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The tRNA gene-mediated (tgm) silencing of RNA polymerase II
promoters is dependent on subnuclear clustering of the tRNA
genes, but genetic analysis shows that the silencing requires
additional mechanisms. We have identified proteins that bind
tRNA gene transcription complexes and are required for tgm
silencing but not required for gene clustering. One of the proteins,
Mod5, is a tRNA modifying enzyme that adds an N6-isopentenyl
adenosine modification at position 37 on a small number of tRNAs
in the cytoplasm, although a subpopulation of Mod5 is also found
in the nucleus. Recent publications have also shown that Mod5 has
tumor suppressor characteristics in humans as well as confers drug
resistance through prion-like misfolding in yeast. Here, we show
that a subpopulation of Mod5 associates with tRNA gene com-
plexes in the nucleolus. This association occurs and is required for
tgm silencing regardless of whether the pre-tRNA transcripts are
substrates for Mod5 modification. In addition, Mod5 is bound to
nuclear pre-tRNA transcripts, although they are not substrates for
the A37 modification. Lastly, we show that truncation of the tRNA
transcript to remove the normal tRNA structure also alleviates
silencing, suggesting that synthesis of intact pre-tRNAs is required
for the silencing mechanism. These results are discussed in light of
recent results showing that silencing near tRNA genes also
requires chromatin modification.

RNA silencing | Maf1

Transcription silencing can occur near yeast tRNA genes,
which are distributed throughout the linear chromosomes

(1, 2). The tendency of tRNA genes to suppress transcription
from nearby RNA polymerase II (pol II) promoters is mechanis-
tically distinct from other forms of silencing in yeast, because gene
mutations and deletions that affect other silencing mechanisms
fail to affect tRNA gene-mediated (tgm) silencing (3). This tgm
silencing is also distinct from the ability of tRNA genes to serve as
insulators or boundary elements, because it requires the tRNA
gene to be transcribed (2) rather than requiring only the presence
of the TFIIIC transcription factor (4–6).This form of silencing
depends on the subnuclear localization of the tRNA loci to the
nucleolus and is relieved when nucleolar architecture is compro-
mised (3, 7). The correlation between the loss of silencing and the
loss of subnuclear localization raised the question of whether
nucleolar localization alone was sufficient to suppress nearby pol
II transcription. The existence of additional mechanisms required
for the silencing was suggested by the requirement for Maf1, which
was originally shown to be a repressor of RNA polymerase III (pol
III) transcription that acts through interactions with pol III and
the upstream transcription factor, TFIIIB, although the precise
mechanism of inhibition is not currently known (8–11).
Here, we show that another protein, Mod5, is also required for

tgm silencing. Mod5 was originally tested for tgm silencing
effects because of its genetic interaction with Maf1 (12, 13).
Even so, it was not entirely expected that Mod5 would affect tgm
silencing, because its previously known function is the iso-
pentenylation of the A37 exocyclic amine in the tRNAs tRNATyr,

tRNAPhe, and tRNASer (14–17). In addition, no other tRNA
processing enzymes that we tested were required for the silenc-
ing, and therefore, it did not seem that tRNA maturation per se
was needed (3). Here, we show that Mod5 binds to tRNA genes
in vivo and the pre-tRNA transcripts, even if the RNA is not an
appropriate substrate for Mod5. Possible explanations for the
role of Mod5 and the pre-tRNA transcripts are discussed.

Results
Mod5 Is Required for Silencing near tRNA Genes. Over 200 gene
deletions and mutations have previously been tested to de-
termine which proteins are necessary for tgm silencing (3, 18).
The plasmid reporter construct contains an active tRNA gene
upstream of an HIS3 coding region in strains where the chro-
mosomal HIS3 gene is deleted. HIS3 transcription is controlled
by a modified GAL1 promoter with a single, consensus upstream
activation sequence (UASG) binding site for Gal4 protein (Fig.
1A). WT cells are not able to grow in the absence of histidine,
because the tRNA gene prevents pol II transcription (Fig. 1A),
even when Gal4 is bound to the UASG (2, 18).
Most mutations previously shown to alleviate tgm silencing

cause a mislocalization of the tRNA genes, and therefore, they
no longer cluster near the nucleolus (3). These mutations typi-
cally cause poor growth of the mutant yeast strains, because they
usually disrupt nucleolar architecture. An exception is the de-
letion of MAF1, which both derepresses tRNA gene transcrip-
tion and alleviates tgm silencing (9), but it does not have any
detectable growth phenotype. Because MAF1 is known to affect
both localization and function of another protein Mod5, a known
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tRNA modifying enzyme (12, 13, 19), we also tested mod5Δ and
found that it alleviates tgm silencing (Fig. 1B) and has no neg-
ative growth phenotype under normal conditions. Because the
tgm silencing assay uses a plasmid containing an active SUP4
tRNATyr gene, which produces a substrate for Mod5, we also used
a second test construct having a tRNA gene that does not encode
a substrate of Mod5, the SUP53 gene variant of the tRNALeu3

family (2). Silencing occurs in both constructs, and deletion of
MOD5 caused alleviation of silencing in both constructs (Fig. 1B).
Thus, Mod5 is required for local silencing, regardless of whether
the tRNA gene product is a substrate for the enzyme.

Mod5 Is Not Required for Subnuclear Clustering of tRNA Genes.
Previous deletions and mutations that caused alleviation of
tgm silencing had been in proteins affecting nucleolar architec-
ture and chromosome condensation, and they had dramatic
effects on the subnuclear clustering of the tRNA genes (3, 18,
20). It is possible that mislocalization of tRNA genes alleviated
tgm silencing in these cases, simply because the removal of loci
from the nucleolus made them more accessible to pol II and pol
III transcription factors (3) or the mislocalization disrupted spa-
tial relationships needed for organizing active silencing events.
To test whether subnuclear clustering alleviation is the case for
the MOD5 gene deletion, this strain was tested for localization

of the tRNA genes. The nucleolar clustering of 10 linearly dis-
persed tRNALeu3(CAA) genes was tested in these deletion
strains using FISH as described previously (3, 7). In both the
mod5Δ and the parental WT strains, the tRNALeu3 genes colo-
calized approximately with the nucleolar marker U14 in more
than 90% of the cells imaged with probes to both (Fig. 2). This
colocalization is quite different from results obtained with mutants
that abrogate clustering and nucleolar localization of the tRNA
genes (3, 18, 20), where there is little or no overlap between
nucleolar markers and the tRNA gene signals. This result is also
consistent with the normal growth rate of the mod5Δ strain,
because strains with dispersed tRNA gene localization routinely
grow slowly (3, 18, 20). Although we are unable to rule out more
subtle disturbances of tRNA gene positions, other mutations
giving loss of tgm silencing had displayed obvious mislocalization
phenotypes (3). These data suggest that the alleviation of tgm
silencing caused by the mod5Δ deletion is not caused by gross
redistribution of the tRNA genes.

