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The degenerate base at position 34 of the tRNA anticodon is
the target of numerous modification enzymes. In Saccharomy-
ces cerevisiae, five tRNAs exhibit a complexmodification of uri-
dine 34 (mcm5U34 and mcm5s2U34), the formation of which
requires at least 25 different proteins. The addition of the last
methyl group is catalyzed by the methyltransferase Trm9p.
Trm9p interacts with Trm112p, a 15-kDa protein with a zinc
finger domain. Trm112p is essential for the activity of Trm11p,
another tRNA methyltransferase, and for Mtq2p, an enzyme
that methylates the translation termination factor eRF1/Sup45.
Here, we report that Trm112p is required in vivo for the forma-
tion of mcm5U34 and mcm5s2U34. When produced in Esche-
richia coli, Trm112p forms a complex with Trm9p, which ren-
ders the latter soluble. This recombinant complex catalyzes
the formation ofmcm5U34 on tRNA in vitro but notmcm5s2U34.
Anmtq2-0 trm9-0 strain exhibits a synthetic growth defect, thus
revealing the existence of an unexpected link between tRNA
anticodon modification and termination of translation. Trm112p
is associated with other partners involved in ribosome biogenesis
and chromatin remodeling, suggesting that it has additional roles
in the cell.

All RNA molecules, upon completion of their transcription,
must undergo modification events collectively referred to as
RNAmaturation. The length of the primary transcriptmight be
altered, by removing and/or by adding nucleotides that are not
encoded by the template. Also, many chemical groups are
added post-transcriptionally by specific enzymes, and certain
bases are isomerized. Among all RNAs, it is tRNA that contains
the broader repertoire of different modifications and also the
highest proportion of modified nucleotides per molecule (1).
Most tRNAmodification enzymes are encoded by nonessential
genes whose deletion does not detectably affect cell growth
under laboratory conditions. However, certain deletions, when
combined, lead to a synthetic growth defect and thus reveal the

importance of the corresponding modifications (2–4). Base
and ribose methylations are by far the most frequent modifi-
cations in yeast tRNA. Some methylations are catalyzed by
enzymes that appear to operate alone, whereas others require
auxiliary factors that have been identified in several instances
such as Trm6p/Trm61p, Trm8p/82p, and Trm11p/Trm112p
(2, 5, 6).
In the yeast Saccharomyces cerevisiae, Trm11p andTrm112p

are two interacting proteins that are both required for cata-
lyzing the formation of m2G at position 10 in several tRNAs
(2). Trm11p is the catalytic subunit, whereas the function of
Trm112p, although essential for the formation of m2G10,
remains elusive. Trm112p is a small 15-kDa protein that con-
tains a zinc finger domain (2, 7). It is also required for the activ-
ity of Mtq2p, a protein methyltransferase that catalyzes the
methylation of the glutamine of the universally conservedGGQ
tripeptide of the translation termination factor eRF1/Sup45.
In that case, it was shown that co-expression of recombinant
Trm112p with Mtq2p in Escherichia coli leads to the produc-
tion of solubleMtq2p that otherwise is recovered in the pellet of
the bacterial extract. Co-expression of Trm112p withMtq2p is
also essential to reconstitute the catalytic activity of the recom-
binant protein (7). A similar conclusion was reached when
Trm11p and Trm112p were produced together in vitro in a
wheat germ cell-free extract (8). Another putative partner of
Trm112p is Trm9p, a tRNAMTase3 that targets the tRNAanti-
codon. However, initial work on Trm9p had suggested that this
enzyme could operate on its own, because some activity had
been detected with a recombinant protein produced in E. coli
(9). The fourth putative partner of Trm112p, as reported previ-
ously (10), is Lys9p, an alcohol dehydrogenase that possesses a
near Rossman fold domain that lacks the seventh �-fold (2).

Trm9p catalyzes the addition of themost distalmethyl group
of 5-methoxycarbonylmethyluridine (mcm5U) that is found at
the wobble position of tRNAUCU

Arg-1 and tRNAUCC
Gly-2 and of 5-me-

thoxycarbonylmethyl-2-thiouridine (mcm5s2U) that is present
in tRNAUUC

Glu-1, tRNAUUG
Gln-1, and tRNAUUU

Lys-2 (supplemental Fig. S1)
(11). These three thiolated tRNAs are targets of a tRNase toxin
produced by Kluyveromyces lactis and called zymocin (12, 13).
Preventing the formation of either themcm5 or the s2moiety of
mcm5s2U is sufficient to protect these tRNAs from the action of
zymocin and thus render the cells resistant to that toxin. To
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date, 11 genes are known to encode proteins required for the
formation of the s2 moiety (NFS1, ISU1, ISU2, CFFD1, NBP35,
CIA1, URM1, UBA4, NCS2(TUC2), NCS6(TUC1), and
YOR251C), and 14 are required for the mcm5 moiety (SIT4,
SAP185, SAP190,KTI11–KTI14, ELP1–ELP6, andTRM9) (14).
Also, several zymocin-resistantmutants have been isolated that
exhibit no alterations of the mcm5s2U formation. The effect of
some of them is easily explained by an alteration of the cell wall
formation that prevents the entry of the toxin such as the chitin
synthase mutants chs3 and chs7 or the sphingolipid synthase
mutant ipt1. For others, the reason of their resistance to the
toxin is less obvious, as is the case for ribosomal proteins or
several proteins involved in RNA metabolism. Interestingly,
mtq2-0 was isolated as being fully resistant to zymocin, al-
though it showsno alteration ofmcm5s2U formation (13, 14). In
one study, it was reported that the alteration of the translation
release factor eRF1/Sup45 also leads to zymocin resistance (13).
eRF1 possesses the universally conserved tripeptide GGQ, the
Gln of which is methylated by the complex Mtq2-Trm112p (7,
15, 16). More specifically, a substitution of GGQ by the non-
methylatable sequences GGE or GGN induces strong zymocin
resistance (13). This methylation is of crucial importance in
translation termination, at the site of the peptidyl transfer reac-
tion (17, 18). The link between the deficiency inMtq2por eRF1/
Sup45 and the resistance to zymocin is yet unclear.
Genetic screens have led to the isolation of high copy sup-

pressors of zymocin sensitivity that involve tRNA genes.
First, tRNAUUC

Glu is able to rescue wild-type cell growth in the
presence of zymocin (19), thus suggesting that this tRNA is
a preferential target of the toxin as was then confirmed
directly (12). On the other hand, overexpression of the
unmodified tRNAUUU

Lys is able to suppress the defect of an
elp3-0 mutant (20, 21). It was independently reported that
the alteration of eRF1 leads to a slight overexpression of
several tRNA (22). Later, it was shown that this accumula-
tion is also detected in mtq2-0 mutants and that some eRF1
mutants, such as the GGQ 3 GGE one, are also able to
induce zymocin resistance. These authors concluded that
the general elevation of tRNA levels in mtq2-0 could be suf-
ficient to explain its resistance to the drug (13, 14).
In the present study, we have addressed the role of Trm112p

in mcm5U and mcm5s2U formation in the yeast S. cerevisiae.
We show that, in vivo, Trm112p is indispensable for the activity
of Trm9p and that, in vitro, it is likely to form a heterodimer
with Trm9p that is catalytically active, as it does with Mtq2p.
Genetic analysis reveals that trm9-0 and mtq2-0 exhibit a syn-
thetic growth defect. Although there are mild variations in
tRNA abundance, it is unlikely that these variations are suffi-
cient to explain the important growth defect of these cells. Also,
in contrast to what was observed with other mutants (19–21),
overexpression of the target tRNAs was unable to rescue these
defects. Trm112p has more partners than the four originally
described that are involved in tRNA biogenesis, termination of
translation, and lysine biosynthesis. These new partners may
reveal new functions of Trm112p and thus explain why a
trm112-0 strain is yet sicker than a strain having the quadruple
deletion lys9-0 mtq2-0 trm9-0 trm11-0.

