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Abstract: Yeast phenotypes associated with the lack of wobble uridine (U34) modifications in tRNA
were shown to be modulated by an allelic variation of SSD1, a gene encoding an mRNA-binding
protein. We demonstrate that phenotypes caused by the loss of Deg1-dependent tRNA pseudouridy-
lation are similarly affected by SSD1 allelic status. Temperature sensitivity and protein aggregation
are elevated in deg1 mutants and further increased in the presence of the ssd1-d allele, which encodes a
truncated form of Ssd1. In addition, chronological lifespan is reduced in a deg1 ssd1-d mutant, and the
negative genetic interactions of the U34 modifier genes ELP3 and URM1 with DEG1 are aggravated
by ssd1-d. A loss of function mutation in SSD1, ELP3, and DEG1 induces pleiotropic and overlapping
phenotypes, including sensitivity against target of rapamycin (TOR) inhibitor drug and cell wall
stress by calcofluor white. Additivity in ssd1 deg1 double mutant phenotypes suggests independent
roles of Ssd1 and tRNA modifications in TOR signaling and cell wall integrity. However, other tRNA
modification defects cause growth and drug sensitivity phenotypes, which are not further intensified
in tandem with ssd1-d. Thus, we observed a modification-specific rather than general effect of SSD1
status on phenotypic variation in tRNA modification mutants. Our results highlight how the cellular
consequences of tRNA modification loss can be influenced by protein targeting specific mRNAs.
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1. Introduction

Post-transcriptional RNA modifications are abundant in tRNA, where they may
support stability, integrity, and translational efficiency [1–3]. Different modifications are
introduced at different positions of specific tRNAs. Some modifications are installed in a
sequential order, and several modification genes show strong genetic interactions because
independent modifications may contribute to the same tRNA functional aspect [4,5]. Ex-
tensive functional redundancy may partly explain why no loss-of-function phenotypes
are observable for many of the conserved modification genes. However, some specific
modification genes are linked to growth phenotypes in the yeasts Saccharomyces cerevisiae
and Schizosaccharomyces pombe [6]. An tRNA modification that is important for the nor-
mal growth of yeast cells is pseudouridylation at positions 38 and 39 (Ψ38/39), which is
introduced by pseudouridine synthase Deg1. tRNAGln

UUG overexpression suppresses the
general growth defects of deg1 mutants, revealing a functional dependency of this tRNA on
Deg1-dependent Ψ38/39 [7,8]. Pseudouridylation is a frequent tRNA modification that can
be found in all parts of tRNA [9–12]. There are several additional Ψ synthases responsible
for pseudouridylation at other tRNA positions, and defects in some of these enzymes
(including the Deg1 orthologue Pus3) are linked to neurodegenerative diseases such as
intellectual disability in humans [13,14]. In yeast, the absence of Deg1 also influences
neutral lipid content, amino acid levels, and sensitivity against rapamycin (an inhibitor of
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the TORC1 (target of rapamycin) kinase complex [15–18]), which might contribute to the
general growth defect.

Yeast DEG1 exhibits strong negative genetic interactions with various genes in-
volved in the formation of 5-methoxycarbonylmethyl-2-thiouridine (mcm5s2U34). The
latter tRNA modification is found in the wobble positions of tRNAGln

UUG, tRNAGlu
UUC,

and tRNALys
UUU, and two separate pathways are required for its synthesis [19–21]. The

Elongator complex (composed of proteins Elp1-Elp6) and additional accessory proteins
introduce the methoxycarbonylmethyl (mcm5) residue at the C5 position of the wobble
uridine (U34) [22]. An independent pathway involving Uba4, Urm1, and Ncs2/Ncs6 is
responsible for U34 thiolation at C2, completing the mcm5s2U34 composite [19,20,23]. Com-
bining defects in either U34 thiolation or C5 modification with a deg1 mutation results in
strong synthetic growth and/or temperature sensitivities that are, in part, suppressible
by tRNAGln

UUG overexpression [7,8]. This points to a functionally relevant collaboration
of the anticodon loop modifications at U34 and U38 in tRNAGln

UUG. Similar functional
collaborations between modified U34 and other anticodon loop modifications have been
demonstrated [7,24,25]. A strong negative genetic interaction occurs even among the genes
involved in the C2 and C5 modifications of U34 itself [26–28]. Several of the combined
anticodon loop modification defects result in synthetic temperature sensitivities occurring
in tandem with an accumulation of protein aggregates, which may form in response to
ribosome slow-down at the individual hard-to-translate codons [7,28,29]. It is assumed
that the protein aggregate induction contributes to the growth and temperature sensitivity
phenotypes of the combined modification mutants.

Interestingly, the strength of double mutant phenotypes for the C2 and C5 hypo-
modification of U34 is modulatable by the allelic variant of a gene (SSD1) encoding an
mRNA-binding protein [30]. Ssd1 binds mRNAs encoding cell wall proteins and represses
their translation under stress conditions [31,32]. The latter involves the association of Ssd1
and bound mRNA with cytoplasmic processing bodies (P-bodies) and requires the prion-
like protein domain of Ssd1 [33]. Under favorable growth conditions, Ssd1 is thought to
mediate the delivery of cell wall protein-encoding mRNA to sites of polarized growth [33].
Common laboratory yeast strains such as S288C and W303-1B [34] carry the allelic variants
termed SSD1-v or ssd1-d, the latter of which encodes a truncated defective Ssd1 form.
SSD1-v (suppressor of SIT4 deletion) suppresses the lethal effect of SIT4 phosphatase gene
deletion [35], while ssd1-d cannot but shortens chronological lifespan [36] and enhances the
phenotypes of Elongator mutants [30], including a more pronounced genetic interaction
of ELP3 and the thiolase gene NCS2, as well as the enhanced accumulation of protein
aggregates in the combined elp3 ncs2 mutant [30]. It remained unknown, however, whether
phenotypic modulation by SSD1 status is specific to Elongator-dependent U34 modifica-
tions or can be generalized to phenotypes from other tRNA modification mutants. In
this study, we reveal a modulation of deg1 mutant phenotypes by SSD1 and demonstrate
that other tRNA modification defects are not similarly affected. A possible relevance of
independent cell wall integrity defects induced by ssd1-d, elp3, and deg1 is discussed.

2. Results
2.1. Comparison of elp3 and deg1 Mutant Phenotypes in ssd1-d and SSD1-v Strains

To analyze whether the SSD1 allelic variants influence phenotypes induced by lack of
pseudouridine synthase Deg1 in the yeast S. cerevisiae, we generated deg1 mutants in both
SSD1-v (BY4741) and ssd1-d (W303-1B) strain backgrounds. For comparison, we deleted
ELP3 in both backgrounds and analyzed the growth of all strains in response to elevated
cultivation temperatures. In both cases, the modification defects were found to cause a
fitness defect at elevated temperatures (Figure 1A).
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peptone–dextrose (YPD) plates, and incubated at the specified temperature for 48 h. (B) The WT 
and deg1 mutant in the ssd1-d background containing an empty vector, SSD1-v-, or ssd1-d-containing 
plasmids were serially diluted, spotted on YPD plates, and incubated at the indicated temperature 
for 48 h. 
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than that of elp3. The difference was observable in both ssd1-d and SSD1-v (Figure 1A). 
However, in the ssd1-d strain, the growth defect of both tRNA modification mutants at 37 
°C was enhanced compared to that with the SSD1-v background. At 37 °C, only the ssd1-
d elp3 and deg1 mutants, not the SSD1-v counterparts, displayed a substantial growth de-
fect. At 39 °C, however, all ssd1-d strains, including the wild-type control, were growth-
impaired in comparison to their respective SSD1-v counterparts (Figure 1A). Of note: the 
ssd1-d allele was previously shown to restrict growth at elevated temperatures [37]. 

To further test whether the difference in growth phenotypes was due to the allelic 
variation of SSD1, we introduced the SSD1-v allele into the ssd1-d strains and analyzed 
phenotypic complementation. Both ssd1-d and ssd1-d deg1 strains were transformed with 
either an empty vector or a plasmid containing SSD1-v ([SSD1-v]). As a control, a plasmid 
carrying ssd1-d [ssd1-d] was introduced in parallel. As shown in Figure 1B, the thermosen-
sitive growth of wild-type ssd1-d and the deg1 mutant could indeed be suppressed by 
SSD1-v. Growth at elevated temperatures was improved for both the ssd1-d and ssd1-d 
deg1 strains upon the expression of SSD1-v but not with ssd1-d or empty vector controls. 
Thus, the enhanced thermosensitivity of ssd1-d strains can be solely attributed to the ssd1-
d allele, and SSD1-v positively affects temperature resistance in the wild type and the 
tRNA modification mutant. Therefore, the enhancement of elp3 and deg1 phenotypes by 
the ssd1-d allele could reflect an additive effect being caused by two independent mecha-
nisms increasing thermosensitivity. Interestingly, the temperature phenotype of an ssd1-
d elp3 mutant was shown to be suppressible by osmotic stabilization [38], but it remained 
unknown whether this extends to SSD1-v elp3 or deg1 mutants. Therefore, we tested the 
growth of elp3 and deg1 in both strain backgrounds at elevated temperatures in the 

Figure 1. Temperature sensitivity of elp3 and deg1 mutants in the SSD1-v and ssd1-d strain backgrounds. (A) Wild type (WT)
and indicated mutants were serially diluted, spotted on yeast extract–peptone–dextrose (YPD) plates, and incubated at the
specified temperature for 48 h. (B) The WT and deg1 mutant in the ssd1-d background containing an empty vector, SSD1-v-,
or ssd1-d-containing plasmids were serially diluted, spotted on YPD plates, and incubated at the indicated temperature
for 48 h.