Mod5 Is Not Required for Repression of tRNA Gene Transcription by
Target of Rapamycin. Treatment of yeast with rapamycin causes
inhibition of pol III transcription of tRNA genes through action
of the target of rapamycin pathway on Maf1 (10, 21, 22). We
tested whether Mod5 might be required for Maf1 to repress
tRNA transcription, thus suggesting that Maf1 was the target of
Mod5 in the tgm silencing mechanism. Target of rapamycin in-
hibition of tRNA biosynthesis was assessed by Northern blot
analysis of pre-tRNA:tRNA ratios as a measure of newly syn-
thesized RNA (7–9). As expected, WT cells treated with rapa-
mycin showed more than a threefold reduction in new tRNA
synthesis, whereas maf1Δ cells showed no dramatic loss of
transcription when treated with rapamycin (Fig. 3). In contrast,
rapamycin treatment of mod5Δ cells caused repression of new
pre-tRNA synthesis at a level similar to WT (Fig. 3). These
results suggest that the actions of Mod5 in tgm silencing are
either downstream or independent of the actions of Maf1 in
repressing tRNA gene transcription.

Mod5 Modification of tRNAs Does Not Seem to Be Required for tgm
Silencing. Mod5 is an isopentenyl transferase that catalyzes the
transfer of a dimethylallyl group from dimethylallyl pyrophos-
phate (DMAPP) to the exocyclic amine on position 37 of a few
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Fig. 1. Deletion of MOD5 releases tgm silencing. (A) Plasmid construct used
for testing for tgm silencing. A tRNALeu (SUP53) or tRNATyr (SUP4) gene in
WT cells silences the HIS3 reporter gene under the control of a consensus
Gal4 UAS and Gal1 basal promoter (2). In the mut tRNALeu version, point
mutations in the A and B box promoters of tRNALeu (SUP53; G19C and C56G)
eliminate association of all tRNA gene transcription components, and tgm
silencing is lost. Primer extension analysis from the HIS3 coding region shows
the level and 5′ termini of the HIS3 transcripts, with primer extension on
ADH1 mRNA in the same reactions used as an internal quantitation control
(2). In the first lane, the ADH1 primer is omitted to verify the identity of the
HIS3 products. The major HIS3 transcript 5′ terminus at −102 relative to the
translation start is indicated. (B) Cells in which tgm silencing is disrupted by
deletion of MOD5 express HIS3 and are able to grow on media lacking his-
tidine (SGR-ura-his). Silencing still requires MOD5 regardless of whether the
SUP4 tRNATyr gene or the SUP53 tRNALeu3 gene is present.
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Fig. 2. Deletion of MOD5 does not cause mislocalization of tRNA genes.
The 10 tRNALeu(CAA) genes (red) and the U14 snoRNA nucleolar marker
(green) were detected in fixed nuclei by in situ hybridization with fluores-
cent oligonucleotides, and representative cells are shown. Blue represents
DAPI staining of nucleoplasmic DNA. As shown by these representative cells,
themod5Δmutant strain maintains the WT localization of the tRNA genes as
shown previously (18, 51).
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tRNAs in yeast (14–17). Although not required for life under
most conditions, these modifications enhance the function of
these tRNAs, which has allowed the development of a tRNA
suppressor assay for translation efficiency (17). Previous studies
of the enzymatic activity of Mod5 have used a strain (MT-8) with
an ochre termination mutation in ade2 and an SUP7 ochre (14)
tRNA gene that can suppress the ochre mutations only when the
tRNA is modified by Mod5. Deletion of MOD5 renders the
SUP7 ochre suppressor ineffective (16). Thus, the strain requires
adenine in the media for growth, unless Mod5 is expressed from
genes supplied on plasmids (14) (Fig. 4).
We tested whether the previously defined catalytic activity of

Mod5 is required for tgm silencing by depleting its DMAPP
substrate in two different ways (23–25). The first method was to
treat cells with the drug Atorvastatin, which inhibits an early
enzyme in DMAPP biosynthesis, 3-hydroxy-3-methyl-glutaryl-
CoA (HMG-CoA) reductase (24). Atorvastatin at 20 μg/mL was
sufficient in this assay to inhibit Mod5 tRNA modification ac-
tivity and eliminate growth on solid medium lacking adenine
(−Ade in Fig. 4A; but containing lysine) in strains containing
MOD5 (Fig. 4A) as previously shown. We then tested the ability
of Atorvastatin to limit tgm silencing. There was no loss of si-
lencing up to 100 μg/mL Atorvastatin (higher concentrations are
toxic), which is five times the concentration needed to effectively
inhibit in the tRNA modification assay (Fig. 4B). The second
method for depleting the DMAPP substrate was to overexpress
the enzyme Erg20p from a high-copy plasmid. Erg20p uses
DMAPP to create precursors for sterol biogenesis, and its
overexpression depletes the DMAPP pool and decreases N6-
isopentenyladenosine (i6A) tRNA modification. Although de-
crease of i6A tRNA modification was previously shown to cause
a loss of ochre suppression in the SUP7 test system (23), over-
expression of Erg20p did not cause an alleviation of tgm silencing
(Fig. 4C). In combination, these data suggest that the tRNA
modifying activity of Mod5 is not required for tgm silencing. The
observation that Mod5 modification of tRNAs is not required for

tgm silencing is consistent with the observation that the tRNA
gene causing the silencing of nearby pol II transcription does not
have to encode a pre-tRNA that can be modified by Mod5. Not
only do the SUP4 and SUP53 pre-tRNA in the nucleus have
introns that preclude their use as substrates, but mature SUP53
tRNA never becomes an Mod5 substrate because of an in-
compatible sequence at the site of modification.
We attempted to also identify mutations in MOD5 that would

compromise the tgm silencing functions without affecting tRNA
modification activity (SI Materials and Methods and Fig. S1). All
mutations that affected one activity also affected the other ac-
tivity, although most of these seemed to destabilize the expressed
protein. One mutation in the putative tRNA modification site
compromised both activities and seemed to express well (Fig.
S1), but we are not currently able to differentiate between effects
on catalysis vs. tRNA binding.