EXPERIMENTAL PROCEDURES

Microbiological Methods and Recombinant DNA Work—
Yeast cells were grown, handled, and transformed as previously
described (23, 24). The strains used in this study are listed in
supplemental Table S1. Bacteria were grown in LB medium or
ZYP5250 auto-induction expression medium (25). When nec-
essary, the media were supplemented with kanamycin (35
�g/ml) and/or chloramphenicol (25 �g/ml). For expressing
Trm112p, alone or with Trm9p, ZnCl2 was added to a final
concentration of 100 �M. The plasmids were constructed using
standard recombinant techniques (26). Vector pRSFDuet-1
(Novagen) was selected because it can drive the expression of
two different proteins on a single vector. The yeast TRM112
gene with a His6 tag on its C terminus was amplified by PCR
using the plasmid pVH450 as a template (7) and primers
OBL262 and OBL295 (supplemental Table S2) and inserted
between the BamHI and BspHI sites of plasmid pRSFDuet-1
(MCS1) to yield plasmid pBL691. The yeast TRM9 gene was
amplified with primer OBL312 and OBL313 using genomic
DNA as a template. The resulting fragment was inserted
between the NdeI and XhoI sites of pBL691, thus fusing the
Trm9 sequence to the S tag. High copy number plasmids
expressing tRNAUUU

Lys , tRNAUUC
Glu , tRNAUUG

Gln , or a combination
of the three were previously described (20, 21).
For DNA staining, the cells were fixed in 70% ethanol con-

taining 0.5 �g/ml of 4,6-diamidino-2-phenylindol, then rinsed
in 1� phosphate-buffered saline, concentrated, and observed
by fluorescence microscopy. For measurements, over 1000
cells/sample were scored for nuclei shape using Metamorph
software (Molecular Devices).
For chromosome instability assay, loss of the CAN1 and

URA3 genes was positively selected on plates containing both
canavanine and 5-fluoro-orotic acid (27). A variation of the
classical “gross chromosomal rearrangement” assay was used.4
The values are calculated from at least 30 independent
measurements.
RNA Preparation and Northern Hybridization—S. cerevisiae

tRNA or total RNA was isolated as described (28, 29) and sep-
arated either on 8% PAGE and 8 M urea or on 1.2% agarose gel
containing 1.1% formaldehyde. Northern blot was achieved on
0.45-�m charged nylon (Whatman) either for 45 min using the
Panther Semidry Electroblotter (Owl) in Tris/borate/EDTA
buffer (PAGE) or using a Vacu-Blot transfer apparatus (Biome-
tra) in 10� SSC (agarose gels). The membrane was then dried
at 80 °C for 30 min to immobilize tRNA. Hybridization was
carried out in 6� saline/sodium phosphate/EDTA, 5� Den-
hardt’s, and 0.5% SDS at the appropriate temperature (Tm �
5 °C). Themembranes were probedwith the following oligonu-
cleotides: OBL267, tRNACGA

Ser ; OBL268, tRNAiniCAU
Met ; OBL269,

tRNAGUG
His ; OBL271, tRNACCA

Trp ; OBL321, tRNAUUC
Glu ; OBL322,

tRNAeloCAU
Met ; OBL323, tRNAUUG

Gln ; OBL324, tRNAUUU
Lys ; and

OBL331, tRNAUCU
Arg (supplemental Table S2). The primerswere

labeled with [�-33P]ATP (3000 Ci/mmol; PerkinElmer Life Sci-
ences) and T4 polynucleotide kinase (Invitrogen) as recom-
mended by the manufacturer, and then unincorporated

4 L. Dirick, manuscript in preparation.
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�-[33P]ATP was removed using MicroSpin G-25 columns (GE
Healthcare). Northern blots were visualized and quantified by
phosphorimaging (GE Healthcare). The results were normal-
ized with a 367-base pair probe detecting the scR1 RNA (522
nucleotides), which was amplified with primers OBL181 and
OBL182, the resulting fragment being labeled with
[�-33P]dCTP and a random sequence octadeoxyribonucle-
otide kit (New England Biolabs).
Protein Expression and Purification—Trm112p was ex-

pressed, alone or with Trm9p, in strain S15 (DE3-pLysS; Strat-
agene) in ZYP5052 auto-inductionmedium (25) with appropri-
ate antibiotics. The cells were grown overnight at 25 °C and
then resuspended in buffer I (10 mM Tris-Cl, pH 8.0, 500 mM

NaCl, 6 mM �-mercaptoethanol, and 10 mM ZnCl2) containing
an EDTA-free antiprotease mixture (Roche Applied Science)
and phenylmethylsulfonyl fluoride (1 mM). The cells were bro-
ken by two successive passages through a French press (500–
1000 bars). After centrifugation for 30 min at 12,000 rpm, the
supernatant was loaded on a column of nickel-nitrilotriacetic
acid resin (Sigma). The column was washed with buffer I, and
elution of the retained proteins was achieved with buffer II (10
mM Tris-Cl, pH 8.0, 10 mM ZnCl2, 250 mM imidazole, and
6mM �-mercaptoethanol). Eluted fractions containing Trm9p/
Trm112p were loaded onto a HiPrep desalting column to elim-
inate imidazole and concentrated in buffer III (10 mM Tris-Cl,
pH 8.0, 10 mM ZnCl2, and 6 mM �-mercaptoethanol). Then the
concentrated fraction (�4mg/ml) was adjusted to 50 mM Tris-
Cl, pH 7.5, 1 mM MgCl2, 10% glycerol, and 1 mg/ml bovine
serumalbumin fractionV and frozen in small aliquots thatwere
kept at �20 °C.
Western Blot Analysis—Total protein extracts and soluble

and insoluble proteins from E. coliwere separated by 15% SDS-
PAGE and either stained with Coomassie Blue (Sigma) or
transferred onto Protran nitrocellulose (Whatman). S-tagged
Trm9p was revealed with a mouse anti-S tag monoclonal anti-
body (1/5,000; Novagen) and His6-tagged Trm112p with an
anti-His5 (1/1,500; Qiagen). IRdyeTM 800-conjugated anti-
mouse was used as a secondary antibody (1/50,000; Thermo
Scientific). The membranes were scanned and quantified using
an Odyssey infrared imaging system (LI-COR Biosciences).
Modified Nucleoside Analysis and in Vitro Methylation—

The dried tRNA was dissolved in water, heated to 95 °C for 2.5
min, and quickly put on ice. A portion of it was degraded to
nucleosides by nuclease P1 followed by treatmentwith bacterial
alkaline phosphatase (30) The hydrolysate was analyzed by
HPLC (31) but using a Develosil C30 reverse phase column
(250 � 4.6 mm; Phenomex Ltd., Macclesfield, United King-
dom). For in vitro methylation assay, 100 �g of tRNA were
brought to 50 mM Tris-Cl, pH 7.5, 100 mM NH4OAc, 2 mM

MgCl2, 1mMEDTA, 1%glycerol, 150�g/ml bovine serumalbu-
min, 10 mM dithiothreitol, and 50 �M S-adenosylmethionine
and incubated with 1–50 �g of the recombinant enzyme for 1 h
at 30 °C. tRNA was then extracted once with saturated phenol
and once with a phenol/chloroform/isoamyl alcohol (50/49/1)
mixture before ethanol precipitation in the presence of 0.3 M

KOAc. The modified nucleosides were then analyzed by HPLC
as described above.

