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N?-Monomethylguanosine-10 (m*G10) and N°,N°-dimethylguanosine-26 (m>,G26) are the only two
guanosine modifications that have been detected in tRNA from nearly all archaea and eukaryotes but not in
bacteria. In Saccharomyces cerevisiae, formation of m>,G26 is catalyzed by Trmlp, and we report here the
identification of the enzymatic activity that catalyzes the formation of m*G10 in yeast tRNA. It is composed of
at least two subunits that are associated in vivo: Trm11lp (Yoll124c), which is the catalytic subunit, and
Trm112p (Ynr046w), a putative zinc-binding protein. While deletion of TRM11 has no detectable phenotype
under laboratory conditions, deletion of TRM112 leads to a severe growth defect, suggesting that it has
additional functions in the cell. Indeed, Trm112p is associated with at least four proteins: two tRNA
methyltransferases (Trm9p and Trm11p), one putative protein methyltransferase (Mtc6p/Ydr140w), and
one protein with a Rossmann fold dehydrogenase domain (Lys9p/Ynr050c). In addition, TRM11 interacts
genetically with TRM1, thus suggesting that the absence of m*G10 and m?,G26 affects tRNA metabolism

or functioning.

tRNAs are transcribed as precursor molecules by RNA poly-
merase III, then the primary transcripts undergo posttranscrip-
tional maturation before becoming functional. tRNA matura-
tion includes the removal of leader and trailer sequences, the
addition of a CCA at the 3’ end, sometimes the splicing of an
intron, and the modification of numerous nucleotides (34, 42,
57). In yeast tRNA, modified nucleotides are detected at 35
different positions out of 76. They are formed posttranscrip-
tionally and require various types of enzymatic activities such
as 2'-O-ribose methyltransferases (MTases), base MTases,
pseudouridylases, deaminases, thiolases, reductases, and oxi-
dases. Base and ribose methylations are by far the most fre-
quent modifications in tRNA (26, 57). In yeast, cytoplasmic
tRNAs sequenced so far contain 15 methylated bases and five
2'-O-methylriboses, while mitochondrially encoded tRNA pos-
sess only 4 methylated bases, none of which are unique to
mitochondria (57). It is likely that the formation of all these
methylated nucleotides is catalyzed by unisite- or multisite-
specific MTases. The first identified yeast tRNA MTase (Trm)
Trmlp, is required for the formation of N?,N°-dimethyl-
guanosine at position 26 (m?,G26) in cytoplasmic and mi-
tochondrial tRNA (19). Later, several tRNA MTases were
identified, by either genetic screening, bioinformatic analy-
sis, or biochemical genomics (34). Out of the 10 tRNA
MTases that have been characterized to date in yeast, only
Trm6p and Trm61p, which form a heterodimer required for
the formation of m'A58, are essential for cell growth (2).
Deletion of either TRM5 or TRM7 leads to a severe growth
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defect (8, 51), while the genes encoding other Trm proteins
can be deleted without apparent cell growth defects under
laboratory conditions.

With the exception of only one tetrahydrofolate-dependent
enzyme (17), all known MTases acting on nucleic acids use
S-adenosyl-L-methionine (AdoMet) as a cofactor (10, 14). Al-
though AdoMet-dependent MTases can be classified into at
least six unrelated superfamilies based on structural and evo-
lutionary considerations (54), all DNA MTases and most RNA
MTases belong to the largest class I of Rossmann fold-like
MTases (RFMs) (11). A characteristic feature of these en-
zymes is the presence of nine common motifs that map onto
the catalytic face of the common fold, with motifs I to III
involved in AdoMet binding, and motif IV and often motifs VI,
VIII, and X involved in binding to the target nucleotide and in
methyl transfer reactions (20).

Using a combination of protein fold recognition and mod-
eling-based identification of potential catalytic and RNA-bind-
ing residues, we previously identified 20 putative RNA MTases
(termed MTase candidates or Mtcs) (14) and then tested their
involvement in tRNA methylation. Here, we report the char-
acterization of the activity responsible for the formation of
m?G10 in yeast tRNA. The enzyme is composed of at least two
subunits: Trm11p is the catalytic subunit that contains the
RFM domain, and Trm112p shows similarity to an uncharac-
terized family of putative Zn-binding proteins. Trm112p ap-
pears to belong to a complex network of enzymatic activities,
suggesting that it has additional functions in the cell. While
preventing the formation of either m*G10 or m*,G26 did not
measurably affect cell growth rate under laboratory conditions,
preventing the formation of both led to a growth defect. This
result suggests that, for some tRNAs, these two modifications
act coordinately to permit efficient tRNA synthesis or func-
tioning.
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TABLE 1. Strains used in this study

Strain Genotype Plasmid Main property Reference or source
BMAG64-1A MATa" 6
ZZ-Noplp MATo nopl-0::HIS3¢ pZZ-Noplp 21
YBL4494 MATo trm7-0::TRP1* pBL598 TRM7-ZZ 51
Y16274 MATa yoll24c::kanMX4” trml11-0 Euroscarf
YBLA4577 MATo trml11-0::kanMX4* trm11-0 This work
Y14074 MATa ydr140w::kanMX4" mtc6-0 Euroscarf
YBLA4586 MATo ydr140w::kanMX4* mtc6-0 This work
YBLA4557 MATa trm9-0::TRP1“ trm9-0 This work
YBLA4589 MATo lys9-0::URA3 lys9-0 This work
YBLA4581 MATa trm1-0::URA3" trml1-0 This work
YBLA4580 MATo TRM11::TAP-TRPI1* Trm11-TAPp (chromosome) This work
YBLA588 MATo trml11-0::kanMX4* pBL640 Trm11-TAPp (plasmid) This work
YBLA4597 MATo trml11-0::kanMX4* pBL645 Trm11(D215A)-TAP This work
YBLA4598 MATo trml11-0::kanMX4* pBL646 Trm11(D291A)-TAP This work
YBLA4583 MATa trm1-0::URA3/trm11-0::kanMX4* trm1-0 trm11-0 This work
Y25421 MATa/o trm112:kanMX4/TRM112° TRM112/trm112-0 Euroscarf
YBLA663 MATa trml12:kanMX4* trm112-0 This work
YBLA4665 MATa trml112:kanMX4* pBL652 TRM112 This work
SC1438 MATa YNRO46w::TAP-KI URA3¢ Trm112-TAPp Euroscarf
YBLA4634 MATa TRM112::TAP-KI URA3" Trm112-TAPp This work
YBL4635 MATa TRM112::TAP-KI URA3 Trm11-TAPp Trm112-TAPp This work

TRM11::TAP TRP*
Ynr046w-YFP MATa/oa TRM112-YFP-kanMX4* Trm112-YFPp 31
YBLA4689 MATa TRM11-TAP TRM112-YFP¢ Trm11-TAPp Trm112-YFPp This work

¢ Other markers are ade2-1 leu2-3,112 his3-11,15 ura3-1 trp1-0 canl-100.
> Other markers are his3A1 leu2-0 lys2-0 METI15/met15-0 ura3-0.
¢ Other markers are ade2 arg4 leu2-3,112 trp1-289 ura3-52.