Mod5 Function in tgm Silencing Is Conserved in Eukaryotic Homologs.
The Mod5 protein is highly conserved from bacteria to mammals
as a tRNA modification enzyme, with two highly conserved
domains being an ATP/GTP binding domain and the DMAPP
binding site (26) (Fig. 5A). One notable feature of the eukaryotic
versions is that they have a longer C terminus, and this region has
a zinc finger motif (26). Homologs of Mod5 have been cloned
from both Arabidopsis thaliana and humans, and they are capable
of performing the appropriate yeast tRNA modification as as-
sessed by the SUP7 suppression assay (26–28). To test whether
the ability to confer active tgm silencing in an mod5Δ strain is
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Fig. 3. Deletion of MOD5 does not alleviate repression of tRNA gene tran-
scription mediated by Maf1. Three strains (WT, mod5Δ, and maf1Δ) were
treated with 0.2 μg/mL rapamycin for 40 min. Denaturing polyacrylamide gel
analysis of whole-cell RNA was analyzed by Northern blot from duplicate
samples. The level of pre-tRNAs before endonucleolytic processing can be used
as a measure of new synthesis when measured relative to a more stable pool
of cellular U6 snRNA (22). Blots were probed for pre-tRNALeu3 and U6 snRNA as
the internal normalization control. For each duplicate sample, the ratio of
precursor tRNA to U6 signal is shown, and it is normalized to 1.0 for the ratio in
that strain in the same experiment without rapamycin treatment. Deletion of
MAF1 but not MOD5 reduces inhibition pre-tRNA synthesis by rapamycin.
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also conserved, we expressed ORFs of either the human or
Arabidopsis homologs in constructs previously shown to confer
tRNA modification along with a plasmid containing the tgm
silencing test construct. The human Mod5 homolog (TRIT1) was
able to fully restore tgm silencing in yeast, and the A. thaliana
homolog partially restored tgm silencing (Fig. 5B). These results
show that the participation of Mod5 in tgm silencing is a con-
served property of the eukaryotic enzyme.

Mod5 Is Present at tRNA Genes. Because some Mod5 and most
tRNA genes are located in the same subnuclear compartment,
the nucleolus (29, 30), the hypothesis was suggested that Mod5
might be directly associated with tRNA genes and acting in cis to
exert its effect on tgm silencing. To determine if Mod5 is present
at tRNA genes, we used ChIP using endogenous Mod5 fused to
a C-terminal tandem affinity purification (TAP) tag, where the
gene is transcribed from its endogenous promoter. We per-
formed ChIP using Mod5-TAP and the pol III transcription
factor TFIIIB subunit, Brf1p, as a control, because it is stably
bound to tRNA genes (11). Occupancy at two different chro-
mosomal tRNA genes tRNAIle (tI[AUU]D on chromosome IV)

and tRNAGln (tQ[UUG]E1 on chromosome V) was detected by
semiquantitative PCR amplification (Fig. 6A) relative to an in-
ternal amplification control—the coding region of ATG22 that
has no nearby tRNA genes. These loci had previously been
shown to provide ChIP results comparable with genome-wide
association studies for pol III complex components and con-
densin (20). As shown in Fig. 6A, Mod5 is enriched three- to
fourfold at each tRNA gene relative to an internal control, which
is similar to the results with Brf1p, although we are unable to
determine the degree of occupancy from this type of experiment.
It is notable that neither of these two tRNA genes produces
a substrate for Mod5 (17), indicating that Mod5 is present at
tRNA genes, even in the absence of synthesis in cis of an i6A
modification substrate. The observation of Mod5 at tRNA genes
that do not code for a Mod5 substrate is in agreement with our
results that showed that both SUP4 and SUP53 cause tgm si-
lencing, although neither pre-tRNA can be modified by Mod5.

Mod5 Associates with RNA Pol III Transcription Components. Pro-
teomic analysis of proteins that coisolate with TAP-tagged Mod5
by Multidimensional Protein Identification Technology (31)
showed a large number of polypeptides, possibly because of
chromatin association as well as cytoplasmic associations (SI
Materials and Methods and Table S1). Although it was not pos-
sible to form confident hypotheses from results of this com-
plexity, there were preliminary indications that Mod5 might
interact with protein components expected to be found at the
tRNA genes. In addition to multiple nucleolar proteins, there
were subunits of RNA pol III and condensin, which are found
preferentially associated with tRNA genes and required for their
nucleolar clustering and silencing (20). Using coimmunopreci-
pitation, we tested directly whether Mod5-myc could be pulled
down with TAP-tagged polypeptides that are part of tRNA gene
transcription complexes, including subunits of condensin (Smc4),
TFIIIB (Brf1 and Bdp1), TFIIIC (Tfc1), and RNA pol III (Rpc53
and Rpc82). Affinity isolation of each of the tested TAP-tagged
proteins was able to coisolate the myc-tagged Mod5 compared
with a negative control strain without any TAP tag (Fig. 6B).
Because these components are not thought to associate with
each other away from the pol III-transcribed genes, these results
are consistent with the data that indicated that Mod5 is located
in the nucleolus (30) and at the tRNA genes (Fig. 6A). To de-
termine whether the interactions of Mod5 with these proteins
required the continued presence of DNA, we repeated the
coimmunoprecipitations in the presence of sufficient DNase I to
completely remove any exposed DNA from the immunopreci-
pitated fractions, which were assayed by exhaustive PCR. DNase
treatment did not cause the total loss of any interaction, al-
though a mild decrease in signal was seen in RNA pol III TAP-
tagged samples (Fig. 6B) (Mod5-myc signals from the Rpc53 and
Rpc82 are decreased 45–50% in the data shown). Although the
pull-down efficiencies are too variable between experiments for
quantitative interpretation, this finding is consistent with previous
observations that pol III is the most DNase-unstable member of
the tRNA gene complexes (20). These results were repeated for
selected proteins in a reciprocal manner, where Tfc1-myc, Smc2-
myc, and Smc4-myc were all able to coimmunoprecipitate Mod5-
TAP (SI Materials and Methods and Fig. S2).