RESULTS

Physical Interaction between Trm112p and Trm9p—
Trm112p was previously reported to interact with Trm9p,
Trm11p, andMtq2p (10). Trm112p co-precipitates with Trm11p
and Mtq2q, and it improves the solubility of a recombinant
Mtq2pwhen the two proteins are co-expressed in E. coli (7). To
determine whether Trm112p could play a similar role on
Trm9p, we prepared various constructs to express these two
proteins in E. coli. Trm9p was expressed as a fusion with the S
tag (Trm9-S), and Trm112p was expressed with a six-histidine
tag (Trm112-H6), allowing their detection byWestern blotting
and their purification. When Trm9p is expressed without
Trm112p, it is detected almost exclusively in the pellet of a
cellular extract submitted to centrifugation (Fig. 1, lane 1). In
contrast, when Trm112p is co-expressed with Trm9p in E. coli,
most of Trm9p is detected in the soluble fraction (lane 4). We
conclude from these observations that the ability of Trm112p
to direct the proper folding of its partners is not restricted to
Mtq2p and that it exerts its effect on other proteins such as
Trm9p. Although this has not been strictly determined for
Trm11p, there is some evidence that it is also the case for this
protein. First, we had observed previously that Trm11p was
mostly detected in the insoluble fraction when produced in
E. coli and that this protein was unable to catalyze the forma-
tion of m2G10 in vitro.5 Second, it has been reported recently
that this activity is successfully reconstitutedwhenTrm11p and
Trm112p are translated together in vitro in a wheat germ
extract (8). Taken together, these two results strongly support
the view thatTrm112p is capable of directing the proper folding
of Trm11p, leading to the synthesis of an active complex.
Then we tested whether recombinant Trm9-Sp could bind

efficiently to recombinant Trm112-H6p by using an extract
prepared from E. coli cells that express the two proteins. This
extract was loaded onto a column containing a resin coupled to
nickel-nitrilotriacetic acid, which can bond with the cyclic
nitrogen atoms of two contiguous histidine residues. After
extensively washing the unbound proteins, the retained pro-
teins were eluted by gently competing with imidazole that
replaces the histidine residues bound to the nickel atoms. Here,

5 S. K. Purushothaman and B. Lapeyre, unpublished data.

FIGURE 1. Co-expression of Trm9p and Trm112p in E. coli. Extracts were
prepared from an E. coli strain transformed with a plasmid expressing Trm9p
either alone (lanes 1 and 2) or with Trm112p (lanes 3 and 4). Lanes 1 and 3,
insoluble pellet (P); lanes 2 and 4, soluble fraction (S). Western blot analysis of
S-tagged Trm9p (top panels) and His6-tagged Trm112p (bottom panels) is
shown. Then a total extract (lane 5, T) was purified on a nickel-nitrilotriacetic
acid column, and after extensive washes, the retained proteins were eluted
with 250 mM imidazole (lane 6, E). Lanes 5 and 6, Coomassie Blue staining.
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it is Trm112-H6p that is retained on the nickel-nitrilotriacetic
acid resin because of its six-histidine tail and then released by
the addition of a buffer containing 250mM imidazole. Any pro-
tein that is bound sufficiently tightly to Trm112-H6p would
then be eluted together with it. As shown here, Trm9-Sp resists
extensive washes with a buffer containing 500 mM NaCl and
then is co-eluted with Trm112-H6p by the addition of imidaz-
ole, thus revealing the existence of a strong interaction between
these two proteins (Fig. 1, lane 6). It is noteworthy that the two
eluted proteins appear to be in approximate stoichiometric
amounts if we consider their size difference (34.2 kDa versus
15.9 kDa) and more importantly the differences in amino acid
content; Coomassie Blue reacts with Arg, Lys, andHis and with
aromatic amino acids, but it is Arg that, by far, reacts the most
strongly with the dye (32). Trm9-Sp contains 22Arg versus only
two for Trm112-H6p. These results demonstrate that recombi-
nant Trm112-H6p and Trm9-Sp interact and form a stable and
soluble complex in E. coli.
tRNA Modification in a trm112-0 Strain—Initially, Trm9p

was identified among other candidates in a search for new
potential MTases in yeast based on sequence comparison with
enzymes known to use S-adenosyl-L-methionine as a co-factor

(33). Then by using a combination
of genetics and biochemical app-
roaches, Trm9p was found to be
responsible for the formation of
mcm5U and mcm5s2U in yeast
tRNA (9). The authors had noticed
that Trm9p was found in proteomic
analyses to be associated with four
partners (10, 34), and therefore they
tested the requirement for three of
them in mcm5U formation. Neither
Trm11p, nor Mtq2p, nor Lys9p
were found to be required for
Trm9p activity.However, the fourth
candidate, Trm112p, was not tested
at that time because it was catego-
rized in yeast databases as being
encoded by an essential gene, and
no null mutant was available. In
addition, the authors were able to
detect some mcm5U and mcm5s2U
formation activity when using a
recombinant fusion glutathione
S-transferase-Trm9 protein pro-
duced in E. coli and saponified yeast
tRNA as a substrate (9). Therefore,
they concluded that Trm9pwas suf-
ficient to catalyze the last step in the
formation of mcm5U in yeast tRNA.
However, after establishing the
function of Trm11p in m2G10 for-
mation, we then tested whether
Trm112p was involved in this pro-
cess. To investigate this, we obtained
a diploid strain that is heterozygous
for TRM112/trm112-0. This strain,

when sporulated and dissected, gives two types of spores: two
wild type and two mutants that grow very slowly (generation
time, 360 � 10 min) but are viable, nevertheless (2). This
allowed us at that time to test for the effect of trm112-0 deletion
on m2G10 formation and, in the present study, on mcm5U and
mcm5s2U formation as well. Our results confirm that the for-
mation of mcm5U andmcm5s2U is completely abolished in the
trm9-0 strain (Fig. 2,middle panels), as was previously reported
(9). A quantification of these compounds is presented in Table
1. Interestingly, a compoundmigrating after �10min of reten-
tion time is detected, which corresponds to an accumulation of
cm5U. When tRNA from a trm112-0 strain is subjected to the
same type of analysis, it clearly shows that it also lacks mcm5U
and mcm5s2U, demonstrating that, in vivo, Trm112p is re-
quired for the formation of these modified nucleosides to the
same extent as Trm9p (Fig. 2, bottompanels). This phenotype is
truly due to the absence of Trm112p, because a plasmid con-
taining awild-type copy of theTRM112 gene (pBL652) is able to
restore the formation of the two modified nucleosides in a
trm112-0 strain (Table 1). An accumulation of cm5U was
expected because it may be a possible intermediate in the syn-
thesis of the mcm5 group. However, the tRNA from both

