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Abstract

Mod5 is the yeast tRNA isopentenyl transferase, an enzyme that is conserved from bacteria to 

humans. Mod5 is primarily cytoplasmic where it modifies the A37 position of a few tRNAs, and 

the yeast enzyme has been shown capable of forming heritable, amyloid-like aggregates that 

confer a selective advantage in the presence of specific antifungal agents. A subpopulation of 

Mod5 is also found associated with nuclear tRNA genes, where it contributes tRNA-gene 

mediated (tgm) silencing of local transcription by RNA polymerase II. The tgm-silencing function 

of Mod5 has been observed in yeast and a Mod5-deletion in yeast can be complemented by the 

plant and human tRNA isopentenyl transferases, but not the bacterial enzymes, possibly due to the 

lack of an extended C-terminal domain found in eukaryotes. In light of this additional nuclear role 

for Mod5 we discuss the proposed role of the human homologue of Mod5, TRIT1, as a tumor 

suppressor protein.

Mod5 has distinct functions in the nucleus and cytoplasm

Transfer RNA (tRNA) molecules undergo numerous post-transcriptional modifications, with 

greater than 15% of all the nucleotides of nuclear-encoded tRNAs in S. cerevisiae having 

covalent modifications (Phizicky and Hopper, 2010). The effects of these modifications 

include changes in tRNA stability, translation effeciency, and translation fidelity 

(Urbonavicius et al., 2001; Phizicky and Hopper, 2010). Transfer RNA modifications are 

prevalent around the anticodon loop, particularly at nucleotide positions A34 and A37. In all 

domains of life, the A37 nucleotide modification of some tRNAs is conserved and suggests 

an important evolutionary purpose for these modifications (Phizicky and Hopper, 2010; El 

Yacoubi et al., 2012). One such modification is the conversion of A37 to N6-(isopentenyl) 

adenosine (i6A37) by a tRNA isopentenyl transferase. The enzyme responsible for this 
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activity in S. cerevesiae is Mod5, which transfers an isopentenyl group from dimethylallyl 

pyrophosphate (DMAPP) to N6 of A37 on a small subset of tRNAs (Dihanich et al., 1987).

The MOD5 gene is non-essential, but highly conserved and the tRNA-modifying function of 

its protein product is conserved in bacteria (Soderberg and Poulter, 2000), yeast (Dihanich et 

al., 1987; Lamichhane et al., 2011), worm (Lemieux et al., 2001), plant (Golovko et al., 

2002), and human (Golovko et al., 2000). There are two highly conserved domains of Mod5 

which are responsible for substrate binding (ATP/GTP and DMAPP) (Figure 1) (Soderberg 

and Poulter, 2000; Zhou and Huang, 2008). Structurally, the bacterial and eukaryotic tRNA 

isopentenyl transferases are similar in that they both contain a large core domian and 

insertion domain which interact to form a channel where the anticodon stem loop of the 

bound tRNA resides (Soderberg and Poulter, 2000; Zhou and Huang, 2008).

The bacterial and eukaryotic homologs of this enzyme have been conserved in their tRNA 

modification activity (Dihanich et al., 1987; Golovko et al., 2000; Soderberg and Poulter, 

2000; Golovko et al., 2002), but the eukaryotic versions also have additional capabilities. A 

major difference between the bacterial and eukaryotic tRNA isopentenyl transferase 

sequences is that the eukaryotic proteins contain a ~100 residue zinc finger-containing, C-

terminus that is absent from the bacterial enzymes (Golovko et al., 2000; Soderberg and 

Poulter, 2000; Lemieux et al., 2001; Golovko et al., 2002; Zhou and Huang, 2008) (Figure 

1). The exact function of this domain is not currently clear, but it has been proposed by Zhou 

and Huang (2008) to function in protecting the insertion domain from degradation and/or 

increasing the number of contact points that the protein makes with the tRNA as means to 

increase the specificity for tRNA-binding (Zhou and Huang, 2008). An increase in 

discrimination in binding for a tRNA modifying enzyme is in accordance with increased 

complexity of eukaryotic proteomes, which likely require a greater stringency during 

translation. Alternatively, the observation that bacterial enzymes do not contain this C-

terminus but are still able to effectively modify tRNAs may suggest that the C-terminus has 

evolved a function for the eukaryotic enzymes in addition to the tRNA-modifying function. 

