR, Prin-
gle JR, Jones EW, eds+ The molecular and cellular biology of the
yeast Saccharomyces. Genome dynamics, protein synthesis and
energetics+ Cold Spring Harbor, New York: Cold Spring Harbor
Laboratory Press+ pp 627–735+

Hopper AK, Furukawa AH, Pham HD, Martin NC+ 1982+ Defects in
modification of cytoplasmic and mitochondrial transfer RNAs are
caused by single nuclear mutations+ Cell 28:543–550+

Kagan RM, Clarke S+ 1994+ Widespread occurrence of three se-
quence motifs in diverse S-adenosylmethionine-dependent methyl-
transferases suggests a common structure for these enzymes+
Arch Biochem Biophys 310:417–427+

Kealey JT, Gu X, Santi DV+ 1994+ Enzymatic mechanism of tRNA
(m5U54)methyltransferase+ Biochimie 76:1133–1142+

Kealey JT, Santi DV+ 1991+ Identification of the catalytic nucleophile
of tRNA (m5U54)methyltransferase+ Biochemistry 30:9724–
9728+

Kersten H, Albani M, Männlein E, Praisler R, Wurmbach P, Nierhaus
KH+ 1981+ On the role of ribosylthymine in prokaryotic tRNA func-
tion+ Eur J Biochem 114:451–456+

Kozak M+ 1989+ The scanning model for translation:An update+ J Cell
Biol 108:229–241+

Kunkel TA+ 1985+ Rapid and efficient site-specific mutagenesis with-
out phenotypic selection+ Proc Natl Acad Sci USA 82:488–492+

Lecointe F, Simos G, Sauer A, Hurt EC,Motorin Y, Grosjean H+ 1998+
Characterization of yeast protein Deg1 as pseudouridine syn-
thase (Pus3) catalyzing the formation of C38 and C39 in tRNA
anticodon loop+ J Biol Chem 273:1316–1323+

Makkerh JPS, Dingwall C, Laskey RA+ 1996+ Comparative mutagen-
esis of nuclear localization signals reveals the importance of neu-
tral and acidic amino acids+ Curr Biol 6:1025–1027+

Malone RE, Esposito RE+ 1980+ The RAD52 gene is required for
homothallic interconversion of mating types and spontaneous mi-
totic recombination in yeast+ Proc Natl Acad Sci USA 77:503–
507+

Marsischky GT, Filosi N, Kane MF, Kolodner R+ 1996+ Redundancy of
Saccharomyces cerevisiae MSH3 and MSH6 in MSH2-dependent
mismatch repair+ Genes & Dev 10:407–420+

Moore PD, Simon JR, Wallace LJ, Chow TY+ 1993+ In-vitro recombi-
nation in rad and rnc mutants of Saccharomyces cerevisiae+ Curr
Genet 23:1–8+

Motorin Y, Grosjean H+ 1999+ Multisite-specific tRNA:m5C-methyl-
transferase (Trm4) in yeast Saccharomyces cerevisiae: Identifi-
cation of the gene and substrate specificity of the enzyme+ RNA
5:1105–1118+

Myers AM, Tzagoloff A, Kinney DM, Lusty CJ+ 1986+ Yeast shuttle
and integrative vectors with multiple cloning sites suitable for
construction of lacZ fusions+ Gene 45:299–310+

Niewmierzycka A, Clarke S+ 1999+ S-Adenosylmethionine-dependent
methylation in Saccharomyces cerevisiae+ Identification of a novel
protein arginine methyltransferase+ J Biol Chem 274:814–824+

Orr-Weaver TL, Szostak JW, Rothstein RJ+ 1981+ Yeast transforma-
tion: A model system for the study of recombination+ Proc Natl
Acad Sci USA 78:6354–6358+

Osterman DG, DePillis GD, Wu JC, Matsuda A, Santi DV+ 1988+
5-Fluorocytosine in DNA is a mechanism-based inhibitor of HhaI
methylase+ Biochemistry 27:5204–5210+

Persson BC, Gustafsson C, Berg DE, Björk GR+ 1992+ The gene for
a tRNA modifying enzyme, m5U54-methyltransferase, is essential
for viability in Escherichia coli+ Proc Natl Acad Sci USA 89:3995–
3998+