As previously observed, the growth defect of deg1 mutants was more pronounced than
that of elp3. The difference was observable in both ssd1-d and SSD1-v (Figure 1A). However,
in the ssd1-d strain, the growth defect of both tRNA modification mutants at 37 ◦C was
enhanced compared to that with the SSD1-v background. At 37 ◦C, only the ssd1-d elp3
and deg1 mutants, not the SSD1-v counterparts, displayed a substantial growth defect. At
39 ◦C, however, all ssd1-d strains, including the wild-type control, were growth-impaired
in comparison to their respective SSD1-v counterparts (Figure 1A). Of note: the ssd1-d allele
was previously shown to restrict growth at elevated temperatures [37].

To further test whether the difference in growth phenotypes was due to the allelic
variation of SSD1, we introduced the SSD1-v allele into the ssd1-d strains and analyzed
phenotypic complementation. Both ssd1-d and ssd1-d deg1 strains were transformed with
either an empty vector or a plasmid containing SSD1-v ([SSD1-v]). As a control, a plasmid
carrying ssd1-d [ssd1-d] was introduced in parallel. As shown in Figure 1B, the thermosen-
sitive growth of wild-type ssd1-d and the deg1 mutant could indeed be suppressed by
SSD1-v. Growth at elevated temperatures was improved for both the ssd1-d and ssd1-d
deg1 strains upon the expression of SSD1-v but not with ssd1-d or empty vector controls.
Thus, the enhanced thermosensitivity of ssd1-d strains can be solely attributed to the ssd1-d
allele, and SSD1-v positively affects temperature resistance in the wild type and the tRNA
modification mutant. Therefore, the enhancement of elp3 and deg1 phenotypes by the
ssd1-d allele could reflect an additive effect being caused by two independent mechanisms
increasing thermosensitivity. Interestingly, the temperature phenotype of an ssd1-d elp3 mu-
tant was shown to be suppressible by osmotic stabilization [38], but it remained unknown
whether this extends to SSD1-v elp3 or deg1 mutants. Therefore, we tested the growth of elp3
and deg1 in both strain backgrounds at elevated temperatures in the presence of sorbitol
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(Figure S1). As a result, we observed a mild suppression of temperature phenotypes of the
ssd1-d strains but not of the SSD1-v strains.

In addition to temperature sensitivity, we tested the effect of SSD1 variation on the ra-
pamycin phenotype of elp3 and deg1 mutants. As expected, deg1 and elp3 mutants displayed
increased rapamycin sensitivity compared to the respective wild-type control [16,30] in
both genetic backgrounds (Figure 2). In comparison, however, elp3 displayed stronger
rapamycin sensitivity than deg1. Rapamycin sensitivity was generally increased in ssd1-d
strains. Importantly, the wild-type ssd1-d strain also exhibited enhanced sensitivity com-
pared to the SSD1-v wild-type strain (Figure 2). To test whether the observed difference
in rapamycin sensitivity between the ssd1-d and SSD1-v strains was due to the loss of
SSD1 function, we analyzed the rapamycin phenotype in an ssd1 deletion strain and tested
whether the ssd1-d phenotype could be complemented by the ectopic expression of SSD1-v.
We found that ssd1 deletion in the SSD1-v strain increased drug sensitivity and SSD1-v
expression in the ssd1-d strain suppressed drug sensitivity (Figure S2). In addition, a
complete deletion of SSD1 in the SSD1-v strain background increased temperature and
rapamycin sensitivity, both of which were further increased upon the deletion of DEG1
(Figure S3). Hence, the SSD1 status itself influences rapamycin resistance. Therefore,
increased rapamycin sensitivity in ssd1-d tRNA modification mutants may have resulted
from an additive effect being caused by independent consequences of tRNA modification
loss and Ssd1 defects.
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Figure 2. Comparison of the rapamycin sensitivity of tRNA modification mutants in SSD1-v and ssd1-d backgrounds. WT,
elp3, and deg1 mutants of both background strains were serially diluted and spotted on YPD plates containing the indicated
amounts of rapamycin. Plates were incubated at 30 ◦C for 48 h.

2.2. Impact of SSD1 on Genetic Interaction of DEG1 with mcm5s2U34-Relevant Genes

Since ssd1-d individually modulated the growth phenotypes of elp3 and deg1 tRNA
modification mutants, we sought to test the effect of SSD1 variation on the negative genetic
interaction between U34 and U38/39 modifiers. A strong synergistic growth retardation
occurs upon the combination of U34 modification defects caused by mutations of either
URM1 or ELP3 and the deletion of DEG1 [7]. An elp3 deg1 double mutant is viable in
the SSD1-v background but displays a very pronounced growth defect at 30 ◦C [7]. An
urm1 deg1 double mutant is similarly viable and displays near normal growth at 30 ◦C but
severely delayed growth at 37 ◦C [7].

To test for the phenotypes of the same double mutants in the ssd1-d background, we
used the plasmid shuffle approach previously employed to generate the SSD1-v double
mutant strains. First, elp3 and urm1 mutations were each complemented with an appro-
priate 5-fluoroorotic acid (5-FOA) counterselectable plasmid that provided either ELP3
or URM1. DEG1 was subsequently deleted, and the ability to lose the urm1- and elp3-
complementing plasmids was monitored by checking growth on 5-FOA-supplemented
media (Figure 3A,B). In contrast to the control strains lacking the additional deg1 deletion,
both elp3 deg1 and urm1 deg1 double mutants in the ssd1-d background were unable to
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grow on 5-FOA media (Figure 3C,D). Thus, both elp3 deg1 and urm1 deg1 double mutants
were inviable in the ssd1-d strain background. Hence, the observed synthetic sick genetic
interaction of urm1/elp3 and deg1 in SSD1-v was further aggravated in the ssd1-d strain, in
which a synthetic lethal interaction was observed (Figure 3C,D). This result supports the
assumption that both, elp3 and deg1 mutations cause more severe phenotypic consequences
in the ssd1-d strain; consequently, the double mutant is inviable in this background.
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Figure 3. Plasmid shuffle assay to determine genetic interaction between DEG1 and ELP3 or URM1
in the ssd1-d strain. (A) Scheme indicating position and required genes for mcm5s2U34 and Ψ38/39

modifications in tRNA. (B) Principle of plasmid shuffle assay involving elp3 deg1 or urm1 deg1 double
mutants carrying URA3-CEN plasmids that provide for ELP3 or URM1 wild-type gene functions,
respectively. 5-FOA medium (FOA) counterselects against the URA3-based plasmids and thus
uncovers the double mutant phenotype. (C) Result of plasmid shuffle assay in the deg1 urm1 strain.
(D) Result of plasmid shuffle assay in the deg1 elp3 strain. WT and indicated mutants with and
without URA3-based plasmids were serially diluted and spotted on YPD, URA, and FOA plates.
YPD and URA plates were incubated for 48 h, and FOA plates were incubated for 72 h at 30 ◦C.

Negative growth phenotypes of SSD1-v deg1 urm1 and deg1 elp3 double mutant strains
were previously shown to be partially suppressible by the overexpression of tRNAGl

n
UUG [7]. A functional defect of this tRNA is thought to account for the negative pheno-

types of the double mutants, and the higher-than-normal levels of the defective tRNA
can likely compensate for functional impairment. To test whether the synthetic lethal
interaction between elp3/urm1 and deg1 in the ssd1-d background can similarly be sup
pressed, we repeated the plasmid shuffle approach shown in Figure 3 in the presence of
an overexpression construct for tRNAGln

UUG or an appropriate empty vector control. As
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shown in Figure S4, the growth of ssd1-d elp3 deg1 and urm1 deg1 strains was rescued in
the presence of the tRNA overexpression construct but not the empty vector control. In
both double mutants, however, colony formation on 5-FOA media required prolonged
incubation times and was thus significantly delayed compared to the wild type or the re-
spective single tRNA modification mutants. Hence, tRNAGln

UUG overexpression provides
a partial, rather than complete, rescue towards the negative genetic interactions between
ELP3/URM1 and DEG1 in the ssd1-d strain (Figure S4).