@ Other markers are ade2-1°° ADE3/ade3-0 canl-100 CYH2%/cyh2" his3-11,15 leu2-3,112 trp1-1 ura3-1.

MATERIALS AND METHODS

Microbiological methods and recombinant DNA work. Yeast cells were grown,
handled, and transformed as previously described (23, 28). The strains used in
this study are listed in Table 1. A trm11::kanMX4 cassette was amplified using
primers OBL197 and OBL198 (oligonucleotides used in this study are listed on
Table 2), and genomic DNA was prepared from strain yoll24c::kanMX4 (strain
S288c; Euroscarf, Frankfurt, Germany). Then, the purified PCR fragment was
transformed into strain BMA64 (a derivative of W303 provided by F. Lacroute)
to delete the TRMII gene. trml12-0 and mitc6-0 (ynrO46w:kanMX4 and
ydr140w::kanMX4; Euroscarf) were also transferred to BMAG64 using primer
pairs OBL254-OBL255 and OBL185-OBL186, respectively. TRM9 was deleted
in BMAG4 by a PCR-based method (6) with primers OBL163-OBL164 and
pRS314 as a template (55). Similarly, TRM1 and LYS9 were deleted with
OBL230-OBL231 and OBL250-OBL251, respectively, and pRS316 as a template
(55). TRM11 was tagged with the tandem affinity purification (TAP) tag using
primers OBL238-OBL239 and pBS1479 as a template (53) and transformed into
BMAG4. The TRM11-TAP gene was amplified using genomic DNA and primers
OBL236-OBL237 and cloned into the SphI and Kpnl sites of pFL39 (9) to yield
pBL640. Point mutations on the TRM11-TAP gene were constructed with a
QuikChange kit (Stratagene) using pBL640 as a template and primers OBL244-
OBL245 (to yield pBL645) and primers OBL246-OBL247 (to yield pBL646).
Strain YBLA4663 (trm112-0) was made by backcrossing a haploid strain obtained
from the sporulation of Y25421 (Euroscarf) four times with BMAG64. The
TRM112 gene was amplified with primers OBL254-OBL282 and cloned as an
SphI-Kpnl fragment into pFL39 to yield pBL652, which was then used to com-
plement YBL4663 to yield YBL4665.

Protein analysis, Western blotting, and immunofluorescence microscopy. Na-
tive protein extracts were prepared as described previously (50), except that cells
were broken in 100 mM Tris-Cl (pH 8.0), 5 mM MgCl,, 0.1 mM EDTA, 100 mM
KCl, 10% glycerol, 2 mM dithiothreitol, 1 wg/ml pepstatine, and 1 mM phenyl-
methylsulfonyl fluoride supplemented with yeast protease inhibitor cocktail
(Sigma). Protein concentrations were determined by using the Bradford protein
assay (Sigma). Protein fractionation on sodium dodecyl sulfate-polyacrylamide
gel electrophoresis, immunoblotting assays, and immunoprecipitation were car-
ried out as described previously (50). For immunofluorescence microscopy, cells
were prepared according to reference 50. Immunodetection was achieved with
fluorescent immunoglobulin Gs (IgGs) (Alexa 488; Molecular Probes); images
were acquired with a Leitz microscope.

tRNA MTase activity assay. In vitro testing for MTase activity was performed
essentially as described previously (25, 37). A total of 50 to 100 fmol of in
vitro-transcribed and purified [**P]tRNA were incubated at 30°C for 2 h in 100
mM Tris-Cl (pH 8), 100 mM ammonium acetate, 5 mM MgCl,, 0.1 mM EDTA,
2 mM dithiothreitol, 20 uM S-adenosyl-L-methionine, and S10 extract (~10 ug
of protein). Modified tRNA was then extracted and digested with nuclease P1
(Roche), and the modified nucleotides were separated by two-dimensional thin-
layer chromatography (2D-TLC) as described previously (25, 37). In vivo label-
ing with [3?P]orthophosphate and purification of total yeast tRNA, prior to their
analysis, was done according to references 25 and 60.

RESULTS

m>G10 formation requires the catalytic activity of Trm11p.
Mtclp to Mtc20p were selected as putative RNA MTases in
yeast (14). To test whether any of these candidates was in-
volved in tRNA methylation, yeast strains deleted for the cor-
responding open reading frame (ORF) were constructed, and
various tRNA modification activities were assayed in vitro us-
ing different synthetic tRNA as substrates. Cytoplasmic tRNAs
contain five 2'-O-methylriboses at positions 4, 18, 32, 34, and
44 and 15 methylated bases at 12 different positions: 9, 10, 26,
32, 34, 37, 40, 46, 48, 49, 54, and 58 (Fig. 1A). Most of these
modifications are achieved by unisite-specific enzymes, while
there are also two multisite-specific enzymes, Trm4p (m>C
MTase) (44) and Trm7p (2'-O-ribose MTase) (51). Up to now,
10 MTases have been characterized, which catalyze the forma-
tion of 14 methylated nucleotides, leaving six orphan positions:
Am/Cm4, m*G10, m*C32, ncm’Um34, yW37 (probably two or
three methyl groups), and Um44. In addition, two modifica-
tions have been reported previously that appear now as oddi-
ties compared to other known modifications: tRNA™
(Table 3, footnote b) was reported to have an m*G at position
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TABLE 2. Oligonucleotides used in this study®
Name Description Sequence