Pomerantz SC, McCloskey JA+ 1990+ Analysis of RNA hydrolyzates
by liquid chromatography-mass spectrometry+ Methods Enzymol
193:796–824+

Resnick MA, Sugino A, Nitiss J, Chow T+ 1984+ DNA polymerases,
deoxyribonucleases, and recombination during meiosis in Sac-
charomyces cerevisiae+ Mol Cell Biol 4:2811–2817+

Rose AM, Joyce PB, Hopper AK, Martin NC+ 1992+ Separate infor-
mation required for nuclear and subnuclear localization: Addi-
tional complexity in localizing an enzyme shared by mitochondria
and nuclei+ Mol Cell Biol 12:5652–5658+

Rose MD,Winston F, Hieter P+ 1990+Methods in yeast genetics+ Cold
Spring Harbor, New York: Cold Spring Harbor Laboratory Press+

Sadekova S, Chow TY+ 1996+ Over-expression of the NUD1-coded

The tRNA(m5U54)methyltransferase of S. cerevisiae 859



endo-exonuclease in Saccharomyces cerevisiae enhances DNA
recombination and repair+ Curr Genet 30:50–55+

Sambrook J, Fritsch EF, Maniatis T+ 1989+ Molecular cloning: A lab-
oratory manual+ Cold Spring Harbor, New York: Cold Spring Har-
bor Laboratory Press+

Sanger F, Nicklen S, Coulson AR+ 1977+ DNA sequencing with chain-
terminating inhibitors+ Proc Natl Acad Sci USA 74:5463–5467+

Scherer S, Davis RW+ 1979+ Replacement of chromosome segments
with altered DNA sequences constructed in vitro+ Proc Natl Acad
Sci USA 76:4951–4955+

Sikorski RS, Hieter P+ 1989+ A system of shuttle vectors and yeast
host strains designed for efficient manipulation of DNA in Sac-
charomyces cerevisiae+ Genetics 122:19–27+

Simos G, Tekotte H, Grosjean H, Segref A, Sharma K, Tollervey D,
Hurt EC+ 1996+ Nuclear pore proteins are involved in the biogen-
esis of functional tRNA+ EMBO J 15:2270–2284+

Smith DB, Johnson KS+ 1988+ Single-step purification of polypep-
tides expressed in Escherichia coli as fusions with glutathione
S-transferase+ Gene 67:31–40+

Sprinzl M, Vassilenko KS, Emmerich J, Bauer F+ 1999+ Compilation of
tRNA sequences and sequences of tRNA genes+ http://www+uni-
bayreuth+de/departments/biochemie/trna/+

Studier FW, Moffatt BA+ 1986+ Use of bacteriophage T7 RNA poly-
merase to direct selective high-level expression of cloned genes+
J Mol Biol 189:113–130+

Tatusova TA, Madden TL+ 1999+ BLAST 2 Sequences, a new tool for
comparing protein and nucleotide sequences+ FEMS Microbiol
Lett 174:247–250+

Tolerico LH, Benko AL, Aris JP, Stanford DR, Martin NC, Hopper AK+
1999+ Saccharomyces cerevisiae Mod5p-II contains sequences
antagonistic for nuclear and cytosolic locations+Genetics 151:57–
75+

Van Vliet-Reedijk JC, Planta RJ+ 1993+ The RHO4a and NUD1 genes
on Saccharomyces cerevisiae chromosome XI+ Yeast 9:1139–
1147+

von Pawel-Rammingen U, Åström S, Byström AS+ 1992+ Mutational
analysis of conserved positions potentially important for initiator
tRNA function in Saccharomyces cerevisiae+ Mol Cell Biol 12:
1432–1442+

Wu JC, Santi DV+ 1987+ Kinetic and catalytic mechanism of HhaI
methyltransferase+ J Biol Chem 262:4778–4786+

Yaffe MW+ 1991+Analysis of mitochondrial function and assembly+ In:
Guthrie C, Fink GR, eds+ Guide to yeast genetics and molecular
biology+ San Diego: Academic Press, Inc+ pp 627–643+

860 M.E. Nordlund et al.