FIGURE 2. HPLC chromatograms recorded at A254 nm (left panels) and A314 nm (right panels). tRNA was
degraded to nucleosides and separated on a C30 reverse phase column. The positions of relevant modified
nucleosides are indicated. Arrow a, cm5U; arrow b, ncm5U; arrow c, mcm5U; arrow d, m1G; arrow e, m2G; arrow f,
mcm5s2U; arrow g, cm5s2U; arrow h, ncm5s2U. wt, wild type.
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trm9-0 and trm112-0 also accumulated ncm5U and ncm5s2U,
consistent with an earlier report for the trm9-0 mutant (11).
Whereas wild-type tRNA contains cm5s2U, which may be the
substrate for the last methylation step in the formation of
mcm5s2U, tRNA from the trm9-0 and trm112-0 mutants did
not. The tRNA from trm112-0 mutant also lacked m2G, con-
sistent with our previous findings that Trm112p is required for
the formation of m2G10 in association with Trm11p (2).
Trm9p and Trm112p Are Sufficient to Catalyze the Forma-

tion of mcm5U in Vitro—Because we were able to produce a
soluble and stable complex comprising the two recombinant
proteins Trm9p and Trm112p in E. coli, we then tested for the
ability of this complex to catalyze the formation of mcm5U and
mcm5s2U in vitro. When testing primary modification forma-
tion in vitro, such as m2G10 formation for instance, the sub-
strate can advantageously be a synthetic tRNA, known to be a
target for this particular modification. In that case the in vitro
transcribed tRNA bears no modification and can be readily
modified by the catalytic activity to be tested. However, when
testing complex modifications, such as the addition of the last
methyl groupofmcm5U34, the substratemust be the immediate
precursor lacking this methyl group, which in the present case
is supposed to be cm5U34. A tRNA containing such a modifica-
tion is not easy to synthesize in vitro; therefore we tested two
potential substrates. First, we treated total wild-type tRNAwith
low concentrations of NaOH, which should remove the methyl
groups by saponification. In our hands, this method was rather
inefficient, leading to only partial saponification and therefore
compromising testing the methylation activity. Then we rea-
soned that, in a trm9-0 strain, which is viable, tRNA does not
contain mcm5U nor mcm5s2U because of the absence of active
Trm9p, but it should contain the immediate precursors, sup-
posedly cm5U and cm5s2U, which might represent good sub-
strates to test for Trm9p/Trm112p activity. 100 �g of tRNA
were treated with 1–50 �g of purified recombinant Trm9p/
Trm112p, and the resulting tRNA was submitted to complete
nucleoside digestion followed by HPLC analysis (Fig. 3 and
Table 2). The results clearly indicate that the recombinant pro-
teins are capable of catalyzing the formation of mcm5U in an
efficient and quantitative manner, even with low amounts of
the recombinant enzyme (supplemental Fig. S2). As expected,
cm5U disappears when the tRNA is treated with the enzyme, a
result that is consistentwith cm5Ubeing the immediate precur-
sor to mcm5U (Table 2). However, the elevated level of ncm5U
in trm9-0 tRNA did not decrease upon incubation with the
enzyme, suggesting that it is not a substrate for it. Note also that

nomcm5s2Uwasmade, consistent with the observation that no
cm5s2U was present in the trm9-0 tRNA used as substrate
(Table 2). Moreover, there was no change in the level of
ncm5s2U upon enzyme treatment, indicating that it is not a
substrate for Trm9p/Trm112p in vitro.
Synthetic Growth Defect of a trm9-0 mtq2-0 Double Mutant

Strain—To investigate the genetic relationships existing
betweenTrm112p and its four partners (Lys9p,Mtq2p, Trm9p,
and Trm11p), we analyzed the phenotypes of the four strains in
which the corresponding genes had been deleted. The four sin-
gle mutant strains, lys9-0, mtq2-0, trm9-0, and trm11-0, have
different growth rates; lys9-0 and trm11-0 are indistinguishable
from the wild-type strain when grown at 30 °C in a rich
medium. In contrast, the trm9-0 strain exhibits a moderate

FIGURE 3. HPLC analysis of in vitro modified nucleosides. tRNA prepared
from a trm9-0 strain was treated or not with 5 �g of recombinant Trm9p/
Trm112p enzyme. Then it was degraded and analyzed as in Fig. 2. The arrow in
each panel points to the peak of mcm5U, which is detected only after incuba-
tion with recombinant Trm9p/Trm112p (bottom panel).

TABLE 1
Quantification of various modified nucleosides in tRNA from wild-type and indicated mutant strains

Strain cm5Ua ncm5Ua mcm5Ua cm5s2Ub ncm5s2Ub m2Ga mcm5s2Ua

Wild-type 0.0020 0.028 0.019 0.18 ND 0.35 0.019
trm9-0 0.028 0.044 0.0029 ND 0.16 0.38 ND
trm112-0 0.018 0.041 0.00073 ND 0.49 0.0062 ND
trm11-0 0.0032 0.029 0.019 0.25 ND 0.0068 0.020
trm112-0/pBL652 0.0035 0.029 0.019 0.21 ND 0.35 0.022
mtq2-0 NDc 0.041 0.016 ND ND 0.35 0.024
lys9-0 0.0032 0.029 0.020 0.22 ND 0.35 0.022

a The values are the absorbance at 254 nm relative to the internal standard pseudouridine.
b The values are the absorbance at 314 nm relative to the internal standard guanosine. Formtq2-0 the peaks of cm5U and cm5s2Uwere not well separated from cytidine and thus
were not integrated.

c ND, not detected.
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growth defect, and the mtq2-0 strain exhibits a slightly more
severe one (120 � 5- and 150 � 5 -min doubling times, respec-
tively) (Fig. 4A). Then we constructed a series of 11 strains
bearing all combinations of double, triple, and quadruple dele-
tions (supplemental Table S1) and checked for any synthetic
growth defect that these strains may exhibit. When themtq2-0
deletion was combined with the trm9-0 deletion, a severe syn-
thetic growth defect was observed with an extended generation
time of 210 � 5 min. When this double deletion was combined
with lys9-0, trm11-0, or both, no further deterioration of the

growth rate was detected (supplemental Table S3). Although
onemight have expected a synthetic effect when combining the
deletions of activities that concur to the modification of tRNA,
as was previously observed between trm1-0 and trm11-0, for
instance (2), it was a surprise to discover the existence of a
genetic link between tRNA synthesis (Trm9p) and termination
of translation (Mtq2p). Fig. 4A presents the growth rate of dou-
ble mutant strain mtq2-0 trm9-0 as compared with the single
mutant parental strains and to a wild-type strain as a control.
Interestingly, even the slowly growing mtq2-0 trm9-0 strain
grows faster that the trm112-0 strain, suggesting that Trm112p
might still have additional function(s) in the cell. On Fig. 4B is
represented a tetrad analysis of a diploid strain heterozygous
for mtq2-0 and trm9-0. These two genes are not linked (chro-
mosome IV andXIII, respectively), and therefore they segregate
independently. The picture shows one tetrad that is a nonpa-
rental ditype (Fig. 4B, lane a) and a parental ditype (Fig. 4B, lane
b). It is clearly visible that, on plate, the mtq2-0 trm9-0 strain
grows significantly more slowly than either the mtq2-0 or the
trm9-0 singlemutant (compare lane a, row 1with lane b, rows 1
and 2, for instance).
To better understand the genetic link existing between

TRM9 and MTQ2, we then investigated whether Mtq2p, in
addition to its activity on eRF1/Sup45, could also be involved in
tRNAmodification. It was previously reported that Mtq2p was
not required for mcm5U nor mcm5s2U formation (14). How-
ever, it was also shown that some of the genes involved in tRNA
modification behave differently in different genetic back-
grounds, and there had been some conflicting reports regarding
the viability or the extent of the growth defect of strains deleted
for TRM112 or MTQ2, for instance. Therefore, we decided to
re-examine the phenotype of these mutations in different
genetic backgrounds, along with the status of the tRNA modi-
fications. tRNA was prepared from different yeast strains and
subjected to complete nucleoside hydrolysis, then the resulting
mixture was separated by HPLC, and the eluted nucleosides
weremonitored at 254 and 314 nm.A standard profile obtained
with tRNAprepared fromawild-type strain is shown (Fig. 2, top
panels), and the values obtained are represented in Table 1. No
major alteration of the content of the modified nucleosides
could be detected inmtq2-0mutant strains (Table 1), thus con-
firming previous observations that Mtq2p is unlikely to be
required for the formation of mcm5U and mcm5s2U in yeast
tRNA (14).
Steady-state Levels of tRNA in trm9-0, mtq2-0, and trm112-0

Strains—tRNAmodifications are involved in numerous aspects
of tRNA metabolism, including controlling their stability.