OBL163 TRM9 deletion 5’ ATTCGGTAATGAACTGAACAGAGATGAGGTCTCGAAGAGCCAAGAAATAA
CGGGTGTTGGCGGGTGTC

OBL164 TRM9 deletion 3’ CCTGCTGCTACAAAATACACTGTCTACCTATATATCACCTTCATCTCTTCCT
GATGCGGTATTTTCTCCT

OBL185 MTC6 5' TTCAGCTAAAAGTTGTTCG

OBL186 MTC6 3’ TGATTTATATGGTTGTGGTG

OBL197 TRMI11'5' TACCCGTAATATGGAGATG

OBL198 TRM11 3’ TTTTTCACTTGTATTTTTG

OBL230 TRM]I deletion 5’ TCGCAAAGTTACAGATCCTGAGCAGTCATAAGTTGATACCTTTCCTCTTAC
ACGGGTGTTGGCGGGTGTC

OBL231 TRM]I deletion 3’ ATATATATTTATTTATTTTTTACACATACATACTGCCCTCCTGATTACTTCTG
ATGCGGTATTTTCTCCT

OBL236 TRM11 cloning 5’ AACTGCAGATTACAGTGGCGGAAAGGAG

OBL237 TRM11 cloning 3’ CCCAAGCTTAATGCGGAGCTGATAAGG

OBL238 TRMI1I-TAP 5’ TAAAACGTTCAAAAGATAATTTCAGGGAGCGGTACTTCAATAATTTTAACT
CCATGGAAAAGAGAAG

OBL239 TRMI11-TAP 3' TTCTACATGATGGAACATAAACATAAATATAGGTATAGATAAATTGTTCTT
ACGACTCACTATAGGG

OBL244 TRM11-D2154 5' GAACTATAATGTACGCCCCGTTTGCAGGTAC

OBL245 TRM11-D2154 3’ GTACCTGCAAACGGGGCGTACATTATAGTTC

OBL246 TRM11-D2914 5’ GATACTATTTTGTGTGCTCCTCCATATGGTA

OBL247 TRM11-D291A4 3’ TACCATATGGAGGAGCACACAAAATAGTATC

OBL250 LYS9 deletion 5’ GTAGGGAAAACTTATCAGGACAATTGAGTTATATTAACGTATTATATATT
CGGGTGTTGGCGGGTGTC

OBL251 LYS9 deletion 3’ AATAGCCAATACTTTTTAGACTAAAGGTAGACGACTTACTAGCGGTTCAAC
TGATGCGGTATTTTCTCCT

OBL254 TRM112'5' AATCAGCATCCTCAAACT

OBL255 TRM112 3' GTTGAAGGGAATCGTGTT

OBL282 TRM112-TAP 3’ ACATGCATGCGTTGAAGGGAATCGTGTT

“ Nucleotides in boldface type correspond to the mutations that were introduced in TRM11.

9 (56), while all other yeast tRNA modified at that position
have an m'G that is formed by Trm10p (36). Similarly,
tRNAY? ., (Table 3, footnote b) was reported to contain an
m>G at position 26 (24), while all other yeast tRNA modified
at that position possess an m?,G that is formed by Trm1p (19).

We selected intronless-tRNA" ., (59) as a template to
test for m*G10 formation in vitro. When transcribed in the
presence of [a->*P]GTP, this tRNA permits detection of the
formation of m*G and m’G after incubation with a cellular
extract prepared from a wild-type strain. No other methylated
G is formed on this tRNA that contains a U at position 26,
therefore preventing the formation of m?,G at that position
(49). Based on the sequence of this tRNA, we assumed that, in
vitro, m*G is formed at position 10 and m’G is formed at
position 46. These modifications are also found at these posi-
tions in numerous other yeast tRNAs (57). When comparing
enzymatic activities from extracts prepared from a wild-type
and an mtc12-0 (yol124c-0) mutant strain, a spot corresponding
to m’G, which is catalyzed by Trm8/82p (1), was detected on
both TLCs (Fig. 1B, panels 1 and 2). In contrast, a spot cor-
responding to m*G was formed with the wild-type extract on
tRNA"® but not with the mic/2-0 mutant extract. This result
suggested that Mtc12p is required for the formation of m*G10
in vitro, and it was designated Trm11p, following the current
nomenclature for yeast tRNA MTases. A centromeric plasmid
expressing wild-type Trm11p was able to fully restore the for-
mation of m*G in a #rmll-0 strain, thus demonstrating that
Trm11p is necessary for the formation of m*G10 in vitro.

To detect and purify Trm1lp, the TRMII sequence was
fused to a TAP tag (53), and the resulting TRM11-TAP gene

was cloned on a centromeric plasmid and transformed into the
trm11-0 strain. Trm11-TAPp is functional, since it is able to
restore the formation of m*G10 in tRNA", ., (Fig. 1B, panel
3). From multiple sequence alignment and modeling of
Trmllp (see below and see Fig. 7), we predicted that the two
aspartate D215 and D291 are key residues involved in AdoMet
binding and MTase catalytic activity, respectively. Residue
D215 belongs to motif I of the AdoMet-binding subdomain,
and it is equivalent to D49 of Trm7p, which catalyzes the
formation of two 2’-O-methylriboses at positions 32 and 34 in
yeast tRNA (51), and D52 of Spblp, which catalyzes the for-
mation of Gm,q,, in yeast 25S rRNA (41). These aspartate
residues were shown to be critical for the enzymatic activities
of Trm7p and Spblp (41, 51). Residue D291 of Trm1lp be-
longs to motif IV, which has been found to be important for
the catalytic activity of many nucleic acid MTases (11). There-
fore, a point mutation was introduced into the TRM11-TAP
gene to change either D215 or D291 into an alanine (Trm11-
D215A-TAP or Trml11-D291A-TAP). MTase activity was
nearly abolished in the two mutant strains (Fig. 1B, panels 4
and 5), thus demonstrating that these two aspartate residues
are essential for the MTase activity of Trm11p. We confirmed
by Western blot analysis that these two mutant proteins were
expressed at a level similar to that of the wild-type Trm11-TAP
protein and thus that the phenotype observed for the two
mutants was not due to a change in the protein level (Fig. 1C,
lanes 1 to 3). We conclude from these results that Trm11p
exerts MTase catalytic activity, as predicted from the bioinfor-
matics study (14).

