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Abstract

Summary—Transcriptional and post-translational signals are known mechanisms which promote
efficient responses to DNA damage. We have identified Saccharomyces cerevisiae tRNA
methyltransferase 9 (Trm9) as an enzyme that prevents cell death via translational enhancement of
DNA damage response proteins. Trm9 methylates the uridine wobble base of tRNAARG(UCU) and
tRNACGLUWYC) We used computational and molecular approaches to predict that Trm9 enhances
the translation of some transcripts over-represented with specific arginine and glutamic acid codons.
We found that translation elongation factor 3 (YEF3) and the ribonucleotide reductase (RNR1 and
RNR3) large subunits are over-represented with specific arginine and glutamic acid codons, and
demonstrated that Trm9 significantly enhances Yef3, Rnrl, and Rnr3 protein levels. Additionally,
we identified 425 genes, which included YEF3, RNR1, and RNR3, with a unique codon usage pattern
linked to Trm9. We propose that Trm9-specific tRNA modifications enhance codon-specific
translation elongation and promote increased levels of key damage response proteins.

Introduction

Previous studies have shown that hundreds to thousands of S. cerevisiae transcripts are
regulated in a dose and time dependent manner after methyl methanesulfonate (MMS) exposure
(Gasch et al., 2000; Gasch et al., 2001; Gasch and Werner-Washburne, 2002; Jelinsky and
Samson, 1999; Jelinsky et al., 2000; Workman et al., 2006). The magnitude and complexity
of transcription-based responses to MMS-induced alkylation damage suggest that downstream
mechanisms are used to fine-tune cellular pathways after transcription. In support of this
hypothesis, post-transcriptional regulation of DNA damage response pathways has been
demonstrated by targeted studies (Yao et al., 2003 Zhao and Rothstein, 2002). For example,
the ribonucleotide reductase (Rnr) transcripts RNR1, RNR2, RNR3, and RNR4 are all induced
after DNA alkylation damage, with the Rnr complex being the rate-limiting step in the
production of dNTPs for use in DNA synthesis. Rnr regulation continues after transcription;
Rnr2 and Rnr4 proteins are re-localized from the nucleus to the cytoplasm after damage (Yao
etal., 2003), and the Rnr inhibitor Sml1 is inactivated via phosphorylation (Zhao and Rothstein,
2002). Thus post-transcriptional regulatory mechanisms promote Rnr activity, which in turn
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influence cell viability post-damage (Chabes et al., 2003), highlighting the role of post-
transcriptional events in the DNA damage response.

In previous studies we used high-throughput screening of S. cerevisiae gene deletion libraries
to identify proteins that modulate the toxicity of alkylating agents (Begley et al., 2002; Begley
et al., 2004). These screens identified many known components of DNA repair and damage
signaling pathways, and identified many proteins with the potential to participate in the cellular
DNA damage response. In particular, S. cerevisiae tRNA methyltransferase 9 (Trm9) was
identified as a potential enhancer of the DNA damage response; a trm94 allele increases cell
sensitivity to MMS and y-irradiation (Begley et al., 2002; Begley et al., 2004; Bennett et al.,
2001). Trm9 uses the methyl donor S-adenosyl methionine (SAM) to catalyze the last step in
the formation of 5-methylcarbonylmethyluridine (mcm®U) and 5-methylcarbonylmethyl-2-
thiouridine (mcm?®s2U) in specific arginine and glutamic acid charged tRNAs (Kalhor and
Clarke, 2003) (Fig. 1), thus suggesting a role for Trm9 in translation. Trm9 deficient cells have
adamage-induced cell cycle phenotype similar to that of members of the Rad52 epistasis group
(Bennett et al., 2001). Rad52 members are involved in the repair of double-strand breaks, and
the phenotypic overlap with Trm9 suggests that tRNA modifications help coordinate DNA
repair. Trm9 is conserved in humans and the human gene (KIAA1456) is found on the end of
chromosome 8 (8p22), a region commonly lost in colorectal tumors (llyas et al., 1999).
Importantly, Flanagan and colleagues have used microcell mediated chromosome transfer and
cell culture based assays to implicate human Trm9 as a potential tumor-suppressor gene for
colorectal cancer (Flanagan et al., 2004).

There are 16 tRNA methyltransferase (Trm) genes in S. cerevisiae and they promote the
formation of over twenty different methyl-based modifications in the anticodon and other loops
of tRNA, varying in nucleoside position and modification type (Cherry et al., 1998). In addition
to mem®U and mem®s2U, methyl modifications in tRNA include N2, N2-dimethylguanosine,
5-methyluridine, 5-methylcytidine, 3-methylcytidine, 1-methylguanosine, 1-
methyladenosine, 7-methylguanosine, 2-methylguanosine, wybutosine, and 2'-O-methylated
nucleosides. Generally, methyl modifications play some role in tRNA stability, translation,
and cell growth, thus theoretically affecting translational efficiency, frameshifting or amino
acid substitution rates (Agris, 2004; Urbonavicius et al., 2001). The exact biological role of
each modification is hard to identify because of the proposed functional redundancy of some
methyl based modifications, and the lack of strong phenotypes for some of the corresponding
tRNA methytransferase deficient strains. However some tRNA methyltransferases (Trm6 and
Trm61) are essential proteins supporting an important role for these enzymes in the cell. In
addition, mild growth or stress-based defects have been observed in strains deficient in Trm1,
Trm4, Trm7, and Trm8, and Trm9 has been implicated in damage and stress signaling (Cherry
et al., 1998; Bennett et al., 2001; Kalhor and Clarke, 2003; Alexandrov et al., 2005).