Mod5 Binds to pre-tRNAs.One possible explanation of why Mod5 is
involved in the silencing mechanism is that Mod5 binds the pre-
tRNA transcript, and the resulting ribonucleoprotein complex
contributes to antagonizing nearby pol II transcription. Such dual
use of an ancient RNA processing enzyme is not without precedent
in eukaryotes, and the presence of Mod5 in the nucleus as well as
the cytoplasm, where it modifies a limited selection of tRNAs,
would suggest a possible alternative function. The facts that it
binds to genes regardless of whether they produce substrates and is
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required for silencing are consistent with a function independent
of the catalytic activity requiring DMAPP, but does not preclude
binding of the protein to the nascent pre-tRNA transcripts.
To test if Mod5 binds to the nascent pre-tRNA transcripts, we

performed in vivo cross-linking to stabilize RNA–protein com-
plexes and isolated Mod5 using a C-terminal myc affinity tag.
The results (Fig. 6C) show that a portion of the affinity-isolated
Mod5 was coisolated with both Tyr and Leu3 pre-tRNA and
tRNA species. Importantly, the precursors, including primary
transcripts, were significantly enriched compared with the pre-
cursor:mature ratios in the cellular extracts. The multiple pre-
cursor bands seen for these two tRNA types have been
characterized previously, and they correspond to the size of both
primary transcripts (highest band) and intron-containing but
end-matured pre-tRNAs, which suggests that Mod5 binds pre-
tRNAs soon after synthesis and can remain bound (or rebind)
for some time after synthesis and release from the gene. Because
neither the intron-containing precursors nor the mature
tRNALeu3 can be modified by Mod5, finding in the absence of
i6A modification is sufficient for silencing. Although the integral
association of Mod5 with the large polypeptide assembly on
tRNA genes precludes assigning a direct Mod5–pre-tRNA as-
sociation, a tentative hypothesis consistent with these observa-
tions is that Mod5 captures nascent transcripts and acts
downstream to affect pol II transcription.
If Mod5 needs to bind the pre-tRNA for silencing to occur,

one predicts that nontRNA transcripts, which do not conform to
the general structure recognized by the enzyme, might not be
able to confer silencing, although the pol III transcription com-
plex is active on the gene. We created a modified tRNATyr (SUP4)
gene-silencing reporter construct, in which the tRNA gene pro-
moters were intact and correctly spaced, but transcripts were
truncated immediately after the anticodon by inserting ad-
ditional T residues in the intron sequence (to give seven con-
secutive T residues), which efficiently terminates pol III
transcription. After confirming that the truncated tRNATyr

transcript was made from this construct by Northern blot (Fig.
7A), we tested for tgm silencing of the neighboring nat1 gene and
found that silencing had been completely removed to the level of
having no tRNA gene present (Fig. 7B). This result is consistent
with a need for a bona fide pre-tRNA transcript to activate the
silencing mechanism. To test whether the full-length pre-tRNA
transcript was necessary for Mod5 to associate with the tRNA
gene complex, we performed ChIP in a strain with a chromo-
somal TAP tag on Mod5 containing either the normal SUP4
silencing test plasmid or the 7T construct that produces trun-
cated transcripts. The Mod5 remains associated with the 7T
SUP4 gene, consistent with Mod5 associating with the tRNA
gene complex in the absence of a full-length pre-tRNA.

Discussion
Previous genetic analysis has shown that the mechanism of tgm
silencing is distinct from other forms of transcriptional silencing.
Our earlier investigations of this mechanism revealed that con-
densin-dependent clustering of tRNA genes and microtubule-
dependent localization to nucleoli were required, because
mutations that mislocalized tRNA genes in the cell also relieved
tgm silencing (3, 18). Additional evidence now shows that, al-
though localization of tRNA genes in the nucleolus is necessary
for silencing near tRNA genes, it is not sufficient, and additional
mechanisms come into play. We previously showed that Maf1,
a pol III repressor that binds to tRNA genes, is also required for
nearby silencing, although it has no strong effect on nuclear
positioning of the genes (9). Here, we show that Mod5, a protein
with genetic ties to Maf1, is also required for tgm and does not
seriously disrupt tRNA gene clustering and nucleolar localiza-
tion. Although these proteins have previously been shown to
interact genetically (9), the current demonstration that Mod5 is
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Fig. 6. Mod5 is physically associated with tRNA gene complexes and pre-
tRNAs. (A) ChIPs were performed using TAP-tagged versions of Mod5 and
a positive control (the Brf1p subunit of the continuously bound TFIIIB tran-
scription factor). PCR detection used primers flanking tRNAIle and tRNAGln

genes as previously determined (20), with the coding region of ATG22 as an
internal negative control, because the nearest tRNA gene is >5,000 bp away.
Triplicate reactions from duplicate experiments are expressed as ratios of
linear range PCR signal at the tRNA gene/ATG22 control. Ratios are nor-
malized to parallel controls using an untagged strain. (B) Mod5-myc is
coimmunoprecipitated with proteins bound at tRNA genes. The chromo-
somal MOD5 ORF was C-terminally tagged with 13xmyc in strains where the
other indicated proteins are TAP-tagged as well as a strain with no sec-
ondary TAP tag. Cell lysates from 1 L midlog cultures were divided, and one-
half of the samples were treated with excess DNase I (as assessed by PCR) to
eliminate interactions that are mediated by co-occupation at a distance on
the same DNA fragments. TAP-tagged proteins were isolated in single af-
finity steps, and Western blots were probed for coisolation of Myc-tagged
Mod5. These results indicate that Mod5-myc is reproducibly present in af-
finity pull-downs of TAP-tagged Brf1p, Bdp1, Smc4, Rpc53, Rpc82, and Tfc1
but not when a TAP tag is absent. Although formation of pol III transcrip-
tion complexes, including condensin, is likely to be DNA-mediated on the
tRNA genes, the DNase insensitivity indicates that Mod5 is likely in close
contact with the pol III transcription complex. (C) Mod5-myc is associated
with pre-tRNAs. After cross-linking in culture, Mod5-myc was affinity iso-
lated, cross-linking was reversed, and the associated RNA was analyzed by
Northern blot with probes to either tRNALeu3 (not an Mod5 substrate) or
tRNATyr (only the spliced form is an Mod5 substrate). In both cases, anti-
body to the myc tag isolated both the nonsubstrate precursors and the
mature forms, with substantial enrichment for precursors (ratios given be-
low). RNA coisolations and precursor enrichments were not sensitive to
DNase treatment.
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also present at the tRNA genes is the first indication that they
are both present at tRNA genes and may act in concert to affect
local transcription by RNA pol II. A schematic representation of
the pol III transcription complex interactions with Maf1, Mod5,
and the pre-tRNA transcripts that are required for tgm silencing
is shown in Fig. 8. Although condensin also associates with these
complexes, it is not represented here, because it is thought to
exert its effects through clustering of the tRNA genes.

