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The Greatwall-Endosulfine-PP2A/B55
pathway regulates entry into quiescence by
enhancing translation of Elongator-tunable
transcripts

Javier EncinardelDedo 1 ,M.BelénSuárez2,3,10, Rafael López-SanSegundo1,10,
Alicia Vázquez-Bolado1,10, Jingjing Sun4, Natalia García-Blanco1,
Patricia García 2,3, Pauline Tricquet 5, Jun-Song Chen6, Peter C. Dedon 4,7,
Kathleen L. Gould 6, Elena Hidalgo 8, Damien Hermand 5,9 &
Sergio Moreno 1

Quiescent cells require a continuous supply of proteins to maintain protein
homeostasis. In fission yeast, entry into quiescence is triggered by nitrogen
stress, leading to the inactivationof TORC1 and the activationof TORC2. In this
study, we demonstrate that the Greatwall-Endosulfine-PPA/B55 pathway con-
nects the downregulation of TORC1 with the upregulation of TORC2, resulting
in the activation of Elongator-dependent tRNA modifications crucial for sus-
taining the translation programme during entry into quiescence. This
mechanism promotes U34 and A37 tRNA modifications at the anticodon stem
loop, enhancing translation efficiency and fidelity of mRNAs enriched for AAA
versus AAG lysine codons. Notably, several of these mRNAs encode TORC1
inhibitors, TORC2 activators, tRNA modifiers, and proteins necessary for
telomeric and subtelomeric functions. Therefore, we propose amechanism by
which cells respond to nitrogen stress at the level of translation, involving a
coordinated interplay between tRNA epitranscriptome and biased
codon usage.

Most cells in living organisms rest in a non-dividing state called the G0
phase, also known as quiescence. Quiescent cells can re-enter the cell
cycle with full viability when provided with the appropriate signals.
Examples of quiescent cells include stem cells, neuronal progenitor
cells, memory T cells, eggs, and spores. Despite their importance, the

molecular mechanisms governing quiescence entry, its maintenance,
and exit are not yet fully understood.

In nature, unicellular organisms continuously enter and exit
quiescence depending on nutrient availability. In fission yeast, entry
into quiescence is induced by nitrogen starvation, resulting in the
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inactivation of TOR complex 1 (TORC1) and the activation of TOR
complex 2 (TORC2). TORC1 promotes cell growth in response to
nutrients, growth factors, or cellular energy1,2, while TORC2 is required
for the nutrient stress response, cell survival during quiescence, and
cell differentiation3–5. The activation of the Greatwall-Endosulfine
switch upon TORC1 inactivation leads to inhibition of the PP2A/B55
protein phosphatase, which is necessary for switching on TORC2
activity by increasing Gad8 phosphorylation4–7.

TORC2 activation also regulates protein translation by controlling
tRNA modifications through the Elongator complex8. Elongator is a
multiprotein complex that modifies the anticodon stem loop of
tRNALys

UUU, tRNA
Glu

UUC and tRNAGln
UUG by introducing an acetyl group

at position 5 of U34 (cm5U34), which is further modified by Trm112-
Trm9, a methyltransferase complex involved in the formation of
mcm5U34, and by Ctu1-Ctu2 complex, which catalyses the thiolation at
carbon 2 of U34 (mcm5s2U34). These U34 modifications counteract
codon misreading resulting from low effective stacking interactions
between A-U bases9–11. They also play a crucial role in maintaining
translational fidelity under stress conditions12–15. Thus, Elongator is
necessary for the efficient translation of mRNAs with a high AAA
codon usage.

Previous studies have reported a feedback loop between the
TORC1-TORC2 signalling cascade and the Elongator complex. In this
loop, Elongator plays an essential role in the translation of key com-
ponents of TORC2 and repressors of TORC1. Additionally, the TORC2
pathway functions as an activator of Elongator by down-regulating
Gsk3, a glycogen synthase kinase that inhibits Elongator by phos-
phorylating the Elp4 subunit at Serine1148,16,17.