The modification catalyzed by S. cerevisiae Trm9 occurs in the wobble base of arginine and
glutamic acid charged tRNAs that have UCU and UUC anticodons, respectively (Kalhor and
Clarke, 2003; Lu et al., 2005). [Note: all codon and anticodon wobble bases are underlined].
Further, cells deficient in Trm9 were sensitive to the translation inhibitor paromomycin, further
supporting a role for Trm9 in translation. The mem2U wobble base produced by Trm9 has been
reported to modulate tRNA-mRNA pairing and enhance binding with the arginine AGA codon
(Weissenbach and Dirheimer, 1978). This observation suggests that the mcm2U base
modification affects translation through modulation of the codon-anticodon interface, and
suggests a codon specific role for Trm9.

The potential for Trm9 to modulate specific codon-anticodon interactions would make it an
ideal enhancer of codon-specific translation. In the following study, we have used
computational approaches to identify 425 genes with skewed AGA codon usage patterns and
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whose corresponding protein levels could be enhanced by Trm9-specific tRNA modifications.
We determined that Trm9 specifically increased the protein levels of Yef3, Rnrl and Rnr3, all
of which have AGA rich codon usage patterns, without affecting transcription. Further, we
found that general translation is intact in trm94 cells, and have defined a codon-specific role
for Trm9-catalyzed tRNA modifications in translation.

Trm9 Enhances the Translation of AGA and AGG Reporters

To validate our high throughput result that the trm94 allele conferred MMS sensitivity (Begley
et al., 2002; Begley et al., 2004), we performed plate based sensitivity assays in haploid and
diploid S. cerevisiae cells. We demonstrated that TRM9 can complement the MMS-sensitive
phenotype of trm94 cells, in both the By4741 and CenPK2-1C backgrounds, and that TRM9
gene dosage is inversely related to MMS sensitivity in diploid By4743 cells (Supplemental
Figure S1). To explore the molecular mechanism by which Trm9 provided its protective effect,
we developed an S. cerevisiae codon-specific reporter system to analyze the importance of
Trm9 in the translation of the arginine codons AGA and AGG. We used PCR based methods
to add an internal codon run near the N-terminus and in frame with the lacZ gene (Supplemental
Figure S2A), to generate a pair of reporters specific to synonymous codons for arginine
(AGA-lacZ and AGG-lacZ). Importantly the amino acid matched pair of codon reporters
differs with respect to the wobble bases in the codon run, but the resulting proteins are the same
at the level of amino acid sequence. As a result of the identical protein sequences, the design
allows the reporter to reflect the effects of translation while removing protein degradation or
enzyme activity as a potential mechanism of altered activity.

We ligated the constructs into a pYES-based plasmid to place the lacZ reporter in a high copy
plasmid under the control of a strong galactose-inducible promoter. Each of the reporter
systems was transformed into wild-type and trm94 S. cerevisiae. We grew isolates under
inducing conditions for 3 to 6 hours and then harvested the resulting cells and prepared total
extracts for lacZ reporter analysis. Total protein levels were similar in wild-type and trm94
cells and equal amounts of proteins were used for B-galactosidase assays. We measured the
activity of lacz, 10x AGA, 10x AGG, and 5x AGG reporters in wild-type and trm94 cells.
The control reporter behaved similarly in both wild-type and trm94 cells (Table 1). The ratio
of B-galactosidase activity in wild-type and trm94 cells was nearly 1, indicating that general
translation was similar in both cell types. Next we analyzed 10x AGA reporter activity in wild-
type and trm94 cells. We determined that wild-type cells had a ~6-fold greater 10x AGA
reporter activity than trm94 cells, supporting that Trm9-catalyzed tRNA modification
dramatically increases anticodon pairing with the AGA codon. We also attempted to monitor
the activity of a 10x AGG reporter in wild-type cells, but determined that we could not
consistently observe activity over background levels. We reasoned that the long run of AGG
codons either prohibited translation or made the plasmid unstable, so we switched to a 5x
AGG reporter format. We observed a small yet detectable amount of reporter activity using
the 5x AGG reporter, and determined that wild-type cells have ~10-fold higher activity than
trm94 cells. Combined, our results from wild-type and trm94 cells indicate that Trm9 enhances
the translation of reporters with either 10x AGA or 5x AGG codon runs.