The isopentenyl transferase enzyme encoded by MOD5 in
yeast is conserved from Escherichia coli to Homo sapiens (32–34).
Other than the universal conservation of the ATP/GTP binding
domain and the DMAPP substrate binding domain, the eukaryotic
homologs possess an ∼100-aa C-terminal extension not found in
the prokaryotic version. This extension has a conserved zinc
finger motif (26), and although the function of this region is cur-
rently unknown (26), it has been implicated in nucleolar locali-
zation (30). It seems possible that the C-terminal domain might
also allow additional functions that contribute to tgm silencing.
To test whether the catalytic activity of Mod5 is required for

silencing, we used two different methods to deplete the known
substrate of Mod5 for tRNA modification, DMAPP. Neither of
these methods alleviated tgm silencing (Fig. 4 B and C), although
they do decrease the tRNA modification of Mod5. This apparent
continuation of silencing in the face of reduced tRNA modifi-
cation is consistent with the observation that the pre-tRNAs
synthesized at the site of silencing do not need to be substrates
for modification. Thus, we hypothesize that Mod5 acts in silencing
through binding to nascent transcripts, although at this time, we
cannot definitively rule out participation of the enzyme’s catalytic
center. We have not yet been able to identify mutations that in-
activate tRNA modification without inactivating tgm silencing
(SI Materials and Methods and Fig. S1), but it is possible that
more detailed knowledge of the tRNA modification mechanism
will allow the two activities to be differentiated. The lack of si-
lencing by the truncated tRNA transcript extends our previous
observation that active pol III transcription is required by sug-
gesting that a recognizable pre-tRNA needs to be formed, con-
sistent with a requirement for a protein that recognizes tRNAs
(2), which is consistent with the association of Mod5 with pre-
tRNA transcripts (Fig. 7). A detailed future analysis of pre-tRNA
requirements in parallel with in vitro binding requirements for
the purified enzyme will be of interest. Although Mod5 asso-
ciates with the active tRNA transcription complex in the absence
of a full-length transcript, these results suggest that the pre-
tRNA is required for a subsequent event.
Mod5 exists in both the cytoplasm and nucleus, with a con-

centration in the nucleolus (29, 30). The results presented here
indicate that Mod5 possesses a previously unsuspected influence
on nuclear gene expression that does not require modification of
tRNAs. This dual functionality has been observed previously for
other tRNA processing enzymes as well. One example is the
yeast protein Nam2p, a tRNA synthetase, that is involved in
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Fig. 7. tgm silencing is abolished by truncation of the tRNA transcript. A
modified SUP4 tRNA gene was used in the silencing test construct (Fig. 1), in
which a TTTTTTT transcription termination sequence was substituted for the
tRNA intron sequence starting immediately after the anticodon. The internal
promoters are intact and spaced identically, but the truncated transcripts lack
both tRNA structure and an anticodon stem, and they are not predicted to
bind to Mod5. (A) Northern blots of total cell RNA were probed with an oligo
complimentary to the 5′ half all tRNATyr transcripts. The upper pre-tRNA and
mature tRNA bands are from the eight chromosomal tRNATyr genes, with the
lowest band being the size expected for the pSUP4 transcript truncated by
termination at the 7T sequence after the anticodon. The truncated 7T primary
transcript is ∼40% (±10%) of the combined pre-tRNA signal from the other
eight genes in triplicate experiments, although quantitative comparison of
synthesis rate is not possible, because the RNA turnover is by different path-
ways. The oligonucleotide probe used here hybridizes preferentially to pre-
tRNAs rather than mature tRNAs (Fig. 6 shows comparison with WT precursor
to mature signals). (B) tRNA truncation releases tgm silencing as well as
deletes the tRNA gene entirely, allowing growth on selective media (−His). (C)
ChIP of the test SUP4 WT and truncated transcript (7T) genes was performed
in a strain containing TAP-tagged Mod5. PCR of serial dilutions (1×, 4×, and
16×) of DNA from 1% of the input extract or calmodulin affinity isolation of
chromatin fragments shows substantial enrichment relative to the starting
extract of both test SUP4 tRNA genes relative to the control ATG22 locus.

Fig. 8. Schematic representation of tRNA gene complex components that
are required for tgm silencing. RNA pol III, TFIIIB, and TFIIIC are components
of the chromosomal tRNA gene transcription complexes (11). Involvement of
Maf1, Mod5, and the pre-tRNA transcript are described in the text. Another
required component bound to the tRNA genes through TFIIIC, the condensin
complex (20), is not depicted, because it likely acts separately by spatially
clustering the tRNA genes.
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tRNA aminoacylation and also participates in the excision of an
intron in bI4 maturase premRNA (35, 36). A second example is
the Pus1 protein, which modifies uridine to pseudouridurine in
tRNAs but also modifies steroid receptor RNA activator and
cooperates with retinoic acid receptor to enhance transcription
at target promoters (37). The modification of dissimilar sub-
strates with different chemical groups provides an intriguing set
of possibilities for Mod5, however unlikely. The characterized
enzymatic reaction catalyzes the transfer of an isopentenyl group
to the exocyclic amine of adenosine, with a pyrophosphate
leaving group from the DMAPP donor. Although the DMAPP
depletion studies suggest that it is not a substrate for any alter-
native reactions, it is not impossible that entirely different donor
and acceptor substrates could have evolved in the context of the
tRNA gene complex. For example, a previously uncharacterized
activity might transfer a different small substrate to an amino
group on either a protein or the pre-tRNA.
An unanswered question to date is what regulatory event is