As another means to demonstrate that the catalytic activity
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FIG. 1. Trm11p is required for m*G10 formation in vitro. (A) Cloverleaf representation of yeast tRNA showing the position of methylated
nucleotides. Black circles, 2'-O-methylriboses; shaded circles, methylated bases. The position and the nature of the modified nucleotides are listed
on the right side of the figure. The 11 known tRNA MTase activities (including Trm11/Trm112) are shown, with their target(s). The sites of action
of the two multisite specific enzymes, Trm4 and Trm7, have been boxed. (B) In vitro methylation analysis of [a-**P]GTP-radiolabeled intronless
tRNA" ., using S10 extracts prepared from various strains. Panels: 1, wild-type (BMAG64); 2, rm11-0 (YBLA4577); 3, trm11-0 plus Trm11-TAP
(YBLA4588); 4, Trm11-D215A-TAP mutant protein (YBL4597); 5, Trm11-D291A-TAP mutant protein (YBL4598); 6, control immunoprecipitation
using a wild-type extract and IgG-Sepharose beads; 7, immunoprecipitation of Trm11-TAP (YBL4580); 8, reference map indicating the location
of the three nucleotides of interest (pG, pm*G10, and pm’G46). Pi, inorganic phosphate. The arrow points to the m*G10 spot that is absent in the
trm11-0 strain. The solvent system used for the TLC was NI/RII (37). (C) Western blot analysis of TAP-tagged proteins. Similar amounts of protein
were loaded in each lane, as demonstrated by the detection of Swi6p (47), which is used here as a control. Comparison of the signal obtained for
wild-type Trm11p (lane 1) and for the two mutant proteins D215A (lane 2) and D291A (lane 3) is shown. The signal obtained for Trm11-TAPp
(lane 5) was compared with those obtained for Trm7-ZZp (lane 4) (51) and ZZ-Noplp (lane 6) (21). (D) Immunofluorescence detection of
Trm11-TAP in yeast cells. (Top) Cells were labeled with DAPI to visualize the structures containing DNA, nuclei and mitochondria (different fields
with representative cells are shown). (Bottom) Fluorescent IgGs detect the S. aureus protein A fragment, expressed as a fusion with Trm11p. No
tag, wild-type cells expressing no tagged protein (lower magnification).

actually depends on Trm11p, the protein was immunoprecipi-
tated and tested in vitro for m*G10 formation. Immunopre-
cipitation was performed with native S100 extracts prepared
from strains expressing either wild-type untagged Trm11p as a
control (Fig. 1B, panel 6) or a Trm11-TAP fusion protein
(YBLA4580) and IgGs coupled to Sepharose beads. m*G10 for-
mation activity in tRNA™"®,.; was mostly detected in the
pellet containing the Trm11-TAP protein, thus demonstrating
that Trm11p is required for this activity (Fig. 1B, panel 7).
The abundance of Trm11p in the cell was compared to that
of Trm7p, another tRNA modifying enzyme, as well as to the
abundant nucleolar protein Noplp, used here as a control (7,
51). Trm11p is ~20 times less abundant than Noplp, and it is
~10 times more abundant than Trm7p (Fig. 1C, lanes 4 to 6),
as estimated from serial dilution experiments (data not

shown). Trm11-TAP was then localized in the cell by indirect
immunofluorescence microscopy. 4',6-Diamidino-2-phenylin-
dole (DAPI) decorates the nucleus and the mitochondria
throughout the cytoplasm, due to their DNA content (Fig.
1D). Fluorescent IgGs revealed Trm11-TAPp throughout the
cytoplasm, while it appeared to be mostly excluded from the
nucleus.

m>G10 formation also requires Trm112p, which is associ-
ated with Trm11p. Formation of m'A58 and m’G46 requires
heterodimeric enzymes: Trm6/61p and Trm8/82p, respectively
(1, 2). Therefore, we investigated whether Trm11p is sufficient
for m*G10 formation or requires other factors. Recombinant
Trm11p expressed in Escherichia coli exhibited no m*G10 for-
mation activity (data not shown), suggesting that an essential
factor could be missing in E. coli. A global analysis of protein
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TABLE 3. Modified nucleotides at positions 9, 10, and 26 in
yeast tRNAs*

) No. of Position

Name  Abundance  Anticodon
8eNSS  m!G9 m?G10  m%G26

Ala Minor UGC 5 ND ND ND
Arg Rare CCU 1 ND ND ND
Arg Rare CCG 1 ND ND ND
Leu Rare GAG 1 ND ND ND
Thr Minor UGU 4 ND ND ND
Glu Minor CcucC 2 ND ND A
Thr Rare CGU 1 ND ND U
Asp Major GUC 16 - - -
Cys Major GCA 4 - - -
Gln Major uuG 7 - - U
Gln Minor uuG 2 - - U
Gln Rare CUG 1 - - U
Glu Major uucC 14 - - A
Gly Major GCC 16 + - C
Gly Minor ucc 3 - - C
Gly Minor CcCC 2 - - U
His Major GUG 7 - - A
Pro Major UGG 10 + - U
Pro Minor AGG 2 - - C
Val Major AAC 14 + - A
Ile Major AAU 13 + + C
Ile Minor UAU 2 - + U
Trp Major CCA 6 + + v
Ala Major AGC 11 + - +
Lys® Major CUU 14 + - +
Ser Major AGA 11 - - +
Ser Minor GCU 4 - - +
Ser Minor UGA 3 - - +
Ser Rare CGA 1 - - +
Arg Major ACG 6 + + +
Arg Major UCuU 11 + + +
Asn Major GUU 10 - + +
Leu Major CAA 10 - + +
Leu Major UAA 7 - + +
Leu Minor UAG 3 - + +
Lys Major uUuu 7 - + +
Met; Initiator CAU 5 + + +
Met Elongator CAU 5 - + +
Phe Major GAA 8 - + +
Phe Minor GAA 2 - + +
Thr Major AGU 11 - + +
Tyr Major GUA 8 - + +
Val Minor UAC 2 - + +
Val®  Minor CAC 2 - + 27

“ +, the modification is present at that position; —, the G at that position is not
methylated. This table has been prepared according to reference 57. The number
of genes for each tRNA is given according to references 30 and 43. For the first
seven tRNAs, no information concerning the modification status is available,
since these tRNAs have not yet been sequenced. ND, not determined; ??,
uncertain.

® These tRNAs (Lys, Val) are discussed in the text.

complexes in yeast had reported an interaction of Trm11p with
the product of an uncharacterized ORF, YNRO46w (which will
be referred to as TRM112) (22). In that study, Trm112p was
reported to interact with four proteins: Trmllp, Trm9p
(Yml014w) (38), Mtcop (Ydr140w), and Lys9p (Ynr050c) (52)
(Fig. 2). It is striking that the four proteins interacting with
Trm112p share sequence similarities: Trm11lp, Trm9p, and
Mtcb6p possess an MTase domain, and Trm11p and Trm9p are
proven tRNA MTases (this work and reference 38), while
Mtc6p is an ortholog of the N(5)-glutamine protein MTase
HemK, which is involved in the regulation of translation by
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FIG. 2. Trm112p interacts with several proteins, including Trm11p.
Large-scale analysis of protein complexes (22) has revealed an inter-
action of Trm112p with Lys9p, Trm9p, Mtc6p, and Trm11p, as sche-
matically shown. Molecular masses of the five proteins are given in
kilodaltons. A secondary structure representation is shown for the
Rossmann fold and for the MTase domain. a-Helices are represented
by ovals and B-strands are represented by triangles.

modifying release factors (32, 46). The fourth protein, Lys9p, is
related to Rossmann fold dehydrogenases, which resemble the
RFM except for the lack of the C-terminal antiparallel
B-strand (Fig. 2). To investigate whether any of these proteins
were required to assist Trm11p in m*G10 formation, the cor-
responding ORFs were deleted. The four resulting yeast
strains were viable, and lys9-0 and mtc6-0 strains did not exhibit
any growth defect compared to the wild type. In contrast, the
trm9-0 strain had a mild growth defect, with a generation time
of ~120 min, and growth of the #rm112-0 strain was severely
impaired, with a generation time of ~360 min (Fig. 3A). Dou-
ble-mutant strains were then constructed by combining any of
the five deletions (data not shown). No synthetic effect was
observed for any of these strains, and the double-mutant strain
trm11-0 trm9-0 had a generation time of ~120 min, similar to
that of the #m9-0 strain (see Discussion).