FIGURE 4. Growth-rate comparison of wild-type and mutant strains. A
trm9-0 mtq2-0 double mutant strain exhibits a synthetic growth defect, as
compared with the two single mutant parent strains (W303 background).
A, A600 nm of various cultures grown in YPD at 30 °C were plotted at different
times, as indicated. The generation time was calculated for each strain as the
mean value of three independent experiments: wild type (WT, BMA64 –1A),
90 � 5 min; trm9 (YBL4557), 120 � 5 min; mtq2 (YBL4731), 150 � 5 min; trm9
mtq2 (YBL4740), 210 � 5 min; trm112 (YBL4663), 360 � 10 min. B, a diploid
strain heterozygous for trm9-0 and for mtq2-0 was sporulated, and the tetrads
thus obtained were dissected onto YPD plates that were incubated at 30 °C
for various period of times. The pictures were taken, and then the colonies
were tested for their genetic markers and by PCR analysis to test for the pres-
ence of the wild-type or the deleted alleles. The results for two independent
tetrads (lanes a and b) are shown, the four resulting spores being shown
vertically (rows 1– 4). The results of the genotypic analysis for each spore are
shown on both sides of the figure: on the left for tetrad a and on the right for
tetrad b. The results are comparable with those of the liquid cultures shown
above; the mtq2-0 spores (lane b, rows 2 and 3) grew more slowly than the
trm9-0 (lane b, rows 1 and 4), which themselves grew more slowly than the
wild type (lane a, rows 2 and 4). On the other hand, the two double mutant
spores (lane a, rows 1 and 3) grew significantly more slowly than each single
mutant parent. See also supplemental Table S3.

TABLE 2
In vitro methylation catalyzed by the recombinant heterodimer Trm9p/Trm112p
The first column indicates the source of tRNA. 100 �g of tRNA were incubated with or without adding recombinant enzyme. 5 �g of recombinant enzyme (Trm9p �
Trm112p) were added when indicated and incubated with trm9-0 tRNA for 1 h at 30 °C.

tRNA Enzyme cm5Ua ncm5Ua mcm5Ua cm5s2Ub ncm5s2Ub mcm5s2Ua

Wild-typec � 0.0020 0.028 0.020 0.18 ND 0.019
trm9-0 � 0.015 0.049 0.004 NDd 0.23 ND
trm9-0 � 0.001 0.047 0.024 ND 0.24 ND

a The values are the absorbance at 254 nm relative to the internal standard pseudouridine.
b The values are the absorbance at 314 nm relative to the internal standard guanosine.
c The data from Table 1.
d ND, not detected.
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Therefore, we decided to investigate whether the steady-state
level of certain tRNA is altered in the strainsmutated forTRM9,
MTQ2, or TRM112, thus explaining the growth defect of these
mutants. Quantitative Northern blot analyses were performed
using probes for 15 different tRNAs: class I tRNAs possess
a thiolated modification of the wobble base (mcm5s2U:
tRNAUUG

Gln , tRNAUUC
Glu , and tRNAUUU

Lys ), class II tRNAs possess a
mcm5U at that position (tRNAUCU

Arg and tRNAUUC
Gly ), and class III

tRNAs do not contain a modified U at the wobble position
(tRNACGA

Ser , tRNAAug
Met, tRNAGUG

His , tRNAIGC
Ala , tRNACCA

Trp , tRNAGAA
Phe ,

tRNAGUU
Asn , tRNAIAU

Ile , tRNAGAA
Leu , and tRNACAA

Leu ). Northern
blots were quantified by phosphorimaging and standardized
using a probe for scR1, the 522-nucleotide-long RNA compo-
nent of the signal recognition particle that is a very stable RNA,
relatively insensitive to physiological variations (35). Although
for nucleoside modification analyses tRNA was prepared by
treating the whole cells with phenol, a procedure that renders
the cell permeable to tRNA and leads to considerable enrich-
ment (28), here we prepared total RNA to ensure that no quan-
titative variation could be attributed to the extraction proce-
dure. Fig. 5A represents the result of a typical experiment in
which tRNA was prepared from two series of mutant strains;
the five lanes on the left correspond to the W303 background,
and the four lanes on the right correspond to the S288c back-
ground. Shown here are the results for two tRNA that contain
the thiolatedmodificationmcm5s2U (tRNAUUU

Lys and tRNAUUC
Glu )

and one containing the nonthiolated mcm5U (tRNAUUC
Gly ).

There are only small variations in tRNA levels between the
different mutant strains and no major differences between the
W303 and the S288c backgrounds (supplemental Fig. S3).
Then, because it was shown that certain mutants affecting the
formation of mcm5s2U could be rescued by overexpressing the
tRNA containing these modifications, we expressed high levels
of tRNAUUG

Gln , tRNAUUC
Glu , tRNAUUU

Lys , or a combination of the
three either in a trm112-0 strain or in a strain with the double
deletionmtq2-0 trm9-0. The results clearly indicate that tRNA
overexpression was not sufficient to rescue the normal growth
of the mutant cells (Fig. 5B).
Nuclear Genomic Instability and Mitotic Defects in the

trm112-0 Mutant—In addition to its role as an MTase co-fac-
tor, Trm112p has also recently been found in a two-hybrid
screening as an interactor of Sfh1p (Fig. 6) (36), an essential
component of the “remodels the structure of chromatin” (RSC)
complex (37), which is involved in transcription and is also
necessary for proper mitosis (38, 39). Because no functional
data were available for the potentially relevant Trm112p-Sfh1p
interaction, we examined trm112-0mutant phenotype in com-
parison with a conditional mutant allele (degron) of the SFH1
gene (40). Full inactivation of that degron allele of SFH1 leads to
both G1 and G2/M cell cycle arrest. Therefore, because a
trm112-0 mutant grows slowly but is viable, we compared it
with an sfh1td mutant grown under semi-restrictive conditions
(sfh1td PGAL::UBR1 on galactose at 30 °C). Nuclear staining of

FIGURE 5. tRNA steady-state levels in different mutants. A, total RNA was
separated on denaturing 1.2% agarose gel, transferred under vacuum to
charged nylon membrane, and probed as indicated. K, D, and G, probes for
tRNA Lys, Glu, and Gly, respectively. scR1, the three membranes were rep-
robed with scR1 for normalization. The origin of each RNA sample is shown at
the top; the five lanes on the left are from strains constructed in the W303
background, and the four lanes on the right, with asterisks, are in the S288c
background. wt, wild type. B, a diploid strain heterozygous for the trm112-0
deletion was transformed with high copy number plasmids expressing
tRNALys, tRNAGlu, tRNAGln, or the three tRNA together (EKQ), as indicated.
These strains were then sporulated, the tetrads were dissected, and the
growth of the resulting spores containing the plasmids was tested at 30 °C.
Shown here are the results for two tetrads (lanes a and b) for each transfor-
mant. The large colonies (such as lane a, rows 1 and 4, and lane b, rows 1 and 3,
for tRNALys, for instance) were tested and found to be wild type for TRM112,
whereas the small ones were trm112::kanMX4. None of the tRNA expressing
plasmids was able to compensate for the growth defect of the trm112-0
strain.