being affected in the immediate vicinity of the tRNA genes. The
lack of Mod5 does not seem to affect overall tRNA gene local-
ization and it is not essential for Maf1 regulation of pol III
transcription, suggesting that it is either downstream of the effect
of Maf1 or independent of it. One possibility is that chromatin
structure is involved in tgm silencing after all, although it is
regulated by different nucleosome modification and remodeling
activities than were tested earlier, because they are used for
other silencing forms. It is possible that a complex between
Mod5 and pre-tRNAs helps to recruit activities that modify local
chromatin, and this hypothesis is currently under investigation.
Other known forms of RNA-mediated chromatin silencing in-
volving siRNAs do not seem to be present in Saccharomyces.
Another interesting possibility is that the pre-tRNA transcripts

are directly inhibiting RNA pol II in the vicinity, with the in-
teraction mediated by Mod5 and would be compatible with earlier
observations that tRNAs can inhibit purified pol II (32, 33) and
that pol III-synthesized transcripts from small interspersed ele-
ments can directly inhibit mammalian pol II in vitro (34) and re-
press pol II transcription in vivo (38, 39). It is not immediately clear
for either this hypothesis or possible chromatin modification why
pre-tRNAs are functional and truncated half-tRNAs are not, but
different small interspersed elements have differential abilities to
inhibit pol II; also, it seems plausible that there are specific con-
straints on the RNA effector beyond binding to Mod5, such that
Mod5 binding might or might not be the descriminator of function.
The complementation of tgm silencing by both the human and

Arabidopsis Mod5 homologs suggests that it is likely to be
broadly applicable in eukaryotes. The human homolog of Mod5,

TRIT1, is of particular interest, because previous studies have
suggested that TRIT1 might be a tumor suppressor in specific
types of human cancers. It is down-regulated or alternatively spliced
in lung adenocarcinoma, and when transfected into a human
lung carcinoma line that had low expression of TRIT1, it is able
to significantly reduce tumor development in a nude mouse test
system (40). In addition, the yeast Mod5 has recently been shown
to have prion-like misfolding properties that help confer re-
sistance to certain antifungal agents (41). Although this activity,
like the tumor suppressor properties of TRIT1, was attributed to
the lack of tRNA modification by DMAPP, it will be interesting
to examine these properties in light of possible effects on gene
expression in the nucleus.

Materials and Methods
Yeast Strains. Strains were derived from S. cerevisiae strains W3031 (MATα
leu2-3, 112 his3-11, 15 ade2-1 trp1-1 ura3-1 can1-100), MT-8 (MATα SUP7,
ura3-1, his5-2, leu2-3,112, ade2-1, trp1, lys1-1, lys2-1, can1-100, mod5:TRP1),
BY4741 (MATα his3Δ1, leu2Δ, met15Δ, ura3Δ), and YPH500α (MATα ade2-
101, his3Δ200, leu2Δ1, lys2-801, trp1Δ63,ura3-52). Strains with TAP-tagged
protein ORFs were purchased from Open Biosystems (42). Additional affin-
ity-tagged strains were created by tagging chromosomal ORFs with 13xmyc-
epitope by direct recombination at the C termini as described in ref. 43.
Descriptions of all of the strains and plasmids used are listed in Table 1.

Cloning of MOD5. MOD5 was PCR-amplified from BY4741 from 500 bp up-
stream of the AUG start codon to 142 bp after the stop codon, with BamHI
sites added to the ends. This product was ligated into the BamHI site of
plasmid pRS316 (44), creating plasmid pMPH1. The TAP tag was PCR-
amplified from the MOD5-TAP strain from Open Biosystems using primers
containing 100-nt pairs of the MOD5 ORF C terminus and 50 nt corre-
sponding to the pRS316 plasmid. The amplified TAP tag was added to the
pMPH1 clone by gap repair by transforming the amplified product and
pMPH1-digested with XhoI and HindIII into an mod5Δ strain, creating pMPH3.
This construct contains theMOD5 promoter starting 10 bp after the Spe I site
and the insert ends at 10 bp before the SmaI site.

In Situ Hybridization and Microscopy. Yeast was grown to midlog in synthetic
dextrose complete (SDC) media and fixed for 30 min by adding 3.6% (vol/vol)
paraformaldehyde directly to the growth media to retain native cellular and
nuclear architecture before fixation (3, 7, 45). After fixation, cells were har-
vested and treated as previously described (45, 46), except that spheroplasting
was performed by treating with 0.38 mg/mL Zymolyase 20T (Seikagaku) for
45 min at 37 °C. Oligonucleotide probes, labeled with Oregon Green 488
(Molecular Probes) or Cy3 (GE Healthcare), to U14 snoRNA and tRNALeu(CAA)
were previously described, and in situ hybridization and deconvolution
fluorescence microscopy were also previously described (3, 7, 45).

Rapamycin Treatment and RNA Analysis. Cells grown to an OD at 600 nm of
0.6–0.8 were treated with a final concentration of 0.2 μg/mL rapamycin (LKT
Laboratories) for 40 min (22). Cell pellets were harvested and stored at −80 °C