In this study, we report that elevated PP2A/B55 phosphatase
activity, resulting from the deletion of Endosulfine (igo1Δ), impairs the
translation efficiency of mRNAs enriched in AAA codons during entry
into quiescence. Additionally, we demonstrate a physical and func-
tional interaction between PP2A/B55 and Gad8, Trm112, Ctu1, and the
Elongator complex. Furthermore, hyperactivation of PP2A/B55 protein
phosphatase reduces the function of the Elongator complex and the
amount of Trm112,Ctu1 andCgi121 proteins,whichareessential forU34

andA37 tRNAmodifications at the anticodon stem loop. This reduction
in translational efficiency leads to decreased protein levels from
transcripts containing high AAA codon usage, such as rap1, sgo2, lem2,
clr2, or clr3, all of which are crucial for telomeric and subtelomeric
organisation. This induces telomeric detachment, upregulation of
subtelomeric gene expression, and eventually, cell death. Our findings
suggest that the Greatwall-Endosulfine-PP2A/B55 pathway regulates
the translational programme during entry into quiescence by con-
trolling U34 and A37 tRNAmodifications. We propose that, in response
to nitrogen starvation, cells implement an alternative gene expression
programme by translating mRNAs enriched in sub-optimal AAA
codons, through the activation of tRNA-modifying complexes.

Results
The Greatwall-Endosulfine switch regulates telomere silencing
and telomere attachment to the nuclear envelope
To understand the function of the Greatwall-Endosulfine-PP2A/B55
pathwayduring entry into quiescencewe compared the transcriptome
of the wild-type (WT) and the Endosulfine mutant (igo1Δ) by RNAseq
after shifting cells from nitrogen-rich (EMM2) to nitrogen-free
(EMM2-N) media at times 0 and 4 h. In nitrogen-rich medium
(EMM2, time 0) the transcriptome was almost identical between the
two strains. However, after 4 h of nitrogen starvation, we found sig-
nificant changes in subtelomeric gene expression, as igo1Δ cells
showed a high expression level (more than 10-fold) of a group of
subtelomeric genes in chromosomes I and II compared to wild-type
cells (Fig. 1a; Supplementary Data 1). Most of these genes (95%)
remained silenced in wild-type cells after 4 hours of nitrogen starva-
tion. Similar results were obtained when we analysed the

transcriptomeof theGreatwall (ppk18Δ cek1Δ)mutant (Supplementary
Fig. 1a; Supplementary Data 2), consistent with the fact that the
Greatwall-Endosulfine-PP2A/B55 is a linear pathway4. These results
suggest that downregulation of PP2A/B55 plays a key role in tran-
scriptional silencing of subtelomeric genes during quiescence entry.

The ends of chromosomes I and II are composed of telomeric
repeats and the subtelomeric regions. While the telomeric repeats
extend approximately 300bp, the subtelomeric regions consist of
about 100 kilobases between the telomeric repeats and the euchro-
matin (Fig. 1b). The heterochromatin present in the subtelomeric
regions can be divided into SH chromatin, characterised by highly
methylated histone H3K9, and ST chromatin, in which histone mod-
ifications are kept at low levels, but exhibit highly condensed chro-
mosome structures called knobs18–22. Several protein complexes
essential for maintaining the telomeric and subtelomeric structure
have been identified. For example, Rap1 (a component of the shelterin
complex) and Bqt4 (a component of the bouquet complex) create a
molecular link between telomeres and the nuclear envelope23–26. Pro-
teins such as Swi6, the SHREC complex or the CLRC complex play a
role in H3K9 methylation, control nucleosome maintenance and gen-
ome stability27,28. Finally, shugoshin 2, Sgo2, is an essential protein for
condensation of ST chromatin and knob stability21,22 (Fig. 1b).

To study the role of the Greatwall-Endosulfine-PP2A/B55 pathway
in telomeric organisation during quiescence, we analysed nuclear-
telomeric attachment in the wild-type (WT) and in the Endosulfine
(igo1Δ) mutant in nitrogen-rich media (EMM2) and after 8 h of nitrogen
starvation (EMM2-N) using Super-Resolution Radial Fluctuations (SRRF)
microscopy. Wild-type and igo1Δ cells tagged with Cut11-mCherry
(a nuclear envelope -NE- marker), Sad1-CFP (a spindle pole body -SPB-
marker) and Taz1-YFP (a telomeric marker), showed no significant dif-
ferences in nitrogen-rich media. In contrast, after 8 h of nitrogen star-
vation, the igo1Δ mutant showed telomeric detachment from the NE
(Fig. 1c). To analyse the defect of the igo1Δ mutant in more detail, we
combined SRRF microscopy with Radial Profile Analysis (see details in
Supplementary Fig. 1b and Methods). The wild-type and igo1Δ mutant
showed a perfect overlap between the NE signal (red line) and the SPB
signal (blue line). However, we detected differences in the telomeric
signals (yellow line) between strains. While in the wild-type strain the
three signals overlapped more with time (4 and 8h of nitrogen starva-
tion), in the igo1Δ mutant, the telomeric signal separated from the NE
and the SPB signals (Fig. 1d). A similar result was obtained when we
analysed the overlap between the mean NE signal and the mean SPB
signal or the mean NE signal and the mean telomeric signal at different
time points (Fig. 1e). Statistical analysis allowed us to identify significant
differences between Cut11/Sad1 and Cut11/Taz1 signals in the wild-type
and the igo1Δmutant (Fig. 1f). These results indicate that the interaction
between the NE and telomeres is lost in the igo1Δ mutant.