2.3. Expression of the Gln-Rich Protein Rnq1 in deg1 Mutants

Multiple lines of evidence indicate a critical dependence of tRNAGln
UUG-decoding

efficiency on Ψ38 [4,8,12]. Hence, aggravated phenotypes of ssd1-d deg1 in comparison
to SSD1-v deg1 could be related to a further elevated decoding defect of tRNAGln

UUG in
the ssd1-d strain. To compare the expression defect related to tRNAGln

UUG in the absence
of pseudouridylation at position 38/39, we introduced a gene encoding the GFP-tagged
Gln-rich prion protein Rnq1 [39] into WT and deg1 mutants of both SSD1 backgrounds.
Both strains are [PIN+], implying the conversion of Rnq1-GFP into amyloid aggregates.
Rnq1 contains a high number of Gln codons, and the translation of its mRNA was shown
to be reduced in the absence of Ψ38/39 [7]. As described before, we observed a clear
downregulation of Rnq1-GFP protein levels in the SSD1-v deg1 mutant in comparison to
SSD1-v. Surprisingly, however, Rnq1-GFP levels were similar in the ssd1-d and ssd1-d deg1
strains (Figure 4). Thus, the expression of the Gln-rich Rnq1 was found to be improved
rather than impaired in the ssd1-d deg1 mutant compared to the SSD1-v strain. Hence,
a generally exacerbated translational defect of the Ψ38 deficient tRNA appears unlikely
to account for the more severe phenotypes observed above in the genetic background of
ssd1-d cells.
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2.4. Role of SSD1 Status Variation in Protein Aggregation

Previous work has revealed disturbed protein homeostasis as a major consequence
observable in yeast strains lacking mcm5s2U34 modification and/or Ψ38/39 [7,27,29]. The
effect is most pronounced in double mutants lacking parts of the mcm5s2U34 modification
in combination with the deg1 mutation or in the complete absence of the mcm5s2U34 modifi-
cation [7]. The protein homeostasis defect is thought to contribute to mutant growth defects
at elevated temperatures since temperature stress-challenges the proteostasis machinery.
Given the increased the thermosensitivity of ssd1-d and ssd1-d deg1 strains compared to
their SSD1-v variants, we investigated potential changes in the content of cellular protein
aggregates. We considered the possibility that enhanced growth phenotypes in ssd1-d deg1
might occur along with enhanced protein aggregation, since a similar effect was observed
for an elp3 ncs2 mutant [30].
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Total protein and protein aggregate contents were extracted from wild-type and deg1
mutants (SSD1-v and ssd1-d) and then analyzed on Nu-PAGE gradient gels. As shown in
Figure 5A, a deg1 mutation increased the protein aggregate content in both SSD1-v and
ssd1-d backgrounds. ssd1-d displayed slightly more aggregates than SSD1-v, and ssd1-d
deg1 showed slightly more aggregates as than SSD1-v deg1 (Figure 5A and Figure S5).

Int. J. Mol. Sci. 2021, 22, x FOR PEER REVIEW 7 of 16 
 

 

Total protein and protein aggregate contents were extracted from wild-type and deg1 
mutants (SSD1-v and ssd1-d) and then analyzed on Nu-PAGE gradient gels. As shown in 
Figure 5A, a deg1 mutation increased the protein aggregate content in both SSD1-v and 
ssd1-d backgrounds. ssd1-d displayed slightly more aggregates than SSD1-v, and ssd1-d 
deg1 showed slightly more aggregates as than SSD1-v deg1 (Figures 5A and S5). 

 
Figure 5. Impact of deg1 and ssd1-d on protein aggregation. Total protein and aggregate contents 
were extracted from (A) WT and deg1 mutants in both SSD1-v and ssd1-d backgrounds. (B) Total 
protein and aggregate contents from ssd1-d WT and the ssd1-d deg1 mutant in the presence (+) and 
absence (−) of plasmid-based SSD1-v [SSD1-v]. Samples were analyzed by Nu-PAGE and Coomassie 
staining. 

To test whether the differences in protein aggregation were due to SSD1 loss of func-
tion, we introduced SSD1-v plasmids into the ssd1-d and ssd1-d deg1 strains and compared 
protein aggregation between them. As shown in Figures 5B and S5, the presence of the 
SSD1-v plasmid [SSD1-v] reduced the amount of protein aggregates detected in both the 
ssd1-d and ssd1-d deg1 backgrounds. Thus, ssd1-d increased protein aggregation inde-
pendently of the tRNA modification defect. However, it also increased the tendency of 
the deg1 mutant to induce protein aggregates, and this effect might be relevant for the 
increased temperature sensitivity of deg1 mutants that we observed in the ssd1-d back-
ground. Of note, providing SSD1-v on a plasmid [SSD1-v] suppressed both thermosensi-
tivity and protein aggregation, strongly suggesting a functional correlation. 

2.5. Chronological Aging in deg1 Mutants 
In addition to its effect on temperature tolerance, SSD1 has also been implicated in 

the process of chronological aging. ssd1-d was correlated with a shorter chronological 
lifespan than SSD1-v [36]. Since both ssd1-d and deg1 mutations independently appeared 
to increase protein aggregation and because this effect might be relevant for long-term 
stationary phase survival, we tested the effects of ssd1-d and deg1 alone and in combina-
tion on chronological aging. A chronological aging assay was performed for the SSD1-v 
and ssd1-d strains with and without the deg1 mutation over a time range of 17 days in the 
stationary phase (Figure 6A). As expected, the ssd1-d strain exhibited a faster decline in 
viability than the SSD1-v strain. At 7 days in the stationary phase, less than 50% viability 
was retained in the ssd1-d cultures, whereas the SSD1-v cultures took 10–12 days to reach 
this point. The SSD1-v deg1 mutant showed a similar decline in viability over time as the 
wild-type SSD1-v, suggesting that in this background, DEG1 does not represent a major 
aging factor. However, the ssd1-d deg1 mutant showed a strongly accelerated loss of 

Figure 5. Impact of deg1 and ssd1-d on protein aggregation. Total protein and aggregate contents were
extracted from (A) WT and deg1 mutants in both SSD1-v and ssd1-d backgrounds. (B) Total protein
and aggregate contents from ssd1-d WT and the ssd1-d deg1 mutant in the presence (+) and absence (−)
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To test whether the differences in protein aggregation were due to SSD1 loss of
function, we introduced SSD1-v plasmids into the ssd1-d and ssd1-d deg1 strains and
compared protein aggregation between them. As shown in Figure 5B and Figure S5,
the presence of the SSD1-v plasmid [SSD1-v] reduced the amount of protein aggregates
detected in both the ssd1-d and ssd1-d deg1 backgrounds. Thus, ssd1-d increased protein
aggregation independently of the tRNA modification defect. However, it also increased
the tendency of the deg1 mutant to induce protein aggregates, and this effect might be
relevant for the increased temperature sensitivity of deg1 mutants that we observed in the
ssd1-d background. Of note, providing SSD1-v on a plasmid [SSD1-v] suppressed both
thermosensitivity and protein aggregation, strongly suggesting a functional correlation.

2.5. Chronological Aging in deg1 Mutants

In addition to its effect on temperature tolerance, SSD1 has also been implicated in
the process of chronological aging. ssd1-d was correlated with a shorter chronological
lifespan than SSD1-v [36]. Since both ssd1-d and deg1 mutations independently appeared
to increase protein aggregation and because this effect might be relevant for long-term
stationary phase survival, we tested the effects of ssd1-d and deg1 alone and in combination
on chronological aging. A chronological aging assay was performed for the SSD1-v and
ssd1-d strains with and without the deg1 mutation over a time range of 17 days in the
stationary phase (Figure 6A). As expected, the ssd1-d strain exhibited a faster decline in
viability than the SSD1-v strain. At 7 days in the stationary phase, less than 50% viability
was retained in the ssd1-d cultures, whereas the SSD1-v cultures took 10–12 days to reach
this point. The SSD1-v deg1 mutant showed a similar decline in viability over time as
the wild-type SSD1-v, suggesting that in this background, DEG1 does not represent a
major aging factor. However, the ssd1-d deg1 mutant showed a strongly accelerated loss of
viability in comparison to the wild-type ssd1-d control (Figure 6A). Hence, in contrast to
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the SSD1-v strain background, the DEG1 loss-of function appears to contribute to aging in
the background of an ssd1-d strain.
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To test whether the differential effects of deg1 mutation in the ssd1-d and SSD1-v
strains were exclusively due to the difference in the allelic variant of SSD1, we introduced
SSD1-v plasmids into the wild-type ssd1-d and deg1 mutant and analyzed their chronologic
aging. As shown in Figure 6B, the presence of the SSD1-v plasmid [SSD1-v] improved
viability over time in the stationary phase, consistent with the established role of SSD1
in stationary phase survival. Importantly, however, ssd1-d deg1 [SSD1-v] still displayed
an accelerated loss in viability over time compared to the ssd1-d [SSD1-v] control. Hence,
the observation that DEG1 represents an aging-relevant gene in the ssd1-d but not SSD1-v
strain background is likely due to differences between the two strains other than their none
similar SSD1 locus.