Table 1. Strains, plasmids, and oligonucleotides

Name Genotype, description, or sequence Source

BY4741 MATα, his3Δ1, leu2Δ0, met15Δ0, ura3Δ0, GAL4, GAL80 52
BY4741 mod5Δ MATα, his3Δ1, leu2Δ0, met15Δ0, ura3Δ0, GAL4, GAL80, mod5Δ 53
BY4741 MOD5-TAP MATα, his3Δ1, leu2Δ0, met15Δ0, ura3Δ0, GAL4, GAL80, MOD5-TAP:HIS5 42
W3031A MATα, ura3-1, ade2-1, his3-11,15 trp1-1, can1-100 GAL4, GAL80 54
MT-8 MATα, SUP7, ura3-1, his5-2, leu2-3,112, ade2-1, trp1, lys1-1, lys2-1, can1-100, mod5:TRP1 16
YPH500α MATα, ade2-101, his3- Δ200, leu2- Δ1, lys2-801, trp1- Δ63, ura3-52 44
yOH1 MATα, ade2-101, his3- Δ200, leu2- Δ1, lys2-801, trp1-Δ63, ura3-52, TFC1-13Myc:kanMX6 21
pSUP4o tgm silencing construct 2
pSUP53o tgm silencing construct 2
ARAB-tRNA-IPT:pFL61 A. thaliana tRNA isopentenyltransferase gene cloned into pFL61 plasmid 27
TRIT1:pFL61 TRIT1 cloned into pFL61 plasmid 26
pMPH1 MOD5 in pRS316 This work
pMPH2 tgm silencing construct in pRS315 This work
pMPH3 MOD5-TAP in pRS316 This work
YEP-ERG20 ERG20 in Yep13 23
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before RNA extraction. Total yeast RNAs (20 μg/lane) were electrophoresed on
a denaturing 8% polyacrylamide gel and electrotransferred to a Nytran Su-
perCharge membrane (Schleicher & Schuell Bioscience). The blots were pro-
bed with [32P]-labeled oligonucleotides as described previously (47). Signals on
the Northern blots were detected with a Typhoon Trio+ (GE/Amersham) and
quantified with IPlab Gel software (Signal Analytics). For each duplicate
sample, the ratio of precursor tRNA to U6 signal is shown, and it is normalized
to 1.0 in that strain in the same experiment without rapamycin treatment.

Atorvastatin Treatment. Solid media of SDC-trp, SDC-ade, synthetic medica
with galactose and raffinose (SGR)-ura, or SGR-ura-his contained varied
concentrations of Atorvastatin (Toronto Research Chemicals): 5, 10, 20, 50,
100, and 150 μg/mL.

Testing for Silencing. Testing for tgm silencing was done as described (3) using
plasmids pSUP40, pSUP530, and pMPH2 (2). pSUP4-7T and pNotRNA are
derivates of pSUP40, in which the intron sequence after the anticodon of
SUP4 has been converted from TTTATCAC to TTTTTTTATCAC (pSUP4-7T) or
the entire BamH1 fragment encoding SUP4 has been removed from the
plasmid by digestion and relegation. To analyze the level and start site of
the HIS3 transcript relative to ADH1 mRNA as an internal control, primer
extension was performed on whole-cell RNA essentially as described pre-
viously (2), with radiolabeled primers complementary to the 5′ ends of the
HIS3 (5′-TCGAGTGCTCTATCGCTAG) and ADH1 coding regions used simulta-
neously in the same extension reactions as products analyzed after separa-
tion on denaturing polyacrylamide sequencing gels (2).

Alignment of Mod5 Homologs. Protein sequence alignments were obtained
with the STRAP sequence alignment program (48).

Testing for i6A Modification of tRNAs by Mod5. To test for i6A modification of
tRNAs, the strain MT-8 was used to monitor modification-dependent trans-
lational ochre suppression by an SUP7 r ochre suppressor tRNA (16). Plasmids
were transformed into the MT-8 strain and then plated onto media lacking
adenine. The i6A modification of the SUP7 tRNA was indicated by growth on
media lacking adenine, indicating suppression of an ade2 ochre mutation.

ChIP and RNA Immunoprecipitation. ChIPs were performed as described (49)
except for the following adaptations. Cells were grown in 100 mL yeast
extract/peptone/dextrose (YPD) media to OD at 600 nm of 0.5–0.7 and fixed
with 1% formaldehyde for 1 h at room temperature. Fixation was stopped
by the addition of glycine (final concentration of 400 mM) for 10 min. Cell
pellets were resuspended in 800 μL lysis buffer (50 mM Hepes-KOH, pH 7.5,
100 mM NaCl, 1mM EDTA, 1% Triton X-100, 0.1% deoxycholate, complete
EDTA-free protease inhibitors; Roche) and transferred to 2-mL screw cap
tubes. Zymolyase 20T was added to the cells (20 μL 12 μg/μL stock) and in-
cubated at 30 °C for 30 min; 1-mL glass beads (425–600 μm; Sigma) were
added, and chilled samples were lysed in a Bead Beater at 4 °C (Biospec
Products) four times at a setting of five. Tubes were pierced at the bottom
to collect lysate. The extracts were spun for 25 min at 20,000 × g, and cell
pellets were resuspended in 800 μL lysis buffer. The resuspensions were
sonicated eight times for 20 s at power 6 on Hold and Constant settings in
a Branson Sonifer 250 and spun at 24,000 × g for 20 min. Supernatants were
bound to 40 μL IgG Separose (GE Healthcare) for 2 h at 4 °C. The beads were
washed five times with 15 mL lysis buffer, and samples were eluted as
described (49). The ChIPs in Fig. 7 used altered conditions to maximize
yield of plasmid and chromosomal chromatin. Lysis after Zymolyase di-
gestion was done in calmodulin binding buffer (20 mM Tris, pH 7.2, 150 mM
NaCl, 2 mM MgCl2, 2 mM CaCl2) by sonication 10 × 10 s at 4 °C. Lysate was
spun 10 min at 4 °C in a microfuge, and the chromatin in the soluble extract
was sheared by a 25-min cycle (30 s on, 30 s off, 0 °C) in a Diagenode Bio-
ruptor XL on high power. Lysate (2.4 mL from 50 mL culture) was bound to
0.2 mL Calmodulin Affinity Resin (Agilent Technologies) for 30 min at 4 °C,
the resin washed three times with 1.2 mL binding buffer, and bound chro-
matin was eluted for 20 min with 2 × 0.2 mL buffer containing 5 mM EGTA
instead of 2 mM CaCl2. Nucleic acids were precipitated with 2.5 volumes
ethanol and resuspended in 50 μL 50 mM Tris (pH 8.3) at 65 °C for 4 h.