Gene-Specific Codon Usage Patterns Identify Potential Trm9 Targets

In the S. cerevisiae genome AGA are found at higher frequency than AGG codons, with
arginine codon frequencies of 0.48 and 0.21 respectively. In addition, there is an alternative
tRNA species containing a CCU anticodon that is a perfect Watson-Crick match for AGG
codons (Cherry et al., 1998). These observations suggested that AGA codons would be an
easier signal to specifically key to mecm2U modifications, and we decided to initially analyze
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the signaling potential of Trm9 on the translation of AGA codons. We hypothesized that Trm9
could affect the translation of endogenous transcripts containing long runs of AGA codons or
transcripts globally enriched for AGA codons. To identify potential downstream targets, we
developed a computational approach to compile and help visualize gene-specific codon usage
(GSCU) trends for all 5,783 S. cerevisiae genes. We surveyed all S. cerevisiae genes and did
not identify any transcripts with more than three AGA codons in a row, suggesting that an
overall enrichment of AGA codons throughout a specific gene would be the physiological
signal keyed to Trm9-specific tRNA modifications. The developed GSCU algorithm compiled
codon usage data for all codons and this data was used to calculate gene-specific codon Z-
scores for all S. cerevisiae genes (Supplemental Table S1). The gene-specific codon usage data
are an integrated measure of codon usage in an individual gene, with over-represented codons
correlated to short codon runs. The gene-specific codon Z-scores, which utilize frequency data
and detail whether a gene is over- or under-represented with a given codon relative to genome
averages, were imported into the program CLUSTER (Eisen et al., 1998), subjected to
hierarchical clustering analysis, and then visualized using a heat map in the program
TREEVIEW (Eisenetal., 1998) (Fig. 2A). It should be noted that the heat map shown in Figure
2 does not describe transcriptional data. Rather, it represents an integrated signal representative
of gene-specific codon usage. All positive and negative deviations from genome averages are
shown, with statistically significant deviations shown in Supplemental Figure S3.

We analyzed the gene and codon clustered data (Fig 2A) and determined that there were 425
genes that clustered together (Group 1), and as group were skewed to contain more AGA
codons than average genes. We performed 10,000 random samplings of 425 genes to assemble
group codon statistics and to determine the significance of the codon usage pattern identified
in Group 1 genes. Notably, Group 1 genes were significantly (p < 10719) over-represented with
the arginine AGA codon and under-represented with the AGG codon. Group 1 genes were also
over-represented 24 other codons and under-represented with 35 other codons, many of which
were synonymous pairs (Supplemental Table S2). It should be noted that we did not identify
any group of genes over-represented with AGG codons, but a general trend observed for Group
1 genes in Figure 2A was that synonymous codons are split in the heat map, with one being
significantly over-represented (yellow) in Group 1 and the other being under-represented

(purple).

Importantly, Group 1 genes were significantly over-represented (p < 10710) with the glutamic
acid GAA codon. Trm9 has been shown to modify the wobble base of tRNAGLUWUUC) (Kalhor
and Clarke, 2003; Jablonskowski et al., 2006) and this tRNA anticodon can pair with GAA
codons. Together with our finding that Group 1 genes are over-represented with GAA codons,
the published Trm9 activity data suggests that GAA codons will more efficiently pair with an
anticodon wobble base that has been Trm9-modified. We subsequently performed 10x GAA-
lacZ reporter experiments and determined that wild-type cells had 7-fold more activity than
trm94 cells, thus supporting a role for Trm9 in the efficient translation of GAA codons
(Supplemental Figure S2B).

Codon bias has previously been correlated to expression levels (Bennetzen and Hall, 1982). It
is important to note however, that Group 1 genes were not only over-represented with codons
that are normally classified as high usage. While both AGA and GAA codons are considered
high usage, the Group 1 genes were also over-represented with some codons that are considered
low usage codons, including aspartic acid (GAC), isoleucine (ATC), tyrosine (TAC), lysine
(AAG) and phenylalanine (TTC) specific codons. The large number of over-represented
codons in Group 1 genes suggests that Trm9 or other tRNA modifying enzymes will affect the
translation of other codons or codon combinations, a possibility we are investigating.
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Biological Themes Associated with Group 1 Proteins

To identify regulatory and functional themes in our 425 identified Group 1 genes, we compared
them to other global and functional lists. First we compared Group 1 genes to ~900 transcripts
belonging to the transcription-specific environmental stress response (ESR) (Gasch et al.,
2000), to determine if Group 1 genes were over-represented with ESR transcripts. We identified
185 ESR transcripts in Group 1, which represents a 3.6 fold enrichment over the expected value
(p < 9.9 x 10719). The transcription-based ESR identified in S. cerevisiae encompasses ~900
transcripts, all of which are regulated in response to ten different environmental stresses. The
significant overlap with ESR genes suggests that the Group 1 genes may be similarly regulated
and involved in stress-response pathways.

To identify functional themes associated with Group 1 we used FunSpec (Robinson et al.,
2002) analysis of all 425 corresponding proteins. FunSpec identifies MIPS functional
categories that are significantly enriched in a list of proteins, relative to a random list of the
same size (Supplemental Table S3). The Group 1 proteins are over-represented in the functional
categories of protein synthesis, energy and metabolism, stress and damage responses. The
protein syntheses category contained the most significantly enriched AGA and GAA
containing transcript YEF3 (Supplemental Table S4), thus suggesting that YEF3 translation
would be keyed to Trm9-catalyzed tRNA modifications. Because we and others have
demonstrated that trm94 cells have a DNA damage phenotype, we were particularly interested
in DNA damage-response genes with skewed codon usage patterns. FunSpec analysis
demonstrated that Group 1 protein were over-represented with stress and damage response
activities, specifically activities involved in deoxyribonucleotide metabolism (Rnrl, Rnr2,
Rnr3, and Rnr4). All four RNR genes contain a high number of AGA and GAA codons
(Supplemental Table S4) and RNR1—4 collectively contained ~8x more AGA codons than
expected. Importantly, Rnr1—4 are all key members of the DNA damage response.