Telomeric detachment ismediatedby reduced levels of theRap1
protein, a component of the shelterin complex
A high level of PP2A/B55 activity, caused by deleting igo1, delays entry
into mitosis during vegetative growth when fission yeast cells are
shifted from a nitrogen-rich to a nitrogen-poor medium, or during
entry into quiescence4. Therefore, it seemed possible that elevated
PP2A/B55 activity caused telomeric detachment during entry into
quiescence. In S. pombe, two different complexes have been described
as essential for maintaining telomeric-NE attachment, the bouquet
complex and the shelterin complex. Interestingly, two subunits of the
shelterin complex, Rap1 and Ccq1, have been described as heavily
phosphorylated proteins25,26,29,30. Thus, we considered that the phos-
phorylation state of these proteinsmight be affectedby the high PP2A/
B55 phosphatase activity in the igo1Δ mutant, triggering telomeric
detachment. However, we did not detect changes in the phosphor-
ylation state of either Rap1 or Ccq1. Surprisingly, we detected a dra-
matic reduction in the amount of Rap1 protein levels in the igo1Δ
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mutant, while the Ccq1 levels remained constant during the experi-
ment (Fig. 2a). To confirm this data and improve our temporal reso-
lution, we repeated the experiment taking samples every 30min
during the first 2 h and then after 4 h of nitrogen starvation. Once
more, we detected a very significant decrease in Rap1 protein levels
after 2–4 h of nitrogen deprivation in the igo1Δ mutant (Fig. 2b, c,
left panel).

Previous results from our lab have shown that igo1Δ phenotypes
could be restored by decreasing PP2A/B55 activity31, including the

reduction in viability during quiescence (Supplementary Fig. 2a). This
prompted us to investigate whether a reduction of PP2A/B55 activity
could restore Rap1 protein levels. To modulate PP2A/B55 activity, we
placed thepab1open reading frame, encoding the PP2AB55 regulatory
subunit, under the control of the thiamine-repressiblenmt41promoter
at its chromosomal locus. We found that repressing Pab1 production
and therefore PP2A/B55 activity reinstated Rap1 protein levels (Fig. 2c).
Data quantification further confirmed the restoration of Rap1 protein
levels when PP2A/B55 activity was reduced (Fig. 2d).
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To investigate whether reducing PP2A/B55 activity could also
prevent telomeric detachment in vivo, we examined the localisation of
Taz1-YFP in strains exhibiting low PP2A/B55 activity (wild-type and
igo1Δ Pnmt41:GST:pab1 + Thiamine) in comparison to strains with ele-
vated PP2A/B55 activity (igo1Δ and igo1Δ Pnmt41:GST:pab1 - Thiamine)
during nitrogen starvation. Our analysis showed that low PP2A/B55
activity restored the telomeric detachment phenotype, whereas high
PP2A/B55 activitymaintained the telomeric attachment defect (Fig. 2e;
Supplementary Fig. 2b). Statistical analysis of the data confirmed that
reduced PP2A/B55 activity during nitrogen starvation was necessary
for preserving telomeric organisation during quiescence (Fig. 2f).
Repression of pab1 expression also rescued the upregulation of sub-
telomeric genes in nitrogen-starved igo1Δ cells (Supplementary
Data 3). In summary, thesefindings suggest that the downregulation of
PP2A/B55 activity during entry into quiescence is crucial for main-
taining Rap1 protein levels, anchoring telomeres to the NE and silen-
cing the expression of subtelomeric genes.