Interestingly, the C-terminus contains a bipartite nuclear localization signal (NLS), which 

directs a pool of Mod5 to the nucleus, specifically the nucleolus (Tolerico et al., 1999). The 

reason for this nucleolar localization was not originally clear, since it is thought this tRNA 

modification only occurs in the cytoplasm.

The MOD5 gene encodes two in-frame open reading frames (ORFs), each translated from a 

separate AUG sites at amino acids positions 1 and 12, respectively. Mod5 protein translated 

from the first AUG site localizes to the mitochondria and cytoplasm (Mod5p-I), whereas 

Mod5 translated from the second AUG site localizes to the nucleus and cytoplasm (Mod5p-

II) (Boguta et al., 1994; Tolerico et al., 1999). The cytoplasmic and mitochondrial Mod5 

pools modify distinct tRNA populations: nuclear-encoded tRNAs are modified by the 

cytoplasmic pool and mitochondrial-encoded tRNAs are modified by the isoform located in 

the mitochondrial. Interestingly, cytoplasmic Mod5 activity connects sterol biosynthesis and 

tRNA modification as these two pathways share a common intermediate – 

dimethyallylpyrophosphate (DMAPP) (Benko et al., 2000) (Figure 2). Thus, decreases in 

tRNA modification by Mod5 result in increased sterol production via the mevalonate 

pathway and vice versa (Benko et al., 2000). The human OD5 genecounterpart, TRIT1, also 
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encodes proteins distributed to the cytoplasm and the mitochondria and a mutation of 

Arg323 to Gln323 in TRIT1 has been shown to cause a defect in tRNA modification 

resulting in encephalopathy and myoclonic epilepsy due to defects in mitochondrial protein 

synthesis and respiration (Yarham et al., 2014). Because i6A tRNA modification in yeast 

occurs in the cytoplasm and mitochondria, it was surprising to learn that a portion of the 

Mod5 pool is also localized to the nucleus, specifically the nucleolus (12). However, recent 

studies showed that this nucleolar pool is involved in a novel function - antagonizing local 

transcription by RNA polymerase II, termed tRNA gene-mediated (tgm) silencing (Boguta 

et al., 1994; Pratt-Hyatt et al., 2013).

The nuclear function of Mod5 is distinct from its tRNA-isopentenylation 

activity

Tgm-silencing is a form of transcriptional silencing originally observed in yeast. It was 

found that RNA polymerase II (pol II) transcription adjacent (within ~500bp) to actively 

transcribed tRNA genes is antagonized to varied extents, depending on the pol II 

transcription unit (Hull et al., 1994). This form of silencing occurs outside of the range of 

steric interference and is independent of the orientation of the tRNA gene (Wang et al., 

2005). Clustering of the tRNAs in the nucleolus is essential for tgm-silencing, illustrating 

the importance of spatial organization of the tRNA genes and chromatin structure 

(Thompson et al., 2003; Haeusler et al., 2008). Due to Mod5’s involvement in tRNA 

biogenesis, it was included in a genetic screen for yeast proteins that affect tgm-silencing 

(Kendall et al., 2000; Wang et al., 2005). Mod5 was shown to be required for tgm-mediated 

silencing, though not for nucleolar localization of the tRNA genes (14). Chromatin 

immunoprecipitation experiments demonstrated Mod5 directly associated with tRNA gene 

transcription complexes, which was reinforced by the result that Mod5 co-

immunoprecipitated with the pol III transcription machinery subunits, Brf1, Bdp1, Smc4, 

Rpc53, Rpc52, and Tfc1. Finally, RNA-immunoprecipitation experiments showed Mod5 

bound to pre-tRNAs. Interestingly, Mod5 was found bound to pre-tRNAs whether or not 

they were substrates for isopentenylation, consistent with the observation that tRNA genes 

encoding Mod5-substrates and non-substrates both could silence an adjacent polII promoter 

(Pratt-Hyatt et al., 2013) These data suggest that the substrate specificity for tRNA 

modification in the cytoplasm is distinct from the nuclear role of Mod5 in silencing. 

Consistent with this, depletion of DMAPP substrate required for tRNA isopentenylation, 

does not affect tgm-silencing, suggesting that the tRNA isopentenylation acitivity of Mod5 

is not required for silencing (Pratt-Hyatt et al., 2013). Based on the observation that 

truncation of the pre-tRNA transcript substantially reduces local tgm-silencing (Pratt-Hyatt 

et al., 2013), it seems likely that Mod5 binding to nascent pre-tRNA via recognition of the 

pre-tRNA structure is required for full effect of the silencing mechanism.