2.6. Phenotypic Diversity of Other tRNA Modification Defects in ssd1-d and SSD1-v Strains

Besides elp3 and deg1, other tRNA modification genes are linked to the mutant phe-
notype of retarded growth at elevated temperatures. To test more generally whether
temperature-sensitive growth phenotypes of tRNA modification mutants are aggravated
by ssd1-d, we selected the tRNA pseudouridine synthase Pus1 and the tRNA methyl-
transferases Trm1 and Ncl1, and we compared their mutant phenotypes in ssd1-d and
SSD1-v backgrounds. In SSD1-v, all three mutants (pus1, trm1, and ncl1) displayed ro-
bust temperature sensitivity compared to the wild-type SSD1-v (Figure 7A), confirming
earlier reports [40–42]. Interestingly, however, while the ssd1-d strain again showed an
elevated temperature sensitivity compared to the SSD1-v strain, only a modest further
enhancement (relative to ssd1-d) was seen for ssd1-d pus1. Unexpectedly, ssd1-d ncl1 and
ssd1-d trm1 mutants were not significantly more temperature-sensitive than the ssd1-d
control (Figure 7A). To further study genetic interaction strength in ssd1-d and SSD1-v
backgrounds, we additionally deleted the TRM8 methyltransferase gene [43]. In ncl1 trm8
mutants, a strong negative genetic interaction is well-described and mechanistically linked
to the rapid tRNA decay of tRNAVal

AAC at 37 ◦C [44]. This results in the complete absence
of growth of an SSD1-v ncl1 trm8 double mutant at 37 ◦C but not at 30 ◦C. In the ssd1-d
ncl1 trm8 strain, a robust synthetic temperature sensitivity was observed at 37 ◦C, but
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compared to the SSD1-v ncl1 trm8 mutant, the defect was ameliorated rather than enhanced
(Figure 7B).
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An additional phenotype described for SSD1-v trm1 and pus1 mutants is an enhanced
sensitivity against the anticancer drug 5-fluorouracil (5-FU) [40]. A combination of mild
heat stress was further shown to strongly increase the efficiency of the drug, potentially
by a destabilizing effect on the hypomodified tRNAs. Given the unexpected absence of
temperature-sensitive phenotypes for ssd1-d trm1 and pus1 mutants, we sought to analyze
the 5-FU phenotype in the two strain backgrounds. Compared to the wild-type SSD1-v,
the SSD1-v trm1 and pus1 strains displayed an increased sensitivity to 10 mg/mL 5-FU at
30 ◦C, but this was not the case for the corresponding ssd1-d strains (Figure S6). However,
when the drug was applied at 37 ◦C, both ssd1-d trm1/pus1 and SSD1-v trm1/pus1 mutants
became strongly sensitized relative to the wild-type controls, thus confirming the expected
single mutant phenotypes. Interestingly, the ssd1-d pus1 and trm1 mutants appeared to be
slightly more resistant to this effect compared to the SSD1-v strains (Figure S6). Hence,
5-FU phenotypes of ssd1-d trm1 and pus1 in general are confirmed, but they are ameliorated
in comparison to the SSD1-v strain background.

In conclusion, while elp3 and deg1 mutants exhibit more severe growth phenotypes
in ssd1-d compared to the SSD1-v background, this is not generally true for other tRNA
modification mutants. In at least three cases (pus1, trm1, and ncl1), the opposite effect of
less severe growth defects in the ssd1-d strain can be observed.
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3. Discussion

In the yeast S. cerevisiae, the RNA-binding Ssd1 protein plays prominent roles in cell
wall remodeling through the delivery of cell wall protein-encoding mRNA to polarized
growth sites [31]. Hence, ssd1 mutations leading to the loss of Ssd1 function are linked to
growth defects at elevated temperatures [37] and in the presence of cell-wall-stress-inducing
drugs such as calcofluor white (CFW) [45,46]. More recently, SSD1 was implicated in the
phenotypic variation of elp3 mutants lacking the catalytic subunit of the tRNA modification
complex, Elongator [30]. Pleiotropic elp3 phenotypes [38,47] are enhanced by the ssd1-
d allele present in common laboratory strains derived from W303 yeast [30]. SSD1 is
evolutionary conserved in the fungal kingdom and its orthologue in the distantly related
fission yeast S. pombe similarly encodes a P-body associated RNA-binding protein [48,49].
Thus, the functional conservation of Ssd1 in the fungal kingdom is likely, but phenotypic
variation of tRNA modification defects in other fungi remain to be studied.

Mechanistically, a functional Elongator complex is required to maintain the transla-
tional capacity of tRNALys

UUU and tRNAGln
UUG [47,50–52]. Deg1 was also shown to be

required for the functionality of tRNAGln
UUG, and the strong negative genetic interactions

of DEG1 with Elongator-related genes are due to an additive functional impairment of this
tRNA [7,8,16,29]. However, prior to this study, it remained unclear whether DEG1 also
shares the recently described negative genetic SSD1 interaction with ELP3 [30].

In this study, we demonstrated that this is the case, as growth phenotypes of both
elp3 and deg1 were found to be more pronounced in the W303 ssd1-d strain compared to
the BY4741 SSD1-v strain, including sensitivity to elevated temperatures and the TORC1
inhibitor drug rapamycin. Additionally, the genetic interactions between ELP3, DEG1,
and URM1 were found to be enhanced from synthetic sickness in the SSD1-v strain [7] to
synthetic lethality in the ssd1-d strain (Figure 3). To exclude the option that the observed
variation in stress phenotypes was due to differences other than the SSD1 locus, we verified
that (i) growth phenotypes in the ssd1-d strain were rescued by the ectopic expression of
SSD1-v (Figure 1B) and that (ii) growth phenotypes in the SSD1-v strain were similarly
enhanced by the complete loss of SSD1 (Figure S3). Phenotype assessment, however,
clearly demonstrated that ssd1 mutation itself is linked to the same phenotypes as for
elp3 and deg1 (Figure 1A and Figure S3). Hence, it appears that the observed phenotypic
variation of elp3 and deg1 mutants by ssd1 is caused by related cellular effects of either
mutation alone rather than a tRNA-modification-specific effect of ssd1. Our observation
that deg1 phenotypes are enhanced by ssd1-d (Figure 1) but not the expression defect of
gene encoding a Gln-rich protein (Figure 4) further supports our assumption that ssd1-d
does not specifically aggravate the effect of modification loss at the level of translation.
It currently remains unknown why the relative reduction of Rnq1-GFP signal strength is
actually reduced in the ssd1-d deg1 mutant. An impact of the strain background on the
amyloid aggregate formation potential of the protein might contribute to the observed
differences.

Both Deg1 and Elongator have been implicated in the maintenance of protein home-
ostasis [7,28,29,53,54]. A deficiency in protein homeostasis is thought to account for stress
phenotypes of certain combined mutants involving Elongator, tRNA thiolation, and/or
Deg1 defects (e.g., temperature sensitivity) [7,28]. Since Ssd1 also has a documented role
in protein disaggregation by influencing the ability of heat shock protein Hsp104 to bind
protein aggregates [55], the phenotypic variation of deg1 and elp3 could be at least partly
mediated by effects on protein aggregation. Indeed, protein homeostasis defects of a
combined elp3 ncs2 mutant [30,56] and of a deg1 single mutant (Figure 5) were moderately
elevated by the presence of the ssd1-d allele. It is worth noting that the presence of the
ssd1-d allele alone already increased the amount of detectable cellular protein aggregates
(Figure 5A). Thus, Ssd1 could prevent protein aggregation in a mechanistically distinct
way compared to the tRNA modifications, potentially involving the described effect on
Hsp104 function. Such an independent effect on protein homeostasis could explain the
observed additive phenotypes of ssd1-d in conjunction with elp3 or deg1 mutations.
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In addition to the effect on protein homeostasis, a phenotypic similarity between elp3,
deg1, and ssd1 could also be related to similar effects of either mutation on cell wall integrity.
Like ssd1 mutant cells, elp3 mutants display an increased sensitivity to cell wall stressor
CFW [38], and combined mutants involving elp3, uba4, urm1, and deg1 mutations in the
SSD1-v background were shown to exhibit hyperpolarized growth and cell lysis phenotypes
that likely imply cell wall defects [7,27]. Along these lines, it was further demonstrated
that elp3 mutant phenotypes are partially suppressed by genetically upregulating the cell
wall integrity (CWI) pathway [30] and by osmotic stabilization [38]. Similar to ssd1-d elp3,
we found that ssd1-d deg1 mutants are also in part phenotypically suppressed by osmotic
stabilization (Figure S1). Hence, if ssd1 and elp3/deg1 individually induced cell wall defects
by distinct mechanisms, these could be elevated in their respective double mutants with a
single tRNA modification defect and a null or truncated allele of SSD1. In support of this
idea, we found that like elp3, the deg1 mutation also increased CFW sensitivity and a double
ssd1 deg1 mutant showed additivity, in not only rapamycin and temperature sensitivity
but also CFW sensitivity (Figure S3). While the molecular basis for rapamycin sensitivity
of different tRNA modification mutants is not fully understood, it is noteworthy that
modification mutants involving elp3 and/or deg1 mutations display hallmarks of reduced
TORC1 activity [29,57]. Since TORC1 has, amongst others, a role in the maintenance of cell
wall integrity [58,59], it could be hypothesized that rapamycin increases the chronic cell
wall integrity defects of the tRNA modification mutants, which are further elevated upon
the loss of Ssd1 and result in additive phenotypes in combination with ssd1-d.