FIGURE 6. Partners of Trm112p. The figure schematically represents six
putative partners of Trm112p. The four proteins represented in light shading
correspond to the ones that were predicted to be Trm112p partners when we
initiated this study (10, 34) and that were then confirmed individually by
co-immunoprecipitation. They all possess a Rossman fold domain that is the
signature of enzymes utilizing S-adenosylmethionine as a co-factor, and they
are all confirmed MTases, except for Lys9p, which lacks one of the seven
�-strands of the fold. The proteins shown in darker shading were reported
more recently and do not possess a Rossman fold. Ecm16/Dhr1p was shown
to interact with Trm112p in a recent proteomic analysis (52). It is a DEAH-box
ATP-dependent RNA helicase involved in rRNA maturation (53). Sfh1p was
then reported to interact with Trm112p in a two-hybrid interactome network
(36). It is a component of the RSC complex that is phosphorylated during the
G1 phase of the cell cycle. It is encoded by an essential gene, and the protein
is required for cell cycle progression and maintenance of proper ploidy (37,
38). Two more proteins are represented on a white background, with arrows
pointing to TRM112 mRNA. Hek2/Khd1p and Whi3p are RNA-binding pro-
teins that were found to participate in the localization of numerous mRNA at
the tip of the bud (54) and at the endoplasmic reticulum (55), respectively.
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log phase cultures showed a class of cells present in both sfh1td
and trm112-0mutants but absent in the isogenicwild-type con-
trol (supplemental Fig. S4). Those cells are characterized by a
split nucleus within the mother cell, which indicates that
anaphase takes place in the absence of proper nuclear position-
ing relative to themother/daughter axis (41). This ismost likely
due to a defective regulation of either cytosolic microtubules or
cortical proteins. The percentage of cells affected is seemingly
low (�1–2% in both strains) but very significant comparedwith
the frequency in wild-type cells (below 0.1%). Suchmisoriented
anaphase events had also been observed using sfh1td as well as
other mutants of the RSC complex (39). This observation,
although preliminary, suggests that the Trm112p-Sfh1p inter-
action might be functionally relevant.
Using a reporter strain designed for chromosome instability

measurements,4 similar to the assay described previously (27),
we then quantified chromosome instability events in the
absence of TRM112 (Fig. 7). This assay measures the loss of a
chromosome arm containing two counter-selectable markers.
Chromosome instability increases 6–7-fold in trm112-0 com-
pared with wild type, similar to the chromosome instability
measured in a RSC mutant using a different assay (39). This is
consistent with a potential role for Trm112p as a positive reg-
ulator of the RSC complex activity.

DISCUSSION

In recent years, proteomics analyses have proven to be pow-
erful tools to reveal the existence of networks connecting pro-
teins that were previously not known to operate in the same
pathways. Such a study, by revealing the existence of four part-
ners for Trm112p, has opened the road to the discovery that
Trm112p is required for the activity of Trm11p, Mtq2p and, as
shown here, Trm9p. When Kalhor and Clarke (9) identified
Trm9p as being responsible for the last step of mcm5U and
mcm5s2U formation, they also proposed that the enzyme was
sufficient to catalyze this reaction because they were able to
detect some activity in vitro, using a recombinant protein pre-
pared from E. coli. We have re-examined this statement based
on the data presented in this report. First, our data show that
mcm5U and mcm5s2U are undetectable in a trm112-0 strain,
similar to a trm9-0 strain. This result corroborates the observa-

tion that a trm112-0 strain is resistant to zymocin (13), the
tRNase toxin produced by K. lactis that specifically targets the
mcm5s2U modification at position 34 and cleaves tRNAUUG

Gln ,
tRNAUUC

Glu , and tRNAUUU
Lys . Second, the level of activity reported

for the recombinant Trm9p alone was extremely low (9). Even
this low level of activity may not be entirely attributable to
Trm9p alone because we previously indicated that there is a
protein in bacteria that might be evolutionarily related to
Trm112p and thus be an accessory factor for Trm9p, although
much less efficiently thanTrm112p (2). Third, althoughTrm9p
expressed alone in E. coli is mostly insoluble, we report here
that co-expressing the two recombinant proteins Trm9p and
Trm112p leads to the formation of a soluble complex that pos-
sesses a very strong catalytic activity in vitro. Recently, it was
reported that Trm11p alone, when produced in a wheat germ
extract, had no tRNAmethylation activity, whereas this activity
was detected when Trm11p was synthesized together with
Trm112p (8). Trm112p was also shown to be required for the
activity of Mtq2p, the MTase of eRF1 (7). Therefore, Trm112p
is essential for the activity of at least three different enzymes.
Trm112p contains a zinc finger domain, amotif composed of

four cysteines arranged with a certain spacing, which can form
a secondary structure resembling a finger. Phylogenetic com-
parison has led to the assumption that this structure is not
conserved in higher eukaryotes. However, crystal structure
solution of yeast Trm112p confirmed the presence of a zinc
atom coordinating the four cysteines Cys-11, Cys-16, Cys-112,
and Cys-115, as previously hypothesized (2, 7). The zinc finger
domain was first identified 25 years ago in the transcription
factor TFIIIA from Xenopus laevis that is required for the tran-
scription of the 5 S rDNA genes by RNA polymerase III (42).
TFIIIA contains nine zinc fingers, some of which are devoted to
DNA binding and some of which, interestingly, are devoted to
RNA binding (43). Numerous zinc finger-containing proteins
have now been reported, most of which are transcription fac-
tors, such as Gal4p in yeast (44, 45). Several zinc finger proteins
are RNA-binding proteins that are involved in a variety of pro-
cesses including viral proteins, mRNA metabolism, etc. (46).
Our data clearly show that Trm112p is required for the activity
of two tRNA MTases, Trm11p and Trm9p. It is thus tempting
to hypothesize that Trm112p, because of the presence of a zinc
finger, could be responsible for tRNA binding, bridging the
tRNA template and the modification enzyme. However, it
should be noted that the twomodified nucleosides, at positions
10 and 34, are located in very different contexts in the tRNA.
Position 34 is in the anticodon loop that is well exposed and
very accessible in the tRNA L-shaped structure, whereas posi-
tion 10 is in a groove, at the junction between the acceptor loop
and the D-loop. Therefore, Trm9p/Trm112p and Trm11p/
Trm112p not only recognize different nucleotides (cmUandG)
surrounded by very different sequences on the tRNA but also
interact with very different secondary/tertiary structures, mak-
ing it unlikely that Trm112p is dedicated to target recognition.
Several other points should also be considered. Trm112p seems
to be essential for these enzymes to fold properly, as shown by
their co-expression in E. coli, an observation suggesting that
Trm112p is an intrinsic component of these enzymatic activities
rather than an accessory factor bonding these proteins to