One model for the role of Mod5 in tgm silencing is that the formation of a Mod5-pre-tRNA 

complex at the tRNA gene might recruit chromatin remodeling proteins as a mechanism to 

impose silencing on adjacent promoters. The involvement of nucleosome surfaces and 

several chromatin modifying and remodeling enzymes in tgm silencing has been 

documented, though how the tRNA gene communicates physically with the chromatin is not 
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yet understood (Good et al., 2013). Mutations affecting nucleosome covalent modification 

and remodeling include those in the RSC nucleosome remodeling complex subunits, Rpd3 

deacetylase subunits, Hos1 deacetylase, and the Glc7 phosphatase (Good et al., 2013). 

Taken together with the association of Mod5 with pre-tRNAs and the transcription 

complexes, we propose that the Mod5-pre-tRNA complex might help recruit one or more of 

the chromatin-modifying enzymes that exert a repressive effect on nearby promoters through 

nucleosome rearrangement. In support of this, tandem affinity tagged Mod5 

coimmunoprecipitates with multiple chromatin structure remolding complexes (RSC) and 

histones (Pratt-Hyatt et al., 2013). It is currently not clear how Mod5 is recruited to the 

tRNA gene initially, and no direct physical link between Mod5 and chromatin-modifying 

complexes has yet been demonstrated.

Biological implications of Mod5 protein misfolding

Recently, studies by Tanaka and colleagues have demonstrated an interesting tendency of 

overexpressed yeastMod5-GFP, to misfold into amyloid aggregates that have prion-like 

heritability that results in resistance to a fungicide, fluconazole (Figure 2). (Suzuki et al., 

2012; Suzuki and Tanaka, 2012; Sugiyama and Tanaka, 2014). We have confirmed these 

results using a chromosomally-integrated, Mod5-GFP in which its expression is driven off 

the endogenous Mod5 promoter. Following fluconazole-selection, we observe large 

cytoplasmic Mod-GFP aggregates and diffuse nuclear signal (Figure 3A, right panels), while 

in untreated cells there is diffuse cytoplasmic and nuclear patterning (Figure 3A, left panels). 

Fluconazole inhibits an essential enzyme required for ergosterol synthesis in yeast, and at 

sufficient concentrations is lethal to the cells. The ergosterol pathway competes with other 

important metabolic processes, including the tRNA-isopentenylation pathway, and these 

pathways compete for a common precursor, DMAPP. Consistent with its sharing the 

substrate DMAPP between i6a modification and sterol biosynthesis, Mod5 that is misfolded 

into amyloid aggregates loses enough of cytoplasmic tRNA-modifying capability to allow 

more precursors to flow in the ergosterol biosynthesis pathway, overcoming the fluconazole 

block (Suzuki et al., 2012) (Figure 2). When yeast containing aggregated Mod5 are tested 

for the nuclear function, however, tgm-silencing is unaffected by the fluconazole selection 

(Figure 3B). It seems possible that the Mod5 in the nucleus does not misfold into amyloid 

aggregates, being already engaged in complexes with the tRNA gene transcription complex 

and/or the pre-tRNA transcripts. Alternatively, tgm-silencing might require lower levels or a 

separate pool of Mod5 compared to cytoplasmic tRNA modification, and thus incomplete 

aggregation may leave enough Mod5 present to keep tgm-silencing mechanisms intact.

Mod5’s function in tgm-silencing is conserved in at least the plant and human (TRIT1) 

homologues as demonstrated by complementation assays in mod5Δ yeast strains (Pratt-Hyatt 

et al., 2013). This functional conservation suggests an evolutionary importance for the 

silencing activity. Transfer RNA genes are widely dispersed throughout the linear 

chromosomes, and it is possible that the far more numerous Short Interspersed Elements 

(SINEs) might also be affected. Thus, participation of Mod5 in this form of RNA-mediated 

chromatin regulation might represent a source of genome-wide gene regulation in higher 

eukaryotes. It is not clear to what extent the eukaryotic-specific C-terminal domain 

participates in the nuclear function. Attempts at C-terminal deletions of Mod5 (and many 
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other point mutations in the enzyme) appear to destabilize the protein, and expression of a 

bacterial homolog, MiaA from E. coli, did not complement the silencing function ((Pratt-

Hyatt et al., 2013) and unpublished results).