Trm9 Enhances Yef3, Rnrl and Rnr3 Protein Levels

The identification of YEF3, and the ribonucleotide reductase genes in Group 1 revealed the
potential for the corresponding Yef3, Rnrl, Rnr2, Rnr3, and Rnr4 protein levels to be perturbed
in trm94 cells. We analyzed the basal and damaged-induced levels of Yef3, Rnrl, Rnr3, and
Rnr4 in wild-type and trm94 cells. We used genome based C-terminal TAP-tagged versions
(Ghaemmaghami et al., 2003) and determined that Yef3-TAP, Rnr1-TAP and Rnr3-TAP
protein levels were all notably decreased in trm94 cells (Fig. 2B). The most dramatic reduction
in protein level was observed for Yef3 in trm94 cells relative to wild-type, and this correlates
to the high number (132) of AGA and GAA codons. Northern blot analysis indicated that
transcriptional regulation of YEF3, RNR1, and RNR3 was similar between wild-type and
trm94 cells, under both basal and MMS-induced conditions, and the observed decrease of
specific protein levels in trm94 cells supports a post-transcriptional role for Trm9.

Transcriptional induction by MMS occurs for RNR1 and RNR3 in wild-type and trm94 cells,
and the transcript levels are similar in both cell types (Fig. 2B and Supplemental Figure S4).

Under basal conditions, Rnrl protein levels were much higher in wild-type cells compared to
trm94. Similarly, after MMS-treatment Rnr1 protein levels were higher in wild-type compared
to trm94 cells, but the level of the Rnrl protein was lower in both wild-type and trm94 cells

when comparing MMS to untreated samples, suggesting Rnr1 is targeted for degradation after
DNA damage. We also determined that Rnr3 protein levels are higher in wild-type cells relative
to trm94, under basal conditions; this increase in wild-type cells is maintained as Rnr3 protein
levels go up in both cell types after MMS-treatment. Rnr3 is considered the damage-inducible
large subunit of the ribonucleotide reductase complex, and our results support this observation.
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Endogenous and damage-induced levels of Rnr4 showed no difference between wild type and
trm94 cells (Supplemental Figure S5), and indicated that Rnr4 protein levels were not affected
by Trm9 under normal conditions. Although we have been unable to detect endogenous Rnr2-
TAP in wild-type cells (not shown), we have determined that PAB1, encoding Poly(A) binding
protein, is found in Group 1 genes and have demonstrated that the levels of Pab1-TAP are
modestly decreased in the trm94 background (Supplemental Figure S5). While not as dramatic
as the results observed for Yef3-TAP, Rnr1-TAP, and Rnr3-TAP, the Pabl-Tap result further
supports that the Group 1 codon signature is linked to Trm9. Clearly though, systems level
analysis encompassing hundreds of matched transcript and protein levels measurements will
be needed to determine the precise codon signature keyed to Trm9 and to ascertain the
predictive nature of the Group 1 classification.

We also analyzed protein levels for codon usage patterns found outside of the Group 1 genes.
Napl (6 AGA and 4 AGG) and Pihl (5 AGA and 4 AGG) have small but similar numbers of
AGA and AGG codons, and have average codon usage values that fall outside of Group 1.
Similar to above we used TAP-tagged proteins, western, and northern blots to analyze transcript
and protein levels in wild-type and trm94 cells (Fig. 2C). Transcript levels for both NAP1 and
PIH1 were very similar in the wild-type and trm94 cells. Likewise, protein levels for Napl
and Pih1 were similar when wild-type and trm94 cells were compared, further supporting that
Trm9-initiated translational enhancement is keyed to gene-specific codon usage patterns. The
RAD53 gene also contains average codon usage values (12 AGA and 12 AGG) and falls outside
of the Group 1 classification. We have analyzed Rad53 levels in wild-type and trm94 cells and
demonstrated they are at similar levels, further supporting that average transcripts are not
affected by Trm9 (Supplemental Figure S5). Importantly, the Rad53 result demonstrates that
only select DNA damage response proteins have their levels keyed to Trm9.

Yef3 and Rnrl protein levels were markedly reduced in trm94 cells, yet transcript levels were
similar when wild-type and mutant cells were compared. We verified that both YEF3 and
RNR1 were in the process of being translated in trm94 cells by analyzing polysome profiles
using cells grown under basal conditions. We determined that both YEF3 and RNR1 mRNA
were predominantly found in the polysomes of both wild-type and trm94 cells (Fig. 3A-B).
We observed that the ACT1 mRNA loading control was found at similar levels in fraction 1
—6, comparing wild-type to trm94 cells. In contrast, both the YEF3 and RNR1 transcripts were
represented at higher levels in matched polysome fractions of trm94 samples, when compared
to wild-type, further indicating that translation was perturbed in a codon specific fashion in the
mutant cells.