FIGURE 7. Nuclear genome instability in WT versus trm112-0 mutant. The
values represent the rates of CAN 5-fluoro-orotic acid-resistant clones/million
cells (see “Experimental Procedures” and Ref. 27), indicative of chromosome
break or loss of the distal arm on chromosome V. CIN, chromosome instability;
WT, wild type.
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their specific targets by providing them sequence recognition.
Also, Trm112p is essential for Mtq2p folding and activity,
although Mtq2p is a protein MTase, not a tRNA one, a result
that weakens the idea that Trm112p could be solely involved in
nucleic acid recognition. Interestingly, the protein target for
Mtq2p is eRF1/Sup45, a protein that adopts a tRNA-like shape
(47) and can enter the ribosome at the A-site. However, if
Trm112p was responsible for tRNA recognition of the two
MTases Trm9p/Trm112p and Trm11p/Trm112p, it would be
unlikely that it plays the same role in binding eRF1/Sup45;
adopting a tRNA-like shape or being a true tRNAare likely to be
very different at the molecular level. In addition, the recent
discovery that Sfh1p could be another partner of Trm112p does
not point, at the moment, to an RNA binding activity for
Trm112p (36). It is not yet clear what makes these three
enzymes insoluble when they are produced alone. Further
structural characterization of these enzymes complexed to
Trm112p will be necessary to determine which domain inter-
acts with Trm112p and thus propose a model for the action of
this small protein.
Trm11p and Trm1p catalyze the formation of m2G10 and

m2
2G26, respectively, two modifications that are found simul-

taneously in a number of tRNAs (�14) and canpossibly interact
with each other when the tRNA has acquired its proper
L-shaped structure (2). Supporting these observations, we pre-
viously described a genetic link between the two genes encod-
ing these enzymes because trm11-0 exhibits a synthetic growth
defect when combined with trm1-0 (2). In contrast, it is quite
puzzling that Trm11p and Trm9p share a subunit because
nothing else appears to obviously link these two activities. Their
targets are very different in nature and are located in different
contexts, and they do not affect the same tRNAs, because of five
tRNAs having either mcm5U34 or mcm5s2U34, only two also
have an m2G10. Finally, trm11-0 and trm9-0 do not exhibit any
synthetic growth defect.
More surprisingly, trm9-0 exhibits a synthetic growth defect

with mtq2-0, thus establishing an unexpected genetic link
between tRNA biogenesis and termination of translation, a
conclusion that is also supported by the fact that they share a
subunit, Trm112p. It has been proposed recently that the avail-
ability of Trm112p is limiting in the cell and that the level of its
different partners is important tomaintain the balance between
their activities. For instance, overproduction of Mtq2p would
affect the activity of Trm9p by depriving it of Trm112p (13).
However, this would not explain the synthetic effect we
observed between mtq2-0 and trm9-0, because in that case,
Trm112p should not be in a limiting amount.
tRNAmodifications have been implicated in various aspects

of tRNAbiogenesis including controlling the steady-state levels
of certain tRNAs, which in turn might considerably affect the
expression of a population of mRNA containing the corre-
sponding complementary codons. For instance, the formation
of m1A58 that is catalyzed by the complex Trm6p/Trm61p,
which is detected in approximately two-thirds of the tRNAs in
yeast, appears to be important only for the stability of the initi-
ator tRNA methionine (tRNAini

Met). Moreover, overexpression
of tRNAini

Met is able to bypass the deletion of either TRM6 or
TRM61, which otherwise are essential genes (5). Also it is pos-

sible to suppress the activity of the killer toxin, which otherwise
cleaves the tRNA containing mcm5s2U at the wobble position,
by overexpressing the corresponding tRNAs (19, 21). Therefore
we investigated whether there was a significant variation of the
steady-state levels of several tRNAs that could explain the
reduced growth rates of either the double mutant mtq2-0
trm9-0 or the single mutant trm112-0. Also, we overexpressed
three tRNA containing the mcm5s2U modification in these
mutants to test whether they were sufficient to rescue their
growth. Our results show that there is no major variation in
tRNA abundance and that overexpression of the target tRNA
did not rescue the growth of the trm112-0 or themtq2-0 trm9-0
mutants.
The synthesis of themcm5 group is complex and requires the

activity of many genes (14). It has been reported that recombi-
nant yeast Trm9p expressed inE. coli catalyzes the formation of
both mcm5U and mcm5s2U when using saponified tRNA as a
substrate (9). Such a substrate is likely to contain cm5U and
cm5s2U. From these experiments it was not possible to deter-
mine how efficient the reaction was because the level of the
possible intermediates in the saponified tRNA was not deter-
mined. Moreover, mild base treatment of a tRNA may also
induce other changes in its structure. The methylation of the
saponified tRNAwas poor, but still bothmcm5U andmcm5s2U
were made, although no Trm112p was present. We used as a
substrate tRNA from the trm9-0 mutant and observed an effi-
cient and quantitative synthesis of mcm5U using the recombi-
nant Trm9p/Trm112p heterodimer as enzyme. However, no
mcm5s2U was formed, contrary to the results obtained using
saponified tRNA as substrate. Because our substrate did not
contain cm5s2U, which is likely to be the immediate precursor
to mcm5s2U, the inability to formmcm5s2U is understandable.
The discrepancy between our result and the results obtained
with saponified tRNA may therefore be due to the different
substrates and to the fact that we used a Trm9p/Trm112p
heterodimer instead of only Trm9p as in the earlier study (9).
The presence of Trm112pmay induce a specificity of themeth-
ylation reaction, e.g. sensitivity to the s2 group, which is not
present in the Trm9p peptide. Interestingly, similar results
were recently obtained using a human Trm9p/Trm112p het-
erodimer and tRNA fromahuman trm9-0 strain (ALKBH8�/�)
as substrate (48).
The amide derivatives (ncm5U and ncm5s2U) of the potential

immediate substrates (cm5U and cm5s2U) for the Trm9p/
Trm112p heterodimer accumulated in tRNA from trm9-0 and
trm112-0mutants (Table 1) consistent with earlier reports (11,
48). In vitro these compounds are not substrates for theTrm9p/
Trm112p heterodimer because their levels in tRNA did not
decrease upon enzyme treatment (Table 2). The accumula-
tion of these compounds in the trm9-0 and trm112-0
mutants may be due to a slow aberrant amidation of cm5U
and cm5s2U generated by the Trm9p or Trm112p deficiency.
Alternatively, these compounds may be generated prior to
the synthesis of cm5U and cm5s2U in the biosynthetic path-
way to form the mcm5 side chain. Clearly, more studies must
be performed before we understand the complex synthesis of
the mcm5 side chain that involves so many gene product
activities.
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Refined genome-wide interactome of S. cerevisiae points to
Sfh1p as a potential Trm112p partner (36). SFH1 is an essential
gene, whose product is part of the RSC complex (38, 39). If it
acts as a positive regulator of RSC, Trm112p inactivationmight
therefore recapitulate some of the phenotypes observed in RSC
mutants, especially in sfh1. Our data indeed show that unusual
mitotic figures, observed in RSC mutants, are also present in
trm112-0 (supplemental Fig. S4). Nuclear genome instability, a
common hallmark of cell cycle perturbation, is increased both
in trm112-0 (Fig. 7) and in RSC mutants (39). Our preliminary
observations are consistent with a functional link between
Trm112p and Sfh1/RSC. The occurrence of rare “endomitosis”
in both mutants suggests that Trm112p could be involved in
regulating the position of the nucleus relative to the normal
division axis. RSC is also involved in multiple processes includ-
ing transcription (49), kinetochore function (39), and cohesion
between sister chromatids (50). It will be of interest to see
whether Trm112p is involved in any of these functions.
Recently, SMO2, a TRM112 homolog, has been identified in
Arabidopsis; smo2 knock-out reduces cell division without
affecting differentiation (51). Elevated levels of B type cyclins
suggest a defect of smo2 cells during mitosis. This supports a
mitotic role for Trm112p, potentially conserved throughout
evolution.
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15. Heurgué-Hamard, V., Champ, S., Mora, L., Merkoulova-Rainon, T.,

Kisselev, L. L., and Buckingham, R. H. (2005) J. Biol. Chem. 280,
2439–2445

16. Polevoda, B., Span, L., and Sherman, F. (2006) J. Biol. Chem. 281,
2562–2571

17. Trobro, S., and Aqvist, J. (2007)Mol. Cell 27, 758–766
18. Laurberg, M., Asahara, H., Korostelev, A., Zhu, J., Trakhanov, S., and

Noller, H. F. (2008) Nature 454, 852–857
19. Butler, A. R., White, J. H., Folawiyo, Y., Edlin, A., Gardiner, D., and Stark,