The human Mod5 homologue, TRIT1, is also a proposed tumor suppressor

The human homologue of yeast Mod5, TRIT1, has been proposed as a tumor suppressor 

protein (Spinola et al., 2005). TRIT1 displays a complex pattern of alternative splicing 

isoforms in both normal and lung adenocarcinomas tissues, in which only the full length 

mRNA isoform is able to complement tRNA modification in yeast. Expression of the full 

length isoform is downregulated 6–14 fold in lung tumor tissue when compared to 

expression in normal lung tissue (Spinola et al., 2005) and indicated that TRIT1 may have 

tumor suppressive functions. Overexpression of full length TRIT1 transcripts in lung cancer 

cell lines reduced colony size formation and migration, and these cells were less capable of 

forming tumors in a nude-mouse xenograph model when compared to lung cancer cells 

transfected with a empty vector control plasmid (Spinola et al., 2005).

Several TRIT1 single nucleotide polymorphisms (SNP) (rs11881557, rs2172362, and 

rs230310) are signficantly associated with increased lymph node metastasis in gastric 

cancers, tumor classification, and/or tumor site in a Southeast Chinese study population. 

However, these SNPS do not directly alter TRIT1 protein coding sequence since they reside 

within noncoding regions, therefore the mechanism of how the TRIT1 SNPS affect cancers 

is unclear, but may include an effect on TRIT1 transcription, stability, or splicing (Chen et 

al., 2013). Additionally, a Phe202Leu mutation predicts short survival in Italian lung cancer 

patients, while the same mutation predicts in a Norwegian population an increased survival 

(Spinola et al., 2005). Although the effect of this mutation is significant with regards to lung 

cancer survival, it does not however appear to affect i6A modification of tRNAs. These data 

suggest that although TRIT1 exhibits tumor suppressive behaviors, the effects appears to be 

tissue type- and population-dependent. Furthermore, the effects of TRIT1 on tumor behavior 

may not be limited only to TRIT1’s cytoplasmic function in tRNA modification. We 

hypothesize that like Mod5 in yeast, TRIT1 may have a role in silencing promoters in 

human cells, whether near tRNA genes or at more widespread loci. As a preliminary test of 

this hypothesis, we have examined whether TRIT1, like Mod5 (Tolerico et al., 1999), 

resides in the nucleus as well as the cytoplasm in human cells. Consistent with a nuclear 

role, we have found a subpopulation of TRIT1 to be present in the nucleus (Figure 4). 

Whether nuclear localization of TRIT1 plays a role in transcriptional control or tumor 

suppression has not yet been tested. To separate cytoplasmic effects of TRIT1 from nuclear 

effects are technically challenging experiments, but may begin to explain conflicting data in 

which in one ethnic population a TRIT1 mutation decreases cancer patient survival, while 

the same mutation in a different ethnic population increases their survival (Spinola et al., 

2005).

Nuclear tgm silencing is one of several forms of chromatin-mediated negative regulation in 

yeast, and might have specific selective advantages. For example, Ty retrotransposons are 

yeast retroviral elements that transpose by RNA being reverse transcribed into cDNA and 

then reinserted back into the genome (Curcio and Morse, 1996). The result of Ty integration 
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into the genome is thought to have provided a source of genetic variation and fitness 

throughout evolution. Ty retrotransposons are most highly enriched around tRNAs in yeast 

(Sandmeyer et al., 1988; Hani and Feldmann, 1998) and the relationship has also been found 

in other simple eukaryotes (Hofmann et al., 1991; Szafranski et al., 1999). Therefore, a 

selective advantage for tgm-silencing might be to control this relationship, either through 

inhibiting Ty transcription when not specifically induced or through controlling 

recombinatorial deletion of the Ty elements (Pratt-Hyatt et al., 2006). In a chronic ageing 

model of yeast, mutations which decrease Ty retrotransposition events also decease 

measures of genomic instability including loss of heterozygosity and chromosome loss 

events (Curcio and Morse, 1996).