We additionally observed that the deg1 mutation is linked to reduced chronological
lifespan, which was specifically obvious in the ssd1-d strain background (Figure 6). It
was previously demonstrated that SSD1 mutations affect the transcript levels of longevity
genes and thereby drastically reduce chronological lifespan [36] Additionally, proper CWI
signaling positively contributes to long-term survival of the stationary phase [60]. Hence,
additive effects of deg1 and ssd1 mutations on the CWI and mRNA levels of longevity genes
might explain the ssd1-d-specific aging phenotype of deg1. Additionally, the clearance of
protein aggregates that accumulate during chronological aging [61] might influence long-
term stationary phase survival. Therefore, the shortened lifespan of the ssd1-d deg1 mutant
might partly be related to the elevated protein aggregation that we detected (Figure 5).
However, since a W303 deg1 ssd1-d [SSD1-v] mutant showed a reduced chronological
lifespan compared to the ssd1-d [SSD1-v] control (Figure 6B), other genetic differences
and factors between BY4741 and W303 probably contribute to the short-lived phenotype
observed in W303 deg1 rather than BY4741 deg1 cells.

Unexpectedly, other tRNA modification defects that share the temperature-sensitive
phenotype with elp3 and deg1 did not generally exhibit enhanced phenotypes in the ssd1-d
W303 strain compared to SSD1-v BY4741. On the contrary, we observed ameliorated effects
for pus1, trm1, and ncl1 in W303. This was not limited to temperature sensitivity, as it
also extended to sensitivity against the anticancer drug 5-FU, which was weakened rather
than enhanced in W303 pus1 and trm1 mutants compared to the BY4741 counterparts
(Figure S6). Intriguingly, phenotypic enhancement by ssd1-d appears to be refined to two
specific modification defects that induce a pleiotropic set of phenotypes overlapping with
ssd1. Of particular relevance could be the CFW sensitivity indicative of cell wall defects and
shared between ssd1, elp3, and deg1 but not, for instance, with other pseudouridine synthase
defects (Figure S3B). Hence, the phenotypic variation of tRNA modification defects by ssd1
could be restricted to those tRNA modifications that play roles in cell wall integrity and
might therefore reflect additive cell wall damage.

4. Conclusions

We demonstrated that in S. cerevisiae, the RNA-binding Ssd1 protein influences the
cellular consequences of tRNA modification loss. In addition to the previously described
SSD1-dependent phenotypic modulation of elp3 mutants lacking specific wobble uridine
modifications, a similar effect was observable in deg1 mutants defective in U38 and U39
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pseudouridylation. However, phenotypes associated with other tRNA modification defects
were not similarly affected. Genetic evidence suggests that elp3, deg1, and ssd1 mutants
share cell wall integrity defects that might be responsible for additive negative phenotypes.

5. Materials and Methods
5.1. Strains and General Methods

The strains of Saccharomyces cerevisiae used in this study are listed in Supplementary
Table S1, and standard methods were used for yeast growth and maintenance [62]. When
plasmid maintenance was required, a synthetic complete medium lacking either leucine or
uracil (depending on the selectable marker of the plasmid) was used. Genomic deletions
were generated with the help of PCR [63] and oligonucleotides targeting ELP3, URM1,
DEG1, PUS1, TRM1, TRM8, or NCL1 (Supplementary Table S2). Replacements were
confirmed by PCR using primers located outside of the target genes (Supplementary
Table S2). For temperature and drug sensitivity assays, freshly grown yeast cells were
resuspended in sterile water and adjusted to an initial optical density (OD600nm) of 1. These
suspensions were used for 10-fold serial dilutions and spotted on YPD plates with or
without the presence of indicated drugs. For temperature assays, identical replicate plates
were prepared from the same cell dilutions and incubated at different temperatures.

5.2. Plasmid Construction and Shuffling

For the deletion of DEG1 in urm1:SpHIS3 or elp3::SpHIS3 strains, they were first
transformed with pFF8 (ELP3; [27]) or pHA-URM1 (URM1; [64]) to genetically complement
the genomic deletions. Subsequently, DEG1 was deleted by using a PCR-generated deletion
cassette (deg1:SpHIS5), and the URA3 plasmids pFF8 or pHA-URM1 were eliminated
by growth on minimal media containing uracil and 5-fluoro-orotate (1 mg/mL). For the
plasmid-based complementation of ssd1-d, the SSD1-v plasmids pPL091 (LEU2) and pPL092
(URA3) [58] were used. For control purposes, the ssd1-d plasmid pPL093 (URA3) [58] was
utilized. tRNAGln

UUG overexpression used pRK55 [7]. Rnq1 was expressed as a GFP fusion
from plasmid p1332 [65].

5.3. Protein Isolation and Western Blotting

Protein extracts were obtained from cells grown to OD600nm = 1 using disruption with
glass beads [66]. Protein yield was quantified according to [67], and equal amounts of total
protein (50 µg) from different strains were used for loading the gels. Transfer and detection
were done as described previously [38] and involved anti-GFP (Santa Cruz Biotechnology,
Dallas, TX, USA) and anti-Cdc19 antibodies.

5.4. Isolation of Protein Aggregates

Aggregated proteins were obtained from 50 mL YPD cultures grown to OD600nm = 1,
as previously described [28,68]. This method is based on the isolation of aggregated
proteins from total protein extracts by centrifugation. Identical amounts of total protein
extract were subjected to centrifugation and washing steps as previously described [27,65].
The obtained aggregate pellet was dissolved and analyzed by denaturing SDS acrylamide
gel electrophoresis and Coomassie staining. To control for the identical input of total
protein, a portion of each extract (25 µg) was analyzed along with the aggregate samples.
After breaking cells by sonification, a Bradford assay was used to determine the obtained
amount of protein for each strain; 4 mg of total protein were subjected to centrifugation
and washing [68]. Aggregates from the pellet were boiled in a Laemmli buffer and were
separated on NuPAGE Bis–Tris 4–12% gradient gels. As a control, 25 µg of the total protein
extract used for aggregate isolation were run on the same gel.

5.5. Chronological Aging Assay

Yeast chronological lifespan (CLS) was determined according to [69]. Freshly streaked
colonies were inoculated into a preculture consisting of a 2 mL synthetic complete dextrose
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(SDC) medium and incubated at 30 ◦C overnight. Main cultures were inoculated at
OD600nm = 0.1 in a 10 mL SDC medium in Erlenmeyer flasks covered with aluminum foil.
The optical density of the main culture was measured until the stationary phase, considered
as time point day zero with an initial survival of 100%, was reached [69]. To determine
viability, cells from each flask were diluted and plated on two YPD plates that were
incubated at 30 ◦C until colonies appeared. Colony counts were used to calculate colony
forming units per ml (CFU/mL) for each culture and time point (0–17 days). Relative
viability represents the CFU/mL value normalized to the value obtained for day zero. Each
strain was analyzed using three independent cultures that were cultivated in parallel.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ijms22168753/s1, Table S1: Strains used or generated in this study. Table S2: Oligonucleotides
used in this study. Figure S1: Temperature and drug sensitivity of elp3 and deg1 modification mutants
in both SSD1 backgrounds. Figure S2: Rapamycin sensitivity in the presence and absence of SSD1.
Figure S3: Drug sensitivities of gene deletion mutants in the SSD1-v background. Figure S4: Rescue
of the lethality of deg1 urm1 and deg1 elp3 strains. Figure S5: Densiometric analysis of protein
aggregation shown in Figure 5. Figure S6: 5-fluorouracil (5-FU) phenotype of tRNA modification
mutants in ssd1-d and SSD1-v backgrounds.

Author Contributions: B.K. and R.K. conceived and designed the experiments; B.K. and R.K. per-
formed the experiments; B.K., R.K. and R.S. analyzed the data; B.K., R.K. and R.S. wrote and reviewed
the paper. All authors have read and agreed to the published version of the manuscript.

Funding: Deutsche Forschungsgemeinschaft (DFG) [SCHA750/15] to R.S.; DFG Priority Program
SPP1784 ‘Chemical Biology of Native Nucleic Acid Modifications’ [SCHA750/20] to R.S. [KL2937/1]
to R.K.; University of Kassel Graduate School on ‘Biological Clocks’ P/979 to R.K. and R.S.; STIBET
program funds by the German Academic Exchange Service (DAAD) to B.K.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data underlying this article will be shared on reasonable request
from the corresponding author.