M. J. (1994)Mol. Cell. Biol. 14, 6306–6316
20. Esberg, A., Huang, B., Johansson,M. J., and Byström, A. S. (2006)Mol. Cell

24, 139–148
21. Björk, G. R., Huang, B., Persson, O. P., and Byström, A. S. (2007) RNA 13,

1245–1255
22. Zhouravleva, G. A., Moskalenko, S. E., Chabelskaya, S. V., Philippe, M.,

and Inge-Vechtomov, S. G. (2006)Mol. Biol. 40, 647–653
23. Gietz, D., St Jean, A.,Woods, R. A., and Schiestl, R. H. (1992)Nucleic Acids

Res. 20, 1425
24. Guthrie, C., and Fink, R. G. (eds) (1991)Methods in Enzymology: Guide to

Yeast Genetics and Molecular Biology, Vol. 194, Academic Press, San
Diego, CA

25. Studier, F. W. (2005) Protein Expr. Purif. 41, 207–234
26. Sambrook, J., Fritsch, E. F., and Maniatis, T. (1989)Molecular Cloning: A

Laboratorymanual, 2nd Ed., Cold SpringHarbor Laboratory, Cold Spring
Harbor, NY

27. Chen, C., and Kolodner, R. D. (1999) Nat. Genet. 23, 81–85
28. Monier, R., Stephenson, M. L., and Zamecnik, P. C. (1960) Biochim. Bio-

phys. Acta 43, 1–8
29. Cross, F. R., and Tinkelenberg, A. H. (1991) Cell 65, 875–883
30. Gehrke, C.W., Kuo, K. C., McCune, R. A., Gerhardt, K. O., and Agris, P. F.

(1982) J. Chromatogr. 230, 297–308
31. Gehrke, C. W., and Kuo, K. C. (1990) in Chromatography and Modifica-

tion of Nucleosides: Analytical Methods for Major and Modified Nucleo-
sides (Gehrke, C. W., and Kuo, K. C., eds) pp. A3–A71, Elsevier,
Amsterdam

32. Compton, S. J., and Jones, C. G. (1985) Anal. Biochem. 151, 369–374
33. Niewmierzycka, A., and Clarke, S. (1999) J. Biol. Chem. 274, 814–824
34. Ito, T., Chiba, T., Ozawa, R., Yoshida, M., Hattori, M., and Sakaki, Y.

(2001) Proc. Natl. Acad. Sci. U.S.A. 98, 4569–4574
35. Felici, F., Cesareni, G., and Hughes, J. M. (1989) Mol. Cell. Biol. 9,

3260–3268
36. Yu, H., Braun, P., Yildirim, M. A., Lemmens, I., Venkatesan, K., Sahalie, J.,

Hirozane-Kishikawa, T., Gebreab, F., Li, N., Simonis, N., Hao, T., Rual,
J. F., Dricot, A., Vazquez, A.,Murray, R. R., Simon, C., Tardivo, L., Tam, S.,
Svrzikapa, N., Fan, C., de Smet, A. S., Motyl, A., Hudson, M. E., Park, J.,
Xin, X., Cusick, M. E., Moore, T., Boone, C., Snyder, M., Roth, F. P.,
Barabási, A. L., Tavernier, J., Hill, D. E., and Vidal, M. (2008) Science 322,
104–110

37. Cairns, B. R., Lorch, Y., Li, Y., Zhang, M., Lacomis, L., Erdjument-Bro-
mage, H., Tempst, P., Du, J., Laurent, B., and Kornberg, R. D. (1996) Cell
87, 1249–1260

38. Cao, Y., Cairns, B. R., Kornberg, R. D., and Laurent, B. C. (1997)Mol. Cell.
Biol. 17, 3323–3334

39. Hsu, J.M., Huang, J.,Meluh, P. B., and Laurent, B. C. (2003)Mol. Cell. Biol.
23, 3202–3215

40. Campsteijn, C., Wijnands-Collin, A. M., and Logie, C. (2007) PLoS Genet.
3, e92

41. Pearson, C. G., and Bloom, K. (2004) Nat. Rev. Mol. Cell Biol. 5,
481–492

42. Miller, J., McLachlan, A. D., and Klug, A. (1985) EMBO J. 4, 1609–1614
43. Searles, M. A., Lu, D., and Klug, A. (2000) J. Mol. Biol. 301, 47–60
44. Marmorstein, R., Carey, M., Ptashne, M., and Harrison, S. C. (1992) Na-

ture 356, 408–414
45. MacPherson, S., Larochelle, M., and Turcotte, B. (2006) Microbiol. Mol.

Trm112p Is Required for Three MTase Activities

18514 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 285 • NUMBER 24 • JUNE 11, 2010

https://doi.org/10.1074/jbc.M110.113100


Biol. Rev. 70, 583–604
46. Brown, R. S. (2005) Curr. Opin. Struct Biol. 15, 94–98
47. Song, H., Mugnier, P., Das, A. K., Webb, H. M., Evans, D. R., Tuite, M. F.,

Hemmings, B. A., and Barford, D. (2000) Cell 100, 311–321
48. Songe-Møller, L., van den Born, E., Leihne, V., Vågbø, C. B., Kristoffersen,

T., Krokan, H. E., Kirpekar, F., Falnes, P. Ø., and Klungland, A. (2010)Mol.
Cell. Biol. 30, 1814–1827

49. Carey, M., Li, B., and Workman, J. L. (2006)Mol. Cell 24, 481–487
50. Huang, J., and Laurent, B. C. (2004) Cell Cycle 3, 973–975
51. Hu, Z., Qin, Z., Wang, M., Xu, C., Feng, G., Liu, J., Meng, Z., and Hu, Y.

(2010) Plant J. 61, 600–610
52. Krogan, N. J., Cagney, G., Yu, H., Zhong, G., Guo, X., Ignatchenko, A., Li,

J., Pu, S., Datta, N., Tikuisis, A. P., Punna, T., Peregrín-Alvarez, J. M.,

Shales, M., Zhang, X., Davey, M., Robinson, M. D., Paccanaro, A., Bray,
J. E., Sheung, A., Beattie, B., Richards, D. P., Canadien, V., Lalev, A., Mena,
F., Wong, P., Starostine, A., Canete, M. M., Vlasblom, J., Wu, S., Orsi, C.,
Collins, S. R., Chandran, S., Haw, R., Rilstone, J. J., Gandi, K., Thompson,
N. J.,Musso, G., St Onge, P., Ghanny, S., Lam,M.H., Butland, G., Altaf-Ul,
A. M., Kanaya, S., Shilatifard, A., O’Shea, E., Weissman, J. S., Ingles, C. J.,
Hughes, T. R., Parkinson, J., Gerstein, M., Wodak, S. J., Emili, A., and
Greenblatt, J. F. (2006) Nature 440, 637–643

53. Colley, A., Beggs, J. D., Tollervey,D., andLafontaine,D. L. (2000)Mol. Cell.
Biol. 20, 7238–7246

54. Hasegawa, Y., Irie, K., and Gerber, A. P. (2008) RNA 14, 2333–2347
55. Colomina, N., Ferrezuelo, F., Wang, H., Aldea, M., and Garí, E. (2008)

J. Biol. Chem. 283, 28670–28679

Trm112p Is Required for Three MTase Activities

JUNE 11, 2010 • VOLUME 285 • NUMBER 24 JOURNAL OF BIOLOGICAL CHEMISTRY 18515


	Trm112p Is a 15-kDa Zinc Finger Protein Essential for the Activity of Two tRNA and One Protein Methyltransferases in Yeast*
	EXPERIMENTAL PROCEDURES
	RESULTS
	DISCUSSION
	REFERENCES