The DNA Damage Phenotype in trm94 Cells is Due to Rnrl and Rnr3 Deficiencies

Hydroxyurea (HU) is an inhibitor of ribonucleotide reductase activity, and acts to quench the
active site and prevent the formation of deoxyribonucleotide diphosphates (Eklund et al.,
2001). We postulated that the Rnrl and Rnr3 protein deficiencies identified in trm94 cells
should result in a HU-induced growth phenotype. Therefore we performed HU sensitivity
assays to determine if the observed Rnrl and Rnr3 protein deficiencies were physiologically
significant. Wild-type (By4741), trm94, and trm94 cells over-expressing TRM9 were grown
over-night in SD-URA and serially diluted onto SD-URA + galactose plates with and without
HU. Plates were imaged after four days and demonstrated that trm94 cells are growth impaired
in the presence of HU, a phenotype that can be complemented by the over-expression of
TRM9 (Fig. 4A). Analysis of our plate based phenotypic data supported the hypothesis that
ribonucleotide reductase activity was reduced in trm94 cells.

Given the central role of the Rnr complex in the DNA damage response, we reasoned that
transcriptional over-expression of RNR1 or RNR3 might rescue the originally observed MMS
sensitive phenotype of trm94 cells by compensating for the reduced translational efficiency.
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We put RNR1 and RNR3 under the control of a strong galactose promoter and performed MMS
rescue experiments. Our plate based assays demonstrated that over-expression of RNR1 or
RNR3 can rescue the MMS sensitive phenotype of trm94 cells (Fig. 4B). Taken together, our
western blot data, HU assays, and RNR1 and RNR3 over-expression results indicate that low
Rnr levels caused the observed DNA damage phenotype in Trm9 deficient cells.

S. cerevisiae Trm9 Levels Are Unchanged After MMS Damage

After showing that Trm9 enhances the levels of DNA damage response proteins, we
investigated whether Trm9 activity changed in response to DNA damage. We used northern
and western blots to characterize transcript and protein levels for Trm9 before and after
0.0125% MMS treatment for one hour. The dose of MMS was chosen because this treatment
will increase the levels of the DNA damage inducible RNR1, RNR3, and MAGL transcripts and
the Mag1 and Rnr3 proteins (Fig. 2B and Fig 5A-B). The TRM9 transcript levels did not change
after MMS exposure, relative to untreated controls. Also, we analyzed the level of the Trm9
protein in wild-type cells, before and after MMS damage, using an endogenous TAP-tagged
protein (Fig. 5B). We monitored protein levels from 0 to 60 minutes, and found that Trm9
protein levels were relatively unchanged after MMS treatment.

To analyze Trm9 activity in vivo after MMS treatment, we used radioactive labeling of tRNA,
followed by tRNA purification and NaOH derivatization. Trm9 uses the biological methyl
donor SAM to generate a methylester to complete the synthesis of mecm®U and mem®s2U
wobble bases. Similar to MMS, SAM is a Sy2 alkylating agent, and the high concentrations
used in labeling experiments can damage DNA (Kalhor and Clarke, 2003; Barrows and Magee,
1982). Therefore we used methionine, which is a precursor to SAM, and were able to generate
physiological pools of [3H]-SAM from [3H]-methionine. We determined that the total amount
of radioactivity in tRNA from wild-type and trm94 cells was very similar, indicating that label
incorporation in total tRNA in trm94 cells was comparable to that of wild-type (Fig. 5C). The
total radioactivity in each sample represents all methyl-based modifications, of which Trm9
specific tRNA modifications were a small part. Next, we used NaOH derivatization of total
tRNA to identify Trm9 specific tRNA modifications. We compared tRNA from untreated wild-
type and untreated trm94 cells, and determined that the wild-type cells have an approximate
4-fold increase in NaOH reactive radiolabeled methanol compared to trm94 cells (Fig. 5D).
Next, we determined that the levels of Trm9-specifc tRNA modifications in wild-type cells
before and after MMS treatment were similar (Fig. 5D), suggesting that Trm9 activity is
unchanged after DNA damage. While our transcript and protein data support that Trm9 levels
are constitutive, more precise activity assays are needed to determine if Trm9 specific tRNA
modifications increase after DNA damage.

Discussion

Trm9 Catalyzed tRNA Modifications Enhance Translation

We have shown that Trm9 specific tRNA modifications can enhance some protein levels in a
codon-predictable fashion. Initially, Trm9-specific tRNA modifications promote high basal
levels of codon-specific proteins and can work coordinately with transcription to enhance
damage-induced protein levels. Our codon reporter data points to translation rather than protein
degradation as the step at which protein levels are affected. The decreased protein levels of
Yef3, Rnrl, and Rnr3, with no difference in transcription, in trm94 cells further implicated
Trm9 as a transcript-specific enhancer of translation. Similarly, our observation that YEF3 and
RNRL1 are overly engaged with the polysomes in trm94 cells supports the role of Trm9 in
enhancing translation. While the exact mechanism of translational enhancement is unknown,
modulation of translational elongation would appear to be a viable method to enhance codon-
specific translation.
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Our data support a basic model of codon-specific translational enhancement by Trm9 (Fig. 6).
For simplicity, we only depict the AGA codon, but additionally our reporter data supports that
Trm9 enhances the translations of AGG and GAA codons, while or computational results
predicate that other codons will be enhanced by Trm9 catalyzed tRNA modifications. In our
model cells with functional Trm9 activity and corresponding tRNA modifications are primed
for the enhanced production of proteins corresponding to AGA rich transcripts. In effect, the
Trm9-specific tRNA modifications allow for a more efficient use of the existing AGA-rich
transcripts. Trm9-specifc tRNA modifications are proposed to have no influence on the
translation of average transcripts which contain a normal codon usage pattern. Ultimately, our
model requires mcm2U to be a translational signals that promote anticodon interactions with
AGA codons, or with other codon combinations. Biochemical studies of thiolated wobble and
modified uridines in anticodon stem loops have shown that these modifications differentially
affect interactions with synonymous codons (Yarian et al., 2002;Krueger et al., 1998), thus
providing precedence for our translational enhancement model. It is important to note that our
model of translational enhancement is predicted to work at the level of translation elongation,
and one of the targets (Yef3) identified in this study is a translation elongation factor. The exact
function of Yef3 is unclear, but it has a proposed role of removing deacylated tRNA from the
ribosome E-site during translation elongation (Anand et al., 2003). It is possible that Yef3 plays
a role in codon specific translation, either directly or indirectly, and in theory could work
coordinately with Trm9 to recruit tRNAs after modification, but this is speculative.