The pattern of modified nucleotides was examined with bulk
radiolabeled tRNA extracted from the trml1l-0, trml12-0,
mtc6-0, trm9-0, and lys9-0 strains. In vivo-labeled tRNA di-
gested with nuclease P1 revealed a complex pattern of modi-
fied nucleotides, among which the nonmodified 5" monophos-
phate nucleotides pA, pC, pG, and pU gave the most intense
signals (Fig. 3B, panel 1). Radiolabeled spots corresponding to
ribothymidine (pT), dihydrouridine (pD), and pseudouridine
(p¥), which are present in all naturally occurring yeast tRNAs,
were also readily detected. Other modified nucleotides, which
are present only in certain tRNAs, yield less-intense spots that
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FIG. 3. Trmllp and Trm112p are both required in vivo for the
formation of m*G10. (A) Growth curves of wild-type and mutant
strains in YPD at 30°C. Black circles, wild type (BMAG64); open
squares, trm11-0 (YBLA4577); open diamonds, #rm9-0 (YBL4557); open
circles, trm112-0 (YBLA4663). A0 nm Was plotted on a semilogarithmic
graph as a function of time in hours. (B) Autoradiogram of selected
2D-TLC of modified nucleotides after nuclease P1 digestion of in
vivo-labeled [**P]tRNA. Hydrolysates of total tRNA were analyzed
with the chromatographic system NI/RII (37). Panels: 1, wild type
(WT); 2, trm11-0; 3, trm112-0; 4, mtc6-0; 5, trm9-0; 6, lys9-0. The spots
of interest are shown on the wild-type panel. The arrows indicate the
positions for m*G10.

can still be easily identified on the autoradiogram with the
previously established maps, as long as they do not comigrate
with other modified nucleotides (25).

The spot on the TLC plate corresponding to m*G in the
wild-type strain is clearly missing in tRNA extracted from the
trm11-0 and trm112-0 strains (Fig. 3B, panels 2 and 3). In
contrast, this spot was visible in tRNA extracted from the
mtc6-0 (plate 4), trm9-0 (plate 5), and lys9-0 (plate 6) strains.
To confirm the data obtained in vivo, cellular extracts were
prepared from the #rm112-0 strain and tested in vitro, using a
synthetic intronless tRNA", ., transcribed in vitro in the
presence of [a->*P]GTP as a substrate. This extract was unable
to catalyze the formation of m*G10 in vitro, while m’G46 was
correctly formed (Fig. 4A, panel 1). A plasmid carrying the
wild-type TRM112 gene transformed into the #rm112-0 strain
was able to restore its wild-type growth (data not shown) and
its ability to catalyze the formation of m*G10 (Fig. 4A, panel
2). These results demonstrate that Trm112p and Trml1p are
both required for the formation of m>G10 in vivo as well as in
vitro.

The Trm112 protein fused to the TAP tag was immunopre-
cipitated from an S100 cell extract, and its activity was tested in
vitro as described above (Fig. 4A, panel 3). The result dem-
onstrates that Trm112-TAPp is immunoprecipitated with the
m>G10 formation activity but not m’G46. In addition, no ac-
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FIG. 4. Trm112p is required for the formation of m*G10 in vitro
and is associated with Trm1lp. (A) [a-**P]GTP-labeled intronless
tRNA"® ., was incubated with S10 cell extracts prepared from vari-
ous strains or with an immunoprecipitated fraction, and then modified
nucleotides were analyzed as in Fig. 1. Panel 1, rm112-0 (YBL4663);
panel 2, +112 (strain trm112-0 complemented with a TRM112 gene on
a centromeric plasmid [YBL4665]); panel 3, Ip 112-TAP (Trm112-
TAPp immunoprecipitated from an S100 extract prepared from strain
YBLA4634 and tested for m*G10 formation activity). (B) Comparison of
the abundance of Trm112-TAPp and Trm11-TAPp. Western blot anal-
ysis was performed using IgGs coupled to peroxidase, and extracts
were prepared from cells expressing protein A-tagged proteins. Lanes:
1, Trm11-TAPp(YBL4580); 2, Trm112-TAPp(YBL4634); 3, Trm11-
TAPp/Trm112-TAPp(YBLA4635). Similar amounts of proteins were
loaded in each lane, as demonstrated by using anti-Swi6p antibodies.
(C) Coimmunoprecipitation experiment. Cellular extracts prepared
from strains expressing either Trm11-TAPp, Trm112-YFPp, or both
were incubated with IgG-Sepharose beads, the pellets were washed
under stringent conditions, and then proteins were eluted and tested
by Western blot analysis, using an anti-GFP serum that detects both
fusion proteins. Lane 1, wild-type strain; lanes 2 and 4, Ynr046w-YFP;
lane 3, YBL4689; lane 5, YBL4580. In the results shown in lane 2,
immunoprecipitation was performed using anti-GFP and protein A-
Sepharose beads.

tivity was precipitated with an untagged strain, thus confirming
the specificity of the immunoprecipitation. Lys9p and Mtc6p
were also fused to the TAP tag, but no m*G10 formation
activity could be precipitated with these proteins (data not
shown). To evaluate the relative abundance of Trm11p and
Trm112p, a strain expressing the two tagged proteins expressed
from their natural promoters was tested by Western blot anal-
ysis. The two proteins were present in comparable amounts in
the cell, an observation compatible with the hypothesis that
they form a complex (Fig. 4B, lane 3).