Acknowledgments: We would like to thank Thorner (University of California, Davis, CA, USA),
Ohsumi (Tokyo Institute of Technology, Meguro City, Japan), Powers (University of California,
Davis, CA, USA), and Wickner (Bethesda, Rockville, MD, USA) for kindly providing antibodies
and plasmids.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References
1. Motorin, Y.; Helm, M. tRNA stabilization by modified nucleotides. Biochemistry 2010, 49, 4934–4944. [CrossRef]
2. Phizicky, E.M.; Hopper, A.K. tRNA biology charges to the front. Genes Dev. 2010, 24, 1832–1860. [CrossRef] [PubMed]
3. Lorenz, C.; Lünse, C.E.; Mörl, M. tRNA Modifications: Impact on Structure and Thermal Adaptation. Biomolecules 2017, 7, 35.

[CrossRef]
4. Sokołowski, M.; Klassen, R.; Bruch, A.; Schaffrath, R.; Glatt, S. Cooperativity between different tRNA modifications and their

modification pathways. Biochim. Biophys. Acta (BBA) Gene Regul. Mech. 2018, 1861, 409–418. [CrossRef] [PubMed]
5. Accornero, F.; Ross, R.L.; Alfonzo, J.D. From canonical to modified nucleotides: Balancing translation and metabolism. Crit. Rev.

Biochem. Mol. Biol. 2020, 55, 525–540. [CrossRef] [PubMed]
6. De Zoysa, T.; Phizicky, E.M. Hypomodified tRNA in evolutionarily distant yeasts can trigger rapid tRNA decay to activate the

general amino acid control response, but with different consequences. PLoS Genet. 2020, 16, e1008893. [CrossRef] [PubMed]
7. Klassen, R.; Ciftci, A.; Funk, J.; Bruch, A.; Butter, F.; Schaffrath, R. tRNA anticodon loop modifications ensure protein homeostasis

and cell morphogenesis in yeast. Nucleic Acids Res. 2016, 44, 10946–10959. [CrossRef]
8. Han, L.; Kon, Y.; Phizicky, E.M. Functional importance of Ψ38 and Ψ39 in distinct tRNAs, amplified for tRNAGln(UUG) by

unexpected temperature sensitivity of the s2U modification in yeast. RNA 2015, 21, 188–201. [CrossRef]
9. Motorin, Y.; Helm, M. Methods for RNA Modification Mapping Using Deep Sequencing: Established and New Emerging

Technologies. Genes 2019, 10, 35. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/ijms22168753/s1
https://www.mdpi.com/article/10.3390/ijms22168753/s1
http://doi.org/10.1021/bi100408z
http://doi.org/10.1101/gad.1956510
http://www.ncbi.nlm.nih.gov/pubmed/20810645
http://doi.org/10.3390/biom7020035
http://doi.org/10.1016/j.bbagrm.2017.12.003
http://www.ncbi.nlm.nih.gov/pubmed/29222069
http://doi.org/10.1080/10409238.2020.1818685
http://www.ncbi.nlm.nih.gov/pubmed/32933330
http://doi.org/10.1371/journal.pgen.1008893
http://www.ncbi.nlm.nih.gov/pubmed/32841241
http://doi.org/10.1093/nar/gkw705
http://doi.org/10.1261/rna.048173.114
http://doi.org/10.3390/genes10010035
http://www.ncbi.nlm.nih.gov/pubmed/30634534


Int. J. Mol. Sci. 2021, 22, 8753 14 of 16

10. Rintala-Dempsey, A.C.; Kothe, U. Eukaryotic stand-alone pseudouridine synthases–RNA modifying enzymes and emerging
regulators of gene expression? RNA Biol. 2017, 14, 1185–1196. [CrossRef] [PubMed]

11. Spenkuch, F.; Motorin, Y.; Helm, M. Pseudouridine: Still mysterious, but never a fake (uridine)! RNA Biol. 2014, 11, 1540–1554.
[CrossRef]

12. Borchardt, E.K.; Martinez, N.M.; Gilbert, W.V. Regulation and Function of RNA Pseudouridylation in Human Cells. Annu. Rev.
Genet. 2020, 54, 309–336. [CrossRef]

13. Hawer, H.; Hammermeister, A.; Ravichandran, K.E.; Glatt, S.; Schaffrath, R.; Klassen, R. Roles of Elongator Dependent tRNA
Modification Pathways in Neurodegeneration and Cancer. Genes 2018, 10, 19. [CrossRef] [PubMed]

14. Shaheen, R.; Han, L.; Faqeih, E.; Ewida, N.; Alobeid, E.; Phizicky, E.M.; Alkuraya, F.S. A homozygous truncating mutation in
PUS3 expands the role of tRNA modification in normal cognition. Hum. Genet. 2016, 135, 707–713. [CrossRef] [PubMed]

15. Bozaquel-Morais, B.L.; Vogt, L.; D’Angelo, V.; Schaffrath, R.; Klassen, R.; Montero-Lomelí, M. Protein Phosphatase Sit4 Af-
fects Lipid Droplet Synthesis and Soraphen A Resistance Independent of Its Role in Regulating Elongator Dependent tRNA
Modification. Biomolecules 2018, 8, 49. [CrossRef] [PubMed]

16. Klassen, R.; Schaffrath, R. Role of Pseudouridine Formation by Deg1 for Functionality of Two Glutamine Isoacceptor tRNAs.
Biomolecules 2017, 7, 8. [CrossRef]

17. Lecointe, F.; Simos, G.; Sauer, A.; Hurt, E.C.; Motorin, Y.; Grosjean, H. Characterization of yeast protein Deg1 as pseudouridine
synthase (Pus3) catalyzing the formation of Ψ38 and Ψ39 in tRNA anticodon loop. J. Biol. Chem. 1998, 273, 1316–1323. [CrossRef]

18. Mülleder, M.; Calvani, E.; Alam, M.T.; Wang, R.K.; Eckerstorfer, F.; Zelezniak, A.; Ralser, M. Functional Metabolomics Describes
the Yeast Biosynthetic Regulome. Cell 2016, 167, 553–565. [CrossRef] [PubMed]

19. Huang, B.; Lu, J.; Byström, A.S. A genome-wide screen identifies genes required for formation of the wobble nucleoside
5-methoxycarbonylmethyl-2-thiouridine in Saccharomyces cerevisiae. RNA 2008, 14, 2183–2194. [CrossRef]

20. Leidel, S.; Pedrioli, P.G.A.; Bucher, T.; Brost, R.; Costanzo, M.; Schmidt, A.; Aebersold, R.; Boone, C.; Hofmann, K.; Peter, M.
Ubiquitin-related modifier Urm1 acts as a sulphur carrier in thiolation of eukaryotic transfer RNA. Nature 2009, 458, 228–232.
[CrossRef]

21. Schaffrath, R.; Leidel, S.A. Wobble uridine modifications—A reason to live, a reason to die?! RNA Biol. 2017, 14, 1209–1222.
[CrossRef]

22. Abbassi, N.-E.-H.; Biela, A.; Glatt, S.; Lin, T.-Y. How Elongator Acetylates tRNA Bases. Int. J. Mol. Sci. 2020, 21, 8209. [CrossRef]
23. Versées, W.; De Groeve, S.; van Lijsebettens, M. Elongator, a conserved multitasking complex? Mol. Microbiol. 2010, 76, 1065–1069.

[CrossRef] [PubMed]
24. Klassen, R.; Schaffrath, R. Collaboration of tRNA modifications and elongation factor eEF1A in decoding and nonsense suppres-

sion. Sci. Rep. 2018, 8, 12749. [CrossRef] [PubMed]
25. Pollo-Oliveira, L.; Klassen, R.; Davis, N.; Ciftci, A.; Bacusmo, J.M.; Martinelli, M.; DeMott, M.S.; Begley, T.J.; Dedon, P.C.;

Schaffrath, R.; et al. Loss of Elongator- and KEOPS-Dependent tRNA Modifications Leads to Severe Growth Phenotypes and
Protein Aggregation in Yeast. Biomolecules 2020, 10, 322. [CrossRef] [PubMed]

26. Björk, G.R.; Huang, B.; Persson, O.P.; Byström, A.S. A conserved modified wobble nucleoside (mcm5s2U) in lysyl-tRNA is
required for viability in yeast. RNA 2007, 13, 1245–1255. [CrossRef] [PubMed]

27. Klassen, R.; Grunewald, P.; Thüring, K.L.; Eichler, C.; Helm, M.; Schaffrath, R. Loss of anticodon wobble uridine modifications
affects tRNALys function and protein levels in Saccharomyces cerevisiae. PLoS ONE 2015, 10, e0119261. [CrossRef] [PubMed]