Translational Enhancement is Linked to Gene-Specific Codon Usage Patterns

We have used computational approaches to determine that the Trm9 associated codon
signatures are found in 425 transcripts whose corresponding proteins are involved in stress
response and other biological processes. We have demonstrated that Yef3, Rnrl, and Rnr3
protein levels are specifically linked to Trm9 activity, and their regulation fits into our model
for enhanced translation. The AGA and GAA codon skew has been analyzed from the
perspective of codon frequency, but it is more likely that codon totals or grouped codon runs
will be the mRNA specific regulatory sequence keyed to Trm9 activity. The previous codon
total and codon run statement is supported by our 10x AGA reporter data and by the observation
that while RNR4 has the distinctive codon usage pattern found in Group 1 genes, its levels were
not affected by Trm9 activity. Rnr4 is approximately half the size of Yef3, Rnrl, and Rnr3.
Rnr4 contains ~50% less AGA and GAA codons and in theory does not have the same
frequency of codon runs or combinations.

The exact parameters of the codon sequence keyed to Trm9 have yet to be determined. Our
heat map results demonstrated that many codons are over-represented in Group 1 genes,
suggesting a number of different codon runs or codon combinations could be keyed to Trm9.
For example, in addition to the arginine (AGA) and (GAA) codons, the glutamine codon
CAA was significantly over-represented in Group 1 genes. Recent studies have shown that
Trm9 modifies the corresponding glutamine tRNACGENUUG) (|_y et., al. 2005), suggesting that
Trm9 could be enhancing the translation of these codons as well. The large number of over-
represented codons in Group 1 suggests that not only homogenous codon runs (i.e., AGA-
AGA-AGA) are keyed to Trm9, but also distinct combinations of codons (i.e., AGA-GAA-
CAA). In addition, our reporter data supports that the translation of AGG codons are enhanced
by Trm9. While AGG codons are not over-represented in Group 1 genes, their presence in
distinct codon runs should be factored into any codon signal keyed to Trm9. Thus a complicated
signal based on multiple codon combinations may be associated with Trm9, and investigations
on the role of Trm9 in the translation of all 64 codon runs and codon combinations are
underway.
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Translational Signals are Coupled to the DNA Damage Response

The regulation of S. cerevisiae Rnr activity has been widely studied and shown to occur at the
levels of transcription, sub-cellular localization, and post-translational modification. Each of
these regulatory mechanisms is used to either control the level of individual Rnr subunits or
overall activity, with deficiencies corrupting the DNA damage response (Chabes et al., 2003;
Elledge and Davis, 1990). We report that the DNA damage phenotype in trm94 cells is due to
a deficiency in Rnrl and Rnr3 proteins, thus implicating tRNA modifications in the
coordination of the DNA damage response. Our plates based HU assays, showing trm94 cells
are growth impaired, reinforce this point. Complementation of HU and MMS sensitive
phenotypes in trm94 cells was observed by over-expression of TRM9. The failure to fully
compliment each phenotype may be due to over-expression of the tRNA methyltransferase
promoting toxicity in the trm94 cells, by off-target methylation, but this is speculative. Over-
expression of either RNR1 or RNR3 will rescue the MMS-sensitive phenotype of trm94 cells,
which is most likely because either large subunit can substitute for the other in the final Rnr
complex. Rnr activity is an important component of the cellular DNA damage response, and
deficiencies or dysregulation of this activity can affect survival after DNA damage (Chabes et
al., 2003; Elledge and Davis, 1990). Our study demonstrates that translation based signals play
an important role in enhancing the levels of proteins that participate in the DNA damage
response, and enhanced translation should be applicable to other codon-specific transcripts.

Major findings of our study are that Trm9-catalyzed tRNA modifications enhance the
translation of arginine and glutamic acid codons in specific gene sequences, and that the levels
of some DNA damage response proteins are linked to tRNA modifications. One can imagine
sophisticated programs of translational regulation keyed to dynamic increases or decreases in
tRNA modifications. The translational enhancement by Trm9 appears to work during
elongation, and this system could be exploited to dynamically regulate translation elongation
in other organisms. Ultimately the proposed model provides a unique mechanism to enhance
protein levels in a gene and codon specific fashion, and due to Trm9's conservation, we suggest
that a similar type of codon-specific translational enhancement will be found in humans.