The direct association of Trm1lp and Trm112p was then
tested by coimmunoprecipitation analysis. TRM112 fused to
the yellow fluorescent protein (YFP) gene drives the expres-
sion of Trm112-YFP that can be detected with antibodies
raised against green fluorescent protein (GFP) (31). Cellular
extracts were prepared from a strain expressing both Trm11-
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TAPp and Trm112-YFP, and then Trm11-TAPp was precipi-
tated with IgGs coupled to Sepharose beads (Amersham). The
result clearly shows that Trm112p is coprecipitated with
Trmllp, thus confirming the physical association of the two
proteins (Fig. 4C, lane 3). No Trm112-YFP was precipitated in
the absence of Trm11-TAP (lane 4), and the signal truly de-
pended on Trm112-YFP (lane 5). Interestingly, the two mutant
proteins Trm11-D215Ap and Trm11-D291Ap were both able
to precipitate Trm112p, thus indicating that the interaction
between the two proteins did not depend on the MTase activity
(data not shown). Trm112p also coprecipitated with Lys9-
TAPp, Mtc6-TAPp, and Trm9-TAPp, thus confirming the data
obtained previously (22).

We then tested whether Trm112p exerted its effect through
the synthesis or maintenance of Trml1lp. To this end, the
abundance of Trm11-TAPp was compared in a wild-type and
in a trml12-0 strain and found to be similar. Conversely,
Trm112-TAPp was expressed at the same level in a wild-type
or in a trml11-0 strain (data not shown). Taken together, these
results suggest that Trm11p and Trm112p form a complex and
that both subunits are required to achieve the catalytic forma-
tion of m*G10 in vivo and in vitro. We cannot yet conclude
whether these two subunits are sufficient to catalyze this reac-
tion, since their coexpression in E. coli failed to reconstitute
the activity (data not shown), and it cannot be excluded that
the active complex coprecipitated from the yeast includes some
other components.

TRM11 interacts genetically with TRM1. The trm11-0 strain
growth rate was indistinguishable from that of a wild-type
strain under laboratory conditions (Fig. 5A and B). Therefore,
we tested the effect of combining the deletion of TRM11 with
the deletion of certain tRNA-modifying activities or the part-
ners of Trm112p. When #mli1-0 was combined with either
trml1-0, trm7-0, trm8-0, trm9-0, lys9-0, or mtc6-0, there was a
genetic interaction only between TRM11 and TRMI. Trmlp
catalyzes the formation of m?,G26 in both cytoplasmic and
mitochondrial tRNA (19, 33). While the #rml-0 and the
trm11-0 single-mutant strains had no detectable growth defect
under laboratory conditions (doubling time, ~90 min), the
double-mutant strain #rm1-0 trm11-0 had a doubling time of
~140 min at 30°C (Fig. 5A and B). This synthetic defect was
abolished when the cells were complemented with a wild-type
copy of one of the two genes (Fig. 5B, right, and data not
shown). The double-mutant cells were ~10% larger on the
average than those of the wild type and they had a lengthened
cell cycle G, phase (data not shown). To test whether forma-
tion of m*G10 and m?,G26 was dependent on each other, we
examined these activities in each mutant strain using [a-**P]GTP-
radiolabeled synthetic intronless yeast tRNA™™ ., as a sub-
strate (see Fig. 6 for its sequence). Formation of m*G in vitro with
an extract prepared from a #rm -0 strain was normal, as was the
formation of m?,G using a #rm11-0 strain (Fig. 5C, panels 2 and
3). Kinetic analysis confirmed that the rate of formation of m*G
was independent of the presence or the absence of Trmlp (Fig.
5D). Interestingly, the formation of Gm34 in tRNA"" (Fig. 5D),
which depends on tRNA tertiary structures (F. Lecointe and H.
Grosjean, unpublished data), was mildly reduced in either #rm77-0
or trm11-0 single-mutant strain and significantly diminished in the
trm1-0 trm11-0 double-mutant strain (Fig. 5C, panel 4; Fig. 5D;
and data not shown), thus suggesting that the absence of these
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FIG. 5. TRM11 and TRMI12 interact genetically with TRM]I.
(A) Growth curves of various strains at 30°C in YPD. Filled circles,
wild-type; open triangles, trm1-0; open squares, trmll-0; asterisks,
trm1-0 trm11-0. (B) Spore analysis of a diploid strain heterozygous for
the two loci trml-0:URA3/TRMI and trml1-0:kanMX4/TRM11
(YBLA4611) or the same strain transformed with a plasmid containing
the TRM11 wild-type gene and an LEU2 marker. Spores 1d, 2c, 3b, 3c,
and 4d were trm1-0 trm11-0. Spores 5a, 5b, 6a, 7d, and 8b were also
deleted for trm1-0 and trm11-0; however, they contained the TRM11
gene on an LEU2 plasmid (pBL640). Each colony was scored for
Ura™, Leu™, or G418 resistance on appropriate panels. (C) 2D-TLC
analysis of [a-*?P]GTP-labeled intronless tRNAF" incubated with S10
cell extracts as shown in Fig. 1. Panels: 1, extracts prepared from a
wild-type strain (WT); 2, trmi-0; 3, trml11-0; 4, the double-mutant
strain trml-0 trml11-0. Arrows point to the spots corresponding to
m?G10, m?,G26, and Gm34. (D) Kinetic analysis of the formation of
modified nucleotides in vitro, using S10 extracts prepared from wild-
type (WT), rm1-0, and trm11-0 strains. For each time point, nucleo-
tides were separated by 2D-TLC, and each spot was quantified by
phosphorimaging.

modifications may affect tRNA"" tertiary structure (61). Due to
tRNA folding and formation of the D-loop arm, m*G10 and
m?,G26 were brought near to each other (Fig. 6). Tertiary struc-
ture examination of yeast tRNAF" revealed that the two modi-
fied nucleotides are stacked on each other, with the exocyclic
amines N” appearing on the same face of the tRNA and pointing
in opposite directions (Fig. 6).

Bioinformatic analysis of Trm11p and Trm112p. Sequence
analysis of Trm11p suggests that it comprises an RNA-binding
THUMP (thiouridine synthases, RNA methyltransferases, and
pseudouridine synthases) domain (3) in the N terminus and an
MTase catalytic domain in the C terminus (Fig. 7A and see Fig.
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FIG. 6. (A) Cloverleaf and L-shape representations (35) of yeast
tRNAP depicting the relative positions of m*G10 and m?,G26.
(B) Three-dimensional structure of tRNAF" (1eHz file, available at
http://www.resb.org/pdb/) with the two methylguanosines stacked on
each other and a close-up view indicating the direction of the two
methyl groups.