28. Nedialkova, D.D.; Leidel, S.A. Optimization of Codon Translation Rates via tRNA Modifications Maintains Proteome Integrity.
Cell 2015, 161, 1606–1618. [CrossRef]

29. Bruch, A.; Laguna, T.; Butter, F.; Schaffrath, R.; Klassen, R. Misactivation of multiple starvation responses in yeast by loss of tRNA
modifications. Nucleic Acids Res. 2020, 48, 7307–7320. [CrossRef]

30. Xu, F.; Byström, A.S.; Johansson, M.J.O. SSD1 suppresses phenotypes induced by the lack of Elongator-dependent tRNA
modifications. PLoS Genet. 2019, 15, e1008117. [CrossRef] [PubMed]

31. Hogan, D.J.; Riordan, D.P.; Gerber, A.P.; Herschlag, D.; Brown, P.O. Diverse RNA-binding proteins interact with functionally
related sets of RNAs, suggesting an extensive regulatory system. PLoS Biol. 2008, 6, e255. [CrossRef]

32. Jansen, J.M.; Wanless, A.G.; Seidel, C.W.; Weiss, E.L. Cbk1 regulation of the RNA-binding protein Ssd1 integrates cell fate with
translational control. Curr. Biol. 2009, 19, 2114–2120. [CrossRef]

33. Kurischko, C.; Broach, J.R. Phosphorylation and nuclear transit modulate the balance between normal function and terminal
aggregation of the yeast RNA-binding protein Ssd1. Mol. Biol. Cell 2017, 28, 3057–3069. [CrossRef]

34. Fiorentini, P.; Huang, K.N.; Tishkoff, D.X.; Kolodner, R.D.; Symington, L.S. Exonuclease I of Saccharomyces cerevisiae functions
in mitotic recombination in vivo and in vitro. Mol. Cell. Biol. 1997, 17, 2764–2773. [CrossRef] [PubMed]

35. Sutton, A.; Lin, F.; Sarabia, M.; Arndt, K.T. The SIT4 protein phosphatase is required in late G1 for progression into S phase. Cold
Spring Harb. Symp. Quant. Biol. 1991, 56, 75–81. [CrossRef] [PubMed]

36. Li, L.; Lu, Y.; Qin, L.-X.; Bar-Joseph, Z.; Werner-Washburne, M.; Breeden, L.L. Budding yeast SSD1-V regulates transcript levels
of many longevity genes and extends chronological life span in purified quiescent cells. Mol. Biol. Cell 2009, 20, 3851–3864.
[CrossRef] [PubMed]

37. Kaeberlein, M.; Andalis, A.A.; Liszt, G.B.; Fink, G.R.; Guarente, L. Saccharomyces cerevisiae SSD1-V confers longevity by a
Sir2p-independent mechanism. Genetics 2004, 166, 1661–1672. [CrossRef]

http://doi.org/10.1080/15476286.2016.1276150
http://www.ncbi.nlm.nih.gov/pubmed/28045575
http://doi.org/10.4161/15476286.2014.992278
http://doi.org/10.1146/annurev-genet-112618-043830
http://doi.org/10.3390/genes10010019
http://www.ncbi.nlm.nih.gov/pubmed/30597914
http://doi.org/10.1007/s00439-016-1665-7
http://www.ncbi.nlm.nih.gov/pubmed/27055666
http://doi.org/10.3390/biom8030049
http://www.ncbi.nlm.nih.gov/pubmed/29997346
http://doi.org/10.3390/biom7010008
http://doi.org/10.1074/jbc.273.3.1316
http://doi.org/10.1016/j.cell.2016.09.007
http://www.ncbi.nlm.nih.gov/pubmed/27693354
http://doi.org/10.1261/rna.1184108
http://doi.org/10.1038/nature07643
http://doi.org/10.1080/15476286.2017.1295204
http://doi.org/10.3390/ijms21218209
http://doi.org/10.1111/j.1365-2958.2010.07162.x
http://www.ncbi.nlm.nih.gov/pubmed/20398217
http://doi.org/10.1038/s41598-018-31158-2
http://www.ncbi.nlm.nih.gov/pubmed/30143741
http://doi.org/10.3390/biom10020322
http://www.ncbi.nlm.nih.gov/pubmed/32085421
http://doi.org/10.1261/rna.558707
http://www.ncbi.nlm.nih.gov/pubmed/17592039
http://doi.org/10.1371/journal.pone.0119261
http://www.ncbi.nlm.nih.gov/pubmed/25747122
http://doi.org/10.1016/j.cell.2015.05.022
http://doi.org/10.1093/nar/gkaa455
http://doi.org/10.1371/journal.pgen.1008117
http://www.ncbi.nlm.nih.gov/pubmed/31465447
http://doi.org/10.1371/journal.pbio.0060255
http://doi.org/10.1016/j.cub.2009.10.071
http://doi.org/10.1091/mbc.e17-02-0100
http://doi.org/10.1128/MCB.17.5.2764
http://www.ncbi.nlm.nih.gov/pubmed/9111347
http://doi.org/10.1101/SQB.1991.056.01.011
http://www.ncbi.nlm.nih.gov/pubmed/1668092
http://doi.org/10.1091/mbc.e09-04-0347
http://www.ncbi.nlm.nih.gov/pubmed/19570907
http://doi.org/10.1093/genetics/166.4.1661


Int. J. Mol. Sci. 2021, 22, 8753 15 of 16

38. Frohloff, F.; Fichtner, L.; Jablonowski, D.; Breunig, K.D.; Schaffrath, R. Saccharomyces cerevisiae Elongator mutations confer
resistance to the Kluyveromyces lactis zymocin. EMBO J. 2001, 20, 1993–2003. [CrossRef]

39. Sondheimer, N.; Lindquist, S. Rnq1: An Epigenetic Modifier of Protein Function in Yeast. Mol. Cell 2000, 5, 163–172. [CrossRef]
40. Gustavsson, M.; Ronne, H. Evidence that tRNA modifying enzymes are important in vivo targets for 5-fluorouracil in yeast. RNA

2008, 14, 666–674. [CrossRef]
41. Khonsari, B.; Klassen, R. Impact of Pus1 Pseudouridine Synthase on Specific Decoding Events in Saccharomyces cerevisiae.

Biomolecules 2020, 10, 729. [CrossRef] [PubMed]
42. Ruiz-Roig, C.; Viéitez, C.; Posas, F.; De Nadal, E. The Rpd3L HDAC complex is essential for the heat stress response in yeast. Mol.

Microbiol. 2010, 76, 1049–1062. [CrossRef]
43. Alexandrov, A.; Grayhack, E.J.; Phizicky, E.M. tRNA m7G methyltransferase Trm8p/Trm82p: Evidence linking activity to a

growth phenotype and implicating Trm82p in maintaining levels of active Trm8p. RNA 2005, 11, 821–830. [CrossRef] [PubMed]
44. Alexandrov, A.; Chernyakov, I.; Gu, W.; Hiley, S.L.; Hughes, T.R.; Grayhack, E.J.; Phizicky, E.M. Rapid tRNA decay can result

from lack of nonessential modifications. Mol. Cell 2006, 21, 87–96. [CrossRef]
45. Kaeberlein, M.; Guarente, L. Saccharomyces cerevisiae MPT5 and SSD1 function in parallel pathways to promote cell wall

integrity. Genetics 2002, 160, 83–95. [CrossRef] [PubMed]
46. López-García, B.; Gandía, M.; Muñoz, A.; Carmona, L.; Marcos, J.F. A genomic approach highlights common and diverse effects

and determinants of susceptibility on the yeast Saccharomyces cerevisiae exposed to distinct antimicrobial peptides. BMC
Microbiol. 2010, 10, 289. [CrossRef] [PubMed]

47. Esberg, A.; Huang, B.; Johansson, M.J.O.; Byström, A.S. Elevated levels of two tRNA species bypass the requirement for elongator
complex in transcription and exocytosis. Mol. Cell 2006, 24, 139–148. [CrossRef]

48. Nuñez, I.; Pino, M.R.; Wiley, D.J.; Das, M.E.; Chen, C.; Goshima, T.; Kume, K.; Hirata, D.; Toda, T.; Verde, F. Spatial control of
translation repression and polarized growth by conserved NDR kinase Orb6 and RNA-binding protein Sts5. eLife 2016, 5, e14216.
[CrossRef]

49. Ballou, E.R.; Cook, A.G.; Wallace, E.W.J. Repeated Evolution of Inactive Pseudonucleases in a Fungal Branch of the Dis3/RNase
II Family of Nucleases. Mol. Biol. Evol. 2021, 38, 1837–1846. [CrossRef]

50. Chou, H.-J.; Donnard, E.; Gustafsson, H.T.; Garber, M.; Rando, O.J. Transcriptome-wide Analysis of Roles for tRNA Modifications
in Translational Regulation. Mol. Cell 2017, 68, 978–992.e4. [CrossRef]