Experimental Procedures

Strains, Plasmids, Media, and Plate Based Assays

A table of strains and oligonucleotides used is provided in supplementary material
(Supplemental Table 5). All TAP tagged strains were obtained from Open Biosystems and
were made trm94 using the G418 knockout cassette derived from YmI014w. Transformants
for the deletion alleles were obtained on YPD (Guthrie and Fink, 2002) plates supplemented
with G418 (200 pg/ml); trm94 deletions were confirmed by PCR. Plasmids were made using
PCR based approaches and included pYES-TRM9, pYES-RNR1, and pYES-RNRS3,
derivatives of pYES2 (Invitrogen, Carlsbad, CA). Codon reporter plasmids were derived from
pYES2/NT/lacZ (Invitrogen) and included pYES-10xAGA-lacZ, pYES-10xAGG-lacZ,
pYES-10xGAA-lacZ, pYES-5xAGG-lacZ. YPD, YP-galactose, SD-URA (synthetic defined
minus uracil), SD-TRP (synthetic defined minus tryptophan), SD-MET (synthetic defined
minus methionine) and SD-URA + galactose (synthetic defined minus uracil + galacotose)
media were made using reagents from QBiogene (Irvine, CA) as described (Guthrie and Fink,
2002). Plate-based assays were performed by spotting 5 ul of an over-night culture, with a
corresponding 10-fold dilution series on YPD, YP-galactose, SD-TRP or SD-URA + galactose
agar plates supplemented with MMS or HU.

Computational Analysis of Gene-Specific Codon Usage Patterns

We downloaded 5,783 S. cerevisiae gene sequences from the Saccharomyces Genome
Database (SGD) and analyzed each gene using our GSCU algorithm. The GSCU algorithm
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interrogated a gene from the start to stop codon, counted the number of times a specific codon
was used in a gene, and determined gene-specific codon frequencies for all 64 codons. Next,
the genome-average codon frequency for all codons was determined using gene-specific codon
frequency values for all 5,783 S. cerevisiae genes. The genome average codon frequency values
were nearly identical to codon usage frequencies previously published for S. cerevisiae (Cherry
et al., 1998), which is expected. In contrast, individual gene-specific codon frequencies can
deviate significantly from genome averages. The gene-specific codon frequency for each S.
cerevisiae gene was analyzed to compute a gene-specific codon Z-score.

(actual codon frequency — average codon frequency)
standard deviation for 5,783 genes

Gene SpecificZ =

The Z-score measures whether a codon is over- or under-represented in a gene relative to the
average genome value; it is also a measure of significance. Clustering and heat map analyses
were performed using CLUSTER and TREEVIEW. Group codon statistics were compiled
using random sampling and a normal curve approximation, similar to that described (Begley
et al., 2004). Briefly, the set of GSCU statistics representing 5,783 S. cerevisiae genes was
randomly sampled to pick N = 425 genes. Group codon usage statistics were compiled for M
= 10,000 iterations and group average values and standard deviations were then generated for
statistical analysis, with Z-scores compiled for each gene-specific codon using the following
formula:

(actual codon frequency for N genes — average codon frequency for N genes)
standard deviation for M iterations of N genes

Corresponding p-values were determined for all over-represented or under-represented codons
using a one-tailed test and normal approximation.

B-galactosidase Assays, Transcript and Protein Measurements, and Polysome Profiles

Codon reporter plasmids were transformed into wild-type (By4741) and trm94 cells and
individual colonies were used to seed overnight cultures, in SD-URA media. Overnight cultures
were diluted into fresh SD-URA+GAL media and grown for 3 to 6 hours. Cells were harvested
and then analyzed for B-galactosidase activity (Rupp et al., 2002). The specific activity (SA)
measure was utilized to account for galactose induction time (1), exposure time (E) for assay
development, and total protein used, with SA = 1000 * Absorbance / | * E * total protein.
lacZ reporter assays to quantitate RNR1-RNR4 transcript levels were performed as described
(Klinkenberg et al., 2006).

For the analysis of transcript and protein levels, By4741 and ATCC201385 derived cells were
grown to ~5 x 108 cells/ml in YPD and either untreated or MMS treated (0.0125% MMS) for
60 minutes. RNA was purified using an RNeasy Mini Kit (Qiagen) and analyzed as described
(Jelinsky et al., 2000). Detection was facilitated using the Chemiluminescent Nucleic Acid
Detection Module (Pierce, Rockford, IL). Protein extracts were prepared as described
(Ghaemmaghami et al., 2003) and protein concentrations were measured using a BCA™
Protein Assay Kit (Pierce). Western blots were performed as described (Ghaemmaghami et
al., 2003). Polysome profiles were performed similar as described (Mangus and Jacobson,
1999).