S1 in the supplemental material). The protein fold recognition
analysis failed to reveal the similarity of the THUMP domain
to any known three-dimensional protein structures. In con-
trast, we were able to generate confident sequence alignment
between the C-terminal domain of Trm1lp (residues 211 to
295) and known MTase structures. The tertiary model of the
Trm11p structure was build using the “FRankenstein’s mon-
ster” approach (39). Analysis of the structure of the model and
the residues invariant in the Trml1lp family suggested that
D215 (in motif I) and D291 (in motif IV) were the key residues
involved in AdoMet binding and MTase catalytic activity. In-
terestingly, we found that the putative active site of Trm11p
(motif IV) resembled the active site of a number of MTases
involved in generation of m?*G, m°A, and m*C in DNA or
RNA (12) rather than the active site of any other tRNA MTase
(Fig. 7A). Members of the Trm11p family exhibited the DPPY
tetrapeptide in motif IV (Fig. 7), a variant of a [D-N-S]-P-P-
[Y-F-W-H] motif found in the majority of MTases that modify
exocyclic amino groups of bases in DNA and RNA, including
rRNA:m?G MTases: RsmC/RsmD specific for bacterial 16S
rRNA (12) and Tgs1p specific for eukaryotic mRNA:cap-m’G
(45).

Sequence database searches revealed that the putative or-
thologous lineage of proteins closely related to Trm11p (PSI-
BLAST E values of <1073" in three iterations) and exhibiting
the DPPY motif in the catalytic domain was conserved in
eukaryotes and archaea but was not found in bacteria, suggest-
ing that it may encode a function specific to only two domains
of life (5). Other THUMP-MTase fusion proteins related to
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Trm1lp could be identified in all three phyla (3), but these
similarities were more remote (PSI-BLAST E values of
<107 in the third iteration) and exhibited different forms of
the catalytic motif (for instance, NPPY), suggesting paralogous
rather than orthologous relationships and different substrate
specificity.

Database searches using the Trm112p sequence as a query
revealed a large family of uncharacterized proteins from eu-
karyotes (typical length, about 130 residues), archaea (length,
55 to 141 residues), and bacteria (typical length, about 60
residues; representative member, putative protein YcaR from
E. coli). Sequence analysis (Fig. 7B) revealed that Trm112p
comprises two domains, one inserted into another: residues 1
to 31 and 107 to 135 are conserved in all members, while
residues 32 to 106 correspond to an insertion specific for eu-
karyotic members only. Structure prediction and protein fold
recognition analyses carried out via the GeneSilico metaserver
gateway (40) failed to identify any homologs for the “inner”
domain. However, the “outer” domain of Trm112p, as well as
the entire sequence of the homologous protein YcaR, exhib-
ited similarity to a number of different nucleic acid-binding
proteins containing Zn finger motifs with a four-stranded
B-sheet (data not shown). Interestingly, in some bacterial
members of the family (e.g., hypothetical proteins Chlo2137
and Chlo0356 from Chloroflexus aurantiacus and GSU0900
from Geobacter sulfurreducens), the newly predicted Zn finger
domain was fused to an RFM domain, which nonetheless did
not contain the DPPY active site signature and apparently
belongs to a family different from the RFM domain in Trm11p.

A fusion of a Zn finger domain remotely related to the
“outer” domain of Trm112p with a C-terminal MTase domain
was found in another family of RNA modification enzymes,
RImAI/RImAII (13, 16), which catalyze the formation of m'G
in 23S rRNA (27). In the crystal structure of RImAI, the
Zn-binding domain, suggested to be responsible for specific
recognition and binding of the rRNA substrate, binds to the
edge of the catalytic domain, forming an extension of the
central B-sheet (16). It is tempting to speculate that Trm11p
and Trm112p interact in a manner similar to that of the two
domains of RImAI (see Fig. S2 in the supplemental material).
It is noteworthy that the putative Zn-binding residues are miss-
ing from many homologs of Trm112p (for instance, from the
human ortholog of Trm112p), which indicates that the metal-
binding site probably has a purely structural role as a stabili-
zation center, rather than as a part of the MTase active site.
Interestingly, a Zn finger domain is also present in some mem-
bers of the Trm1p family, where it probably fulfills a structural
role (15); while in the yeast tRNA pseudouridine synthase
Puslp, this structural role has been demonstrated (4). It re-
mains to be determined experimentally whether the cluster of
four Cys residues in Trm112p from yeast is essential for the
activity of the Trm11p/Trm112p complex and how the two
proteins interact with each other and with the tRNA substrate.

DISCUSSION

Here, we report the identification of the MTase activity
responsible for the formation of m*G10 in yeast cytoplasmic
tRNA. At least two subunits are required for the formation of
this modified nucleotide. Trm11p is likely the catalytic subunit,
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FIG. 7. Sequence and structure analysis of Trm11p and Trm112p. (A) A schematic representation of Trm11p, with its two structural domains:
the N-terminal THUMP (residues 1 to 180, shaded box) and the C-terminal catalytic RFM (with nine conserved motifs indicated by roman
numerals). The sequence of Trm11p from S. cerevisiae is shown for a region corresponding to the most conserved motifs I to IV (residues 211 to
295), of which the AdoMet-binding motifs I to IIT are common to other tRNA MTases from yeast (top), but only the catalytic motif IV is evidently
common with representative exocyclic amino MTases (bottom). The catalytic DPPY motif has been boxed. Identical and physicochemically similar
residues are shown on a black and gray background, respectively. The two critical aspartate residues (D215 and D291) that have been mutated are
shown with a black dot. (B) The sequence alignment of Trm112p from S. cerevisiae (Sc) and its orthologs from six eukaryotes (Sp, Schizosaccha-
romyces pombe; Pf, Plasmodium falciparum; Hs, Homo sapiens; Dm, Drosophila melanogaster; Ce, Caenorhabditis elegans; At, Arabidopsis thaliana),
one archaeon (Ha; Halobacterium sp. NRC-1), and three bacteria (Ec, E. coli; Mt, Mycobacterium tuberculosis; Ca, C. aurantiacus).