51. Rezgui, V.A.N.; Tyagi, K.; Ranjan, N.; Konevega, A.L.; Mittelstaet, J.; Rodnina, M.V.; Peter, M.; Pedrioli, P.G.A. tRNA tKUUU,
tQUUG, and tEUUC wobble position modifications fine-tune protein translation by promoting ribosome A-site binding. Proc.
Natl. Acad. Sci. USA 2013, 110, 12289–12294. [CrossRef]

52. Zinshteyn, B.; Gilbert, W.V. Loss of a conserved tRNA anticodon modification perturbs cellular signaling. PLoS Genet. 2013, 9,
e1003675. [CrossRef] [PubMed]

53. Pereira, M.; Francisco, S.; Varanda, A.S.; Santos, M.; Santos, M.A.S.; Soares, A.R. Impact of tRNA Modifications and tRNA-
Modifying Enzymes on Proteostasis and Human Disease. Int. J. Mol. Sci. 2018, 19, 3738. [CrossRef] [PubMed]

54. Tavares, J.F.; Davis, N.K.; Poim, A.; Reis, A.; Kellner, S.; Sousa, I.; Soares, A.R.; Moura, G.M.R.; Dedon, P.C.; Santos, M. tRNA-
modifying enzyme mutations induce codon-specific mistranslation and protein aggregation in yeast. RNA Biol. 2021, 18, 563–575.
[CrossRef] [PubMed]

55. Mir, S.S.; Fiedler, D.; Cashikar, A.G. Ssd1 is required for thermotolerance and Hsp104-mediated protein disaggregation in
Saccharomyces cerevisiae. Mol. Cell. Biol. 2009, 29, 187–200. [CrossRef] [PubMed]

56. Xu, F.; Byström, A.S.; Johansson, M.J.O. SSD1 modifies phenotypes of Elongator mutants. Curr. Genet. 2020, 66, 481–485.
[CrossRef] [PubMed]

57. Scheidt, V.; Jüdes, A.; Bär, C.; Klassen, R.; Schaffrath, R. Loss of wobble uridine modification in tRNA anticodons interferes with
TOR pathway signaling. Microb. Cell 2014, 1, 416–424. [CrossRef] [PubMed]

58. Reinke, A.; Anderson, S.; McCaffery, J.M.; Yates, J.; Aronova, S.; Chu, S.; Fairclough, S.; Iverson, C.; Wedaman, K.P.; Powers, T.
TOR complex 1 includes a novel component, Tco89p (YPL180w), and cooperates with Ssd1p to maintain cellular integrity in
Saccharomyces cerevisiae. J. Biol. Chem. 2004, 279, 14752–14762. [CrossRef]

59. Torres, J.; Di Como, C.J.; Herrero, E.; De La Torre-Ruiz, M.A. Regulation of the cell integrity pathway by rapamycin-sensitive TOR
function in budding yeast. J. Biol. Chem. 2002, 277, 43495–43504. [CrossRef]

60. Cao, L.; Tang, Y.; Quan, Z.; Zhang, Z.; Oliver, S.G.; Zhang, N. Chronological Lifespan in Yeast Is Dependent on the Accumulation
of Storage Carbohydrates Mediated by Yak1, Mck1 and Rim15 Kinases. PLoS Genet. 2016, 12, e1006458. [CrossRef]

61. Peters, T.W.; Rardin, M.J.; Czerwieniec, G.; Evani, U.S.; Reis-Rodrigues, P.; Lithgow, G.J.; Mooney, S.D.; Gibson, B.W.; Hughes,
R.E. Tor1 regulates protein solubility in Saccharomyces cerevisiae. Mol. Biol. Cell 2012, 23, 4679–4688. [CrossRef] [PubMed]

62. Sherman, F. Getting started with yeast. Methods Enzymol. 2002, 350, 3–41. [CrossRef] [PubMed]
63. Gueldener, U.; Heinisch, J.; Koehler, G.J.; Voss, D.; Hegemann, J.H. A second set of loxP marker cassettes for Cre-mediated

multiple gene knockouts in budding yeast. Nucleic Acids Res. 2002, 30, e23. [CrossRef]
64. Furukawa, K.; Mizushima, N.; Noda, T.; Ohsumi, Y. A protein conjugation system in yeast with homology to biosynthetic enzyme

reaction of prokaryotes. J. Biol. Chem. 2000, 275, 7462–7465. [CrossRef]
65. Nakayashiki, T.; Kurtzman, C.P.; Edskes, H.K.; Wickner, R.B. Yeast prions URE3 and PSI+ are diseases. Proc. Natl. Acad. Sci. USA

2005, 102, 10575–10580. [CrossRef]

http://doi.org/10.1093/emboj/20.8.1993
http://doi.org/10.1016/S1097-2765(00)80412-8
http://doi.org/10.1261/rna.966208
http://doi.org/10.3390/biom10050729
http://www.ncbi.nlm.nih.gov/pubmed/32392804
http://doi.org/10.1111/j.1365-2958.2010.07167.x
http://doi.org/10.1261/rna.2030705
http://www.ncbi.nlm.nih.gov/pubmed/15811913
http://doi.org/10.1016/j.molcel.2005.10.036
http://doi.org/10.1093/genetics/160.1.83
http://www.ncbi.nlm.nih.gov/pubmed/11805047
http://doi.org/10.1186/1471-2180-10-289
http://www.ncbi.nlm.nih.gov/pubmed/21078184
http://doi.org/10.1016/j.molcel.2006.07.031
http://doi.org/10.7554/eLife.14216
http://doi.org/10.1093/molbev/msaa324
http://doi.org/10.1016/j.molcel.2017.11.002
http://doi.org/10.1073/pnas.1300781110
http://doi.org/10.1371/journal.pgen.1003675
http://www.ncbi.nlm.nih.gov/pubmed/23935536
http://doi.org/10.3390/ijms19123738
http://www.ncbi.nlm.nih.gov/pubmed/30477220
http://doi.org/10.1080/15476286.2020.1819671
http://www.ncbi.nlm.nih.gov/pubmed/32893724
http://doi.org/10.1128/MCB.02271-07
http://www.ncbi.nlm.nih.gov/pubmed/18936161
http://doi.org/10.1007/s00294-019-01048-9
http://www.ncbi.nlm.nih.gov/pubmed/31776648
http://doi.org/10.15698/mic2014.12.179
http://www.ncbi.nlm.nih.gov/pubmed/28357221
http://doi.org/10.1074/jbc.M313062200
http://doi.org/10.1074/jbc.M205408200
http://doi.org/10.1371/journal.pgen.1006458
http://doi.org/10.1091/mbc.e12-08-0620
http://www.ncbi.nlm.nih.gov/pubmed/23097491
http://doi.org/10.1016/s0076-6879(02)50954-x
http://www.ncbi.nlm.nih.gov/pubmed/12073320
http://doi.org/10.1093/nar/30.6.e23
http://doi.org/10.1074/jbc.275.11.7462
http://doi.org/10.1073/pnas.0504882102


Int. J. Mol. Sci. 2021, 22, 8753 16 of 16

66. Zachariae, W.; Shin, T.H.; Galova, M.; Obermaier, B.; Nasmyth, K. Identification of subunits of the anaphase-promoting complex
of Saccharomyces cerevisiae. Science 1996, 274, 1201–1204. [CrossRef]

67. Bradford, M.M. A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of
protein-dye binding. Anal. Biochem. 1976, 72, 248–254. [CrossRef]

68. Koplin, A.; Preissler, S.; Ilina, Y.; Koch, M.; Scior, A.; Erhardt, M.; Deuerling, E. A dual function for chaperones SSB-RAC and the
NAC nascent polypeptide-associated complex on ribosomes. J. Cell Biol. 2010, 189, 57–68. [CrossRef]

69. Longo, V.D.; Fabrizio, P. Chronological aging in Saccharomyces cerevisiae. Subcell. Biochem. 2012, 57, 101–121. [CrossRef]
[PubMed]

http://doi.org/10.1126/science.274.5290.1201
http://doi.org/10.1016/0003-2697(76)90527-3
http://doi.org/10.1083/jcb.200910074
http://doi.org/10.1007/978-94-007-2561-4_5
http://www.ncbi.nlm.nih.gov/pubmed/22094419

	Introduction 
	Results 
	Comparison of elp3 and deg1 Mutant Phenotypes in ssd1-d and SSD1-v Strains 
	Impact of SSD1 on Genetic Interaction of DEG1 with mcm5s2U34-Relevant Genes 
	Expression of the Gln-Rich Protein Rnq1 in deg1 Mutants 
	Role of SSD1 Status Variation in Protein Aggregation 
	Chronological Aging in deg1 Mutants 
	Phenotypic Diversity of Other tRNA Modification Defects in ssd1-d and SSD1-v Strains 

	Discussion 
	Conclusions 
	Materials and Methods 
	Strains and General Methods 
	Plasmid Construction and Shuffling 
	Protein Isolation and Western Blotting 
	Isolation of Protein Aggregates 
	Chronological Aging Assay 

	References