In multicellular organisms such as humans, a controlled form of localized silencing might 

have a large number of diverse uses. Control of retroviral elements is one, in that it might 

reduce transpositions that can cause genomic instability; a known hallmark of cancers 

(Hanahan and Weinberg, 2011). Alternatively, the Mod5 homologs in nuclei of eukaryotes 

with larger genomes might well contribute to a broader-based regulation of pol II 

transcription and chromatin effects. It is interesting that selected SINE element transcripts 

can have broad negative regulatory effects on RNA polymerase II transcription (Espinoza et 

al., 2004; Goodrich and Kugel, 2006; Goodrich and Kugel, 2009; Yakovchuk et al., 2009). 

Although there is evidence that the small, structured SINE RNAs can interact directly with 

RNA polymerase II to inhibit transcription (Espinoza et al., 2004; Mariner et al., 2008; 

Yakovchuk et al., 2009), the involvement of chromatin structure in vivo has not been tested. 

Lastly, the presence of RNA polymerase III transcription complexes, including those on 

SINE elements, might contribute subtle effects to chromatin events wherever they occur. In 

the case of vertebrates, it can be estimated that there is a potential RNA polymerase III 

promoter approximately every few thousand base pairs, on average, including in promoter 

regions and introns.
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Abbreviations

tRNA transfer RNA

TRIT1 tRNA isopentenyl transferase 1

i6A37 N6-(isopentenyl) adenosine

DMAPP dimethylallyl pyrophosphate

NLS nuclear localization signal

ORF open reading frames

tgm tRNA gene-mediated
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pol II RNA polymerase II

pol III RNA polymerase III

RSC chromatin structure remolding complexes

SINES Short Interspersed Elements

SNP single nucleotide polymorphism
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Highlights

• Mod5 and its dual roles in cytoplasmic tRNA modification and nuclear tRNA-

gene mediated silencing

• Mod5-aggregation, a result of fungicide-selection, does not affect nuclear 

function

• The human homologue, TRIT1, resides both in the cytoplasm and nucleus in 

human cells

• We propose dual cytoplasmic and nuclear functions of TRIT1 and a potential 

link to human cancers
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Figure 1. 
The tRNA isopentenyl transferase is mostly conserved from bacteria to humans, however 

eukaryotes have evolved an additional C-terminal tail not present in E. coli. The ATP/GTP-

domain and DMAPP-binding domain are conserved in all four species. The amyloid, prion-

like domain required for Mod5-aggregation (Suzuki et al., 2012) is partially conserved 

between yeast and humans and suggests potential for human TRIT1 aggregation capabilities. 

A zinc-finger binding domain in the c-terminal tail is conserved among the eukaryotes and 

not present in bacteria (Soderberg and Poulter, 2000; Zhou and Huang, 2008).
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Figure 2. 
Mod5/TRIT1 compete for DMAPP substrates with essential pathways. Aggregated Mod5 

loses its ability to modify tRNAs and thus yeast that contain aggregated-Mod5 draw less 

DMAPP out the ergosterol pathway and are better able to overcome fluconazole treatment 

(Benko et al., 2000; Suzuki et al., 2012).
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Figure 3. 
Mod5-GFP aggregates formed under fluconazole selection do not affect nuclear tgm-

silencing. (A) Cellular localization of Mod5-GFP (green) in untreated yeast contrasting with 

cytoplasmic aggregation of Mod5-GFP in yeast following 7 days of fluconazole-selection. 

(nuclear DAPI staining in blue) (B) Fluconazole-selection does not alleviate nuclear tRNA 

gene-mediated silencing relative to unselected controls (untreated). Yeast were transformed 

with a tgm-silencing reporter plasmid consisting of a URA3 selection marker and a tRNATyr 

(SUP4) gene which silences a nat1 resistance gene under the control of a Gal4 UAS and 

Gal1 basal promoter(Hull et al., 1994; Pratt-Hyatt et al., 2013).
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Figure 4. 
TRIT1 is present in the cytoplasm and nucleus in human cells. Representative 0.25 μM 

slices in human cells are shown taken through the nuclei and cytoplasm from a 3D-image 

that was generated using AutoQuant 3D-deconvolution software. Human HEK293A cells 

with nuclear DAPI staining (blue). (Left panel) Cell probed with commercial TRIT1 primary 

antibody, with specificity verified by western blot (not shown). Signal was detected with 

fluorescein-conjugated secondary antibody (green). (Right panel) Cell stained with only 

fluorescein-conjugated secondary antibody (green) as a control. TRIT1 is primarily 
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cytoplasmic, but there are consistently small amounts of punctate signal in optical slices 

through the nucleus.
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