since it possesses the structural characteristics of a bona fide
AdoMet-dependent MTase, it is required both in vivo and in
vitro for the formation of m*G10, two point mutations pre-
dicted to affect the AdoMet binding, and the catalytic domains
nearly abolished its activity. Trm112p is also required for the
formation of m>G10, since a trm112-0 strain is unable to cat-
alyze the formation of m*G10 in vivo or in vitro, similar to a
trml11-0 strain. Moreover, m*G10 formation activity can be
immunoprecipitated with Trm112p, and this protein interacts
in vivo with the catalytic subunit Trm11p. However, the precise
function of Trm112p is not yet known. Deletion of TRM112
leads to a severe growth defect, while deletion of TRM11 has
no detectable phenotype, thus suggesting that Trm112p has an
additional function(s) in the cell. The other proteins that in-
teract with Trm112p (Trm9p, Mtc6p, and Lys9p) do not ap-
pear to be required for the formation of m*G10. However, it is
quite striking that among the four known partners of Trm112p
there are two tRNA MTases (Trm9p and Trm11p), one puta-
tive protein MTase (Mtc6p), and a protein with a Rossmann
fold domain (Lys9p). Our data do not plead for the existence
in yeast cells of a stable pentameric complex containing all
these proteins. Indeed, while m*G10 formation activity is

clearly associated with Trm11p and Trm112p, immunoprecipi-
tation of either Lys9p or Mtc6p failed to precipitate this activ-
ity, although they coprecipitated Trm112p (data not shown).
This experiment suggests that Trm112p interacts indepen-
dently with its various partners. Since Trm112p is a small
protein (15 kDa) with a predicted Zn finger domain, it could
interact with its different partners through the same domain in
an exclusive manner, rather than being a docking platform for
the simultaneous attachment of all these proteins. Orthologs
from bacteria and archaea do not possess the “inner domain”
that could specify a eukaryotic-only function (Fig. 7B). In bac-
teria, there is no m>G10 in tRNA and thus there is no Trm11
activity; while in archaea, the ortholog of Trmllp, p,,Trm-
G10, can catalyze the formation of m*G10/m?,G10 in the ab-
sence of additional proteins (5). It is thus conceivable that the
inner domain of Trm112p is responsible for interacting with
Trmllp in S. cerevisiae and possibly in all eukaryotes, a possi-
bility that will be tested in future work. Although ., Trm-G10
and Trm11p belong to the same cluster of orthologous groups
(COG1041), the archaeal enzyme behaves differently. Not only
does it catalyze the formation of m*G10, like Trm11/Trm112p,
but it can also direct the formation of m?,G10, depending on
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the type of the tRNA substrate (5), an activity not shared by
the yeast enzyme, since no yeast tRNA sequenced so far was
shown to contain m?,G10 (57).

Among the various tRNA MTases identified so far in S.
cerevisiae, Trm6/Trm61p (previously known as Ged10/Ged14p)
and Trm8/Trm82p have also been shown to be formed by the
heteromeric association of two subunits (1, 2). For Trm6 ac-
tivity (catalyzing the formation of m'A58), one of the two
subunits (Trm61/Ged14p) is required for tRNA binding, while
the other (Trm6/Gcd10p) binds to AdoMet and catalyzes the
methylation reaction. Comparison of their sequences has re-
vealed that Trm6/Ged10 and Trm61/Ged14p are evolutionarily
related and probably arose by gene duplication, followed by
speciation of each subunit. For Trm8/82p (catalyzing the for-
mation of m’G46), the two subunits are not evolutionarily
related and only Trm8p contains the catalytic RFM domain
(1).

To fully understand the role of Trm112p in the cell, it will be
necessary to decipher its relationship with its other partners
(Trm9p, Mtc6p, and Lys9p). It is worthwhile to notice that the
double-mutant strain trml1-0 trm9-0 has the same growth de-
fect as the single-mutant #m9-0 (~120 min). Therefore, the
strong growth defect of the #rm112-0 strain cannot simply be
due to a synthetic effect between #rm11-0 and trm9-0. No syn-
thetic interaction was observed between any of the genes en-
coding the factors associated with Trm112p (double or triple
mutants). Interestingly, Lys9p, a Rossmann fold protein that
may utilize NAD/NADP as a cofactor could play a negative
regulatory role on several tRNA modification activities
through its interaction with Trm112p (29).

tRNA™;; was reported to contain an m*G at position 9
(56), while all other tRNAs modified at that position possessed
an m'G (57). However, we did not detect the formation of
m?G in vitro using a synthetic tRNA™*,, transcript while
both m'G9 and m?,G26 were formed. In addition, no m*G was
detected in vivo in bulk tRNA prepared from a trm11-0 strain.
Due to the sensitivity of the method, we cannot exclude that
there are very small amounts of m>G still made in these cells
that remain undetected, although this seems unlikely. Instead,
it suggests that Trm11p is the sole activity catalyzing the for-
mation of m*G in yeast tRNA and that it is detected exclusively
at position 10. The lack of m*G in the absence of Trm11p also
indicates that there is no detectable accumulation of an inter-
mediate species of m*G26 in yeast and that m?,G26 is the
normal end product of Trm1p. Earlier maturation studies us-
ing yeast tRNA injected into Xenopus oocytes had concluded
that formation of m*G and m?,G can occur before the removal
of the intron (48). Also, formation of m?,G26 in yeast was
shown to occur in vitro in two steps with an intermediate of
m>G26 (18). However, we did not detect this intermediate in
naturally occurring tRNA prepared from yeast cells, thus sug-
gesting that under physiological conditions m?,G26 must be
formed rapidly with no detectable pool of m*G26. Our data
also suggest that tRNAY? ., - most likely contains an m?,G at
position 26, not an m*G.

Certain tRNA modifications are extremely well conserved
throughout the evolution, suggesting that they play a major
role either in tRNA metabolism or in translation. Therefore,
the absence of these highly conserved modifications should be
detrimental to the cell. However, in several cases, deletion of
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the genes coding for tRNA modification enzymes led to no
detectable phenotype. Although a large proportion of yeast
tRNA have an m*G10 (16 out of 37 sequences) or an m*,G26
(~19 out of 37) (Table 3), deletion of either TRM1 or TRM11
led to no detectable phenotype. Interestingly, we report here a
genetic interaction between TRMI1 and TRMI11. The double-
mutant strain exhibits a slow-growth phenotype at 30°C that
could be a consequence of the absence of the modifications at
both positions 10 and 26 rather than the absence of another
function associated with these proteins. Indeed, the expression
of either mutant protein Trm11-D215A or Trm11-D291A was
unable to rescue the growth defect of the double-mutant strain
trm1-0 trm11-0. This result suggests that the presence of both
modifications might be required, at least for certain tRNA, for
the cell to grow at a wild-type rate. Formation of Gm34, which
is catalyzed by Trm7p, strongly depends on correct tRNA
folding (Lecointe and Grosjean, unpublished). Our observa-
tion that Gm34 is formed at a significantly lower rate in the
absence of m*G10 and m?,G26 suggests that these two latter
modifications could be important for certain tRNAs to be
properly folded, as suggested for dimethylguanosines by pre-
vious studies (58).

In conclusion, we demonstrate here that methylation of the
exocyclic amine of guanine 10 in S. cerevisiae strictly depends
on two evolutionary unrelated proteins (Trm1lp/Trm112p)
that form a complex located in the cytoplasm. Moreover,
methylations of guanosines at position 10 (catalyzed by
Trm11p/Trm112p) and at position 26 (catalyzed by Trm1p) are
functionally related.
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