RNA immunoprecipitations were performed on BY4741 with a C-terminal
myc tag on MOD5. Cultures were grown in 250 mL YPD to OD at 600 nm of
0.8 and fixed in 1% formaldehyde for 30 min at 23 °C. After glycine-
quenching, cell pellets were resuspended in lysis buffer supplemented with
40 units/μL RNasin (Promega). Cells were broken by glass bead lysis in
a FastPrep 24 (MP Biomedicals), and cell suspension was recovered from the
glass beads and sonicated as above three times for 10 s each. The solubilized
fraction was applied to Magnabind Protein A magnetic beads (Pierce) pre-

bound to myc antibody (9E10; Santa Cruz Biotechnology) and incubated for
3 h at 4 °C. For DNase-treated samples, before the immunoprecipitation,
40 units TURBO DNase (Ambion) were added to the sonicated extracts and
incubated for 15 min at 37 °C. Beads were washed successively with lysis
buffer, lysis buffer containing 500mMNaCl, wash buffer, 10 mM Tris, and 1mM
EDTA, and then eluted, and cross-links were reversed as described (49). Sam-
ples were treated with 150 μg Proteinase K (Roche), extracted, precipitated,
and loaded onto a 6% denaturing gel. Samples were electrotransferred and
immobilized onto Immobilon Ny+ nylon membrane (Millipore) and blotted
with a radiolabeled probe either to the tRNATyr (5′-CTT GCG CCT TAA ACC
AAC TTG GCT ACC-3′) or the tRNALeu3 (5′-TCA GGC GCC TTA GAC CGC TCG
GCC AAA-3′). Images were visualized on a Typhoon Trio+ Imager (Amersham)
and quantitated with Image J (National Institutes of Health).

PCR. DNA from ChIPs (2.0 μL from 100 μL) was used as template in 50-μL
reactions containing 0.20 mM dNTPs and 0.4 μg each primer using an Ap-
plied Biosystems GeneAmp PCR system 9700. Cycling parameters for the
amplications were 94 °C for 30 s, 63 °C for 30 s, and 72 °C for 60 s for 21, 24, and
27 cycles. For the experiment in Fig. 7C, 34 cycles were used with fourfold serial
dilutions of DNA samples. The primer sequences were 5′-TTATTAGCACGGTG-
CCTTAACCAACT and 5′-GCGCTTCCACCACTTAGTATGATTC for tRNAIle [tI(AUU)D
on Chr IV], 5′-GAAAGCGGGTGTTTCTCCAATAAAT and 5′-GTGGTTATCACTTT-
CGGTTTTGATCC for tRNAGln [tQ(UUG)E1 on Chr V], 5′-GGCGACCACACCCG-
TCCTGTGGATC and 5′-CGTTCATTTGAAGGTTTGTGGGGCCA for plasmid SUP4
WT and 7T genes, and 5′-CAAAGTTTCGGTGGACTTCTAGTCAAA and 5′-GCTTT-
AAACCGAACGCATTGAAGAAAA for ATG22 coding region.

PCR products were analyzed on a 2.5% agarose gel stained with ethidium
bromide and imaged on a Syngene Bioimaging System with GeneSnap
(Syngene), with products quantifiedwith GeneTools (Syngene). To determine
enrichment, tRNA gene products are expressed as a ratio to the control ORF
product in the linear range at 24 cycles.

Preparation of Yeast Soluble Extracts and Coimmunoprecipitations. The puri-
fication protocol was modified from previous work (50). Cells were grown in
500 mL YPD to an OD at 600 nm of 0.8–1.2, and cell pellets were stored at
−80 °C. Pellets were resuspended in 1 mL buffer [10 mM Tris, pH 8.0, 150 mM
NaCl, 0.5% Nonidet (Nonidet P-40), Complete protease inhibitors]. Zymo-
lyase 20T was added to the cells (20 μL 12 μg/μL stock) and incubated for 1 h,
and the cells were lysed by mechanical bead disruption. Lysates were spun
for 30 min at 20,000 × g and the supernatant was collected. Extracts (3 mL)
were added to 100 μL IgG Sepharose beads (GE Healthcare) and incubated
with mixing at 4 °C for 3 h. Beads were washed four times with 10 mL lysis
buffer and one time with cleavage buffer of 10 mM Tris, 150 mM NaCl, 01%
Nonidet P-40, 0.5 mM EDTA, and 1 mM DTT. Beads were resuspended with
300 μL tobacco etch virus (TEV) cleavage buffer plus 50 μg TEV protease.
Elutions were precipitated by trichloroacetic acid and resolved using SDS/
PAGE gel 10% (Bio-Rad). Proteins were transferred to PVDF membrane and
probed with anti-myc antibody (Santa Cruz) followed by anti-mouse from
sheep (GE Healthcare), with signals detected by ELC Plus (GE Healthcare). In
DNase-treated samples, 50 units DNase I (Cooper Biomedical) were added
and incubated at 4 °C for 30 min before adding the lysate to the IgG
Sepharose to bind TAP-tagged proteins. PCR analysis of parallel samples
determined that this level of DNase eliminates detectable DNA fragments at
the tRNA genes using 35 rounds of amplification. For qualitative analysis of
the pull-down efficiency using the various proteins ± DNase I treatment, film
exposures were digitized with an Epson 1680 scanner and analyzed using
ImageJ software (http://rsbweb.nih.gov/ij/).

Northern Blot of Total Cell RNA. BY4741 transformed with either pSUP4-7T or
pNotRNA was grown in SD-ura to OD at 600 nm of 0.8, and cell pellets were
resuspended in RNA extraction buffer (50 mM sodium acetate, pH 5.2, 10 mM
EDTA, 1%SDS). RNAwas extracted and precipitated. To verify synthesis of the
truncated 7T transcripts compared with pre-tRNAs from the eight chromo-
somal tRNATyr genes, samples were run on 6% denaturing polyacrylamide
gels with 10-nt increment size markers, blotted as for the RNA immuno-
precipitation above, and probed with a radiolabeled oligo complementary to
the 5′ half of tRNATyr (5′-CTTGCGCCTTAAACCAACTTGGCTACC-3′). This
probe hybridizes preferentially to pre-tRNAs rather than mature tRNAs,
likely because of base modifications or tightened structure in the mature,
spliced tRNA. The steady state 7T truncated transcript signal was re-
producibly over one-half the total signal of precursors from the eight
chromosomal pre-tRNATyr genes combined, although this finding cannot be
interpreted in terms of transcription rate, because the truncated transcript
would not be recognized as a pre-tRNA and would be subject to completely
different turnover paths.
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