Trm9 Specific tRNA Methylation Assays

[3H]-methionine labeling was initiated by inoculating overnight cultures in SD-MET for 12-
huours. Next cells were inoculated at ~0.5 x 108 cells/ml into SD-MET media supplemented
with 12.5 uC/ml [3H]-methionine (PerkinElmer, Waltham, MA). Cells were incubated with
shaking for three days, followed by an additional three days with fresh SD-MET + [3H]-
methionine labeling media. Pre-labeled cells were then inoculated at ~1.0 x 10° cells/ml and
incubated in fresh labeling media to ~4 x 108 cells/ml, mock or MMS-treated for 1-hour, after
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which cells were harvested and stored at —80°C. tRNA was specifically isolated from labeled
wild-type and trm94 samples using the Purelink miRNA isolation kit from Invitrogen. We
assayed aliquots of tRNA from wild-type and trm94 cells for NaOH-reactive [3H]-
methylesters, as described (Kalhor and Clarke, 2003).
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Figure 1. Trm9 Catalyzed tRNA Modifications
Trm9 completes the formation of mecm>U and mem®s2U at position 34 of tRNAARGUCU) gnq
tRNAGLUUUC) respectively.
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Figure 2. Gene-Specific Codon Usage Patterns Identify Codon-Skewed Genes

(A) Hierarchical clustering and heat map analysis of all GSCU data for 5,783 S. cerevisiae
genes. Gene-specific over-represented codons are displayed in yellow, under-represented
codons displayed in purple, codons with gene-specific codon usage patterns showing no
deviation from genome average values displayed as black. Supplemental Figure S3 contains
the x-axis key. (B) Northern and Tap tagged western blots for genes and proteins that are over-
represented with AGA and GAA codons (i.e., Group 1), and (C) genes outside of Group 1
which contain average codon values. Cells were grown to 5 x 10° cells/ml in YPD and either
mock or 0.0125% MMS treated for 1-hour. The loading control (LC) for northern blots was
ACT1 while for western blots it is B-tubulin.
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Figure 3. YEF3 and RNRL1 transcripts are Associated with Translational Machinery in trm94 Cells
(A) Polysome profiles of YEF3 in wild-type and trm94 cells. RNA was extracted from the
gradient fractions and subjected to northern blot analysis, probing with ACT1 and YEF3 RNA
as indicated. (B) Polysome profiles of RNR1 in wild-type and trm94 cells. The RNR1 and
ACT1 transcripts were detected using northern blot analysis. Nonspecific signal was detected
in lanes 10, 13, and 14 and was due to the low RNR1 transcript levels and bleeding from 25S
and 18S pools. For all polysome profiles By4741 and trm94 cells were grown in YPD to
~5x10% cells/ml and ethidium bromide staining was used to indicate the relative amounts of
25 and 18S rRNA in each fraction.
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Figure 4. Decreased Protein Levels of Rnrl and Rnr3 Result in a DNA Damage Phenotype

(A) The HU sensitivity of trm94 cells was complemented by over-expression of TRM9 from
pYES-TRMQ. (B) Over-expression of RNR1 and RNR3, from pYES-RNR1 and pYES-RNR3,
rescued the MMS sensitive phenotype of trm94 cells. For both experiments cell cultures were
grown overnight in SD-URA and serially diluted onto plates with HU or MMS, respectively.
SD-URA + galactose plates were used for HU assays. YP-galactose plates were used in MMS
experiments, because the MMS sensitive phenotype identified in trm94 cells is stronger under
rich media conditions, compared to defined media.
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Figure 5. Trm9 Transcript and Protein Levels Are Unchanged after MMS Damage

(A) The transcription of TRM9 in wild-type (BY4741) and trm94 cells was analyzed before
and after MMS treatment using northern blots. The induction of the MAGL1 transcript, which
encodes an MMS-inducible DNA glycosylase used to repair 3-methyladenine lesions in DNA,
serves as a positive control for DNA damage. (B) Western blots against endogenous TAP
tagged Trm9 (ATCC201388 background) before and after MMS treatment. Magl-TAP
(ATCC201388 hackground) levels increase under these exposure conditions, and serve as a
positive control for DNA damage. Cells used for northern and western blots were grown to 5
x 10% cells/ml in YPD and either mock or MMS treated as indicated. (C) Total radioactivity
of tRNA purified from wild-type (By4743) and trm9~/~ cells labeled with [3H]-methionine
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before (black bars) and after (white bars) MMS treatment. (D) NaOH derivatization of
mcm?®U nucleosides will generate labeled methanol. NaOH reactive methylesters in tRNA from
wild-type (BY4743) and trm9~/~ cells labeled with [3H]-methionine, before (black bars) and
after (white bars) MMS treatment. Error bars represent the standard deviation of two replicate
experiments in panels C and D.
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Figure 6. Model for Codon-Specific Translational Enhancement

Our model has (panel A, left) Trm9 dependent tRNA modifications enhancing the translation
of transcripts over-represented with AGA codons while not affecting average transcripts.
Translational enhancement is most likely facilitated (panel A, right) by mecm?®U (*) at the tRNA
wobble base promoting interactions with the AGA in mRNA. It is important to note that the
up- and down-stream codons surrounding AGA most likely play an important yet still
undefined role in this model. The lack of Trm9-dependent tRNA modifications (panel B, left)
slows the translation of transcripts over-represented with AGA codons. Codon-specific
translation is predicted to be slowed due to (panel B, right) inefficient interactions between
unmodified uridine in the anticodon and adenine in the codon wobble position. AGA specific
transcripts and proteins are shown in yellow, while average transcripts and proteins are shown

in gray.
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Table 1

Codon Reporter Activities in Wild-type and trm94 Cells

wild-type (Activity units)

trm9 4 (Activity units)

lacZ 46.1+/—-1.9 50.1 +/=7.0
AGA 29.9+/-9.1 43+/-0.54
AGG 0.23 +/-0.07 0.023 +/=0.004
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