Sgo2, Clr2 and Clr3 protein levels are reduced in quiescent igo1Δ
mutant cells
Different protein complexes coordinately maintain chromatin silen-
cing in subtelomeric regions during quiescence in fission yeast. One of
the critical factors for this regulation is shugoshin 2, Sgo2. Sgo2 is
essential for the formation of knobs, highly condensed chromatin
structures organised close to the ends of chromosomes I and II21. Lack
of Sgo2 (sgo2Δ) induces transcription of genes located at subtelomeric
regions on chromosomes I and II22, similar to whatwe observed in cells
lacking Endosulfine (igo1Δ) or Greatwall (ppk18Δ cek1Δ) after nitrogen
starvation (Fig. 1a; Supplementary Fig. 1a; Supplementary Data 1, 2).
This correlation prompted us to investigate whether Sgo2 levels might
be altered in the igo1Δ mutant. Western-blot analysis revealed that
igo1-deleted cells show a severe reduction of Sgo2 levels during entry
into quiescence (Fig. 3a). As in the case of Rap1, reducing Pab1 levels in
the igo1Δmutant restored Sgo2 levels (Fig. 3b). To confirm the role of
Igo1 inmaintenance of Sgo2 levels and knob formation, we studied the
localisation of Sgo2 during quiescence entry. Sgo2 protein was tagged
with GFP and its localisation during nitrogen starvation was examined.
As previously described, in the wild-type strain, Sgo2-GFP localised as
nuclear dots in most cells, ranging from 1 to 3 dots per cell (Fig. 3c). In
the igo1Δmutant, we detected no significant differences with the wild-
type in nitrogen-rich media (t =0 h), only a slight decrease in dot size
and brightness. However, when we shifted the cells to nitrogen-free
media we observed a clear decrease in the number of dots per cell in
the igo1Δ mutant (Fig. 3c). Knob colocalisation with Sgo2 was con-
firmed in wild-type and igo1Δ cells growing in nitrogen-rich media by
SRRF microscopy (Supplementary Fig. 3a). In these cells, the brightest
DAPI signal colocalised with the Sgo2-GFP signal. After 4 h of nitrogen
starvation, the Sgo2-GFP signal became fragmented in wild-type cells
but still colocalised with the knob. In most igo1Δ cells, the Sgo2 signal
disappeared after 4 h of nitrogen starvation. In those cells where Sgo2
was detectable, we did not observe colocalization with the brightest

DAPI signal (Supplementary Fig. 3b). These data indicate that Igo1 is
required for maintaining Sgo2 protein levels and for the formation of
knobs, a structure essential for maintaining the transcriptional
repression of subtelomeric genes.

Another key protein complex required for silencing subtelomeric
regions is the heterochromatic repressor complex SHREC (Snf2-like/
HDAC-containing repressor complex)32,33, composedofMit1, Clr1, Clr2,
and Clr3. The SHREC complex plays regulatory roles in histone acet-
ylation, as a chromatin remodeller and in the stability of subtelomeric
nucleosomes27,32,33. To determine if SHREC was also affected by PP2A
activity, we examined Clr2 and Clr3 levels. In both cases, we detected a
modest but reproducible decrease in protein levels during nitrogen
starvation in the igo1Δ mutant (Fig. 3d, e). ChIP analysis showed that
lack of Igo1 caused an increase in histone H3-K14 acetylation in the
overexpressed subtelomeric genes SPCC977.15 and SPAC186.06 after
4 h of nitrogen starvation consistent with loss of SHREC function
(Fig. 3f). Taken together, these results suggest that the Greatwall-
Endosulfine-PP2A/B55 pathway modulates SH and ST chromatin
organisation and subtelomeric gene silencing.

PP2A/B55 regulates translation through its physical and func-
tional interaction with protein complexes involved in tRNA
modification
Our data indicate that the igo1Δ mutant exhibits reduced levels of
proteins essential for maintaining telomeric and subtelomeric orga-
nisation. However, what is the molecular mechanism underlying these
phenotypes?Weexplored threepossibilities: reducedprotein stability,
reduced transcription, or reduced translation.

To examine protein stability, we treated cells with cycloheximide
and monitored Rap1 protein levels over time. After treatment with
cycloheximide, Rap1 was degraded with similar kinetics in wild-type
and igo1Δ cells (Supplementary Fig. 4a). Similarly, rap1 mRNA levels
were not reduced in igo1Δ cells; on the contrary, the rap1 gene
exhibited higher transcript levels in the igo1Δ mutant compared to
wild-type cells (Supplementary Fig. 4b). Likewise, no significant chan-
ges in mRNA levels for sgo2, clr2 or clr3 in the igo1Δmutant compared
to thewild-type (SupplementaryFig. 4c) indicating that transcription is
not responsible for the decrease in protein levels.

Evidence of a translation defect in the igo1Δmutant was obtained
by mass-spectrometry analysis of proteins co-purifying with the PP2A/
Pab1 protein phosphatase. Paa1, the structural subunit of the PP2A
complex, was tagged with YFP and expressed from its endogenous
promoter at its chromosomal locus. After one hour of nitrogen star-
vation, Paa1-YFP was pulled down and co-purifying proteins were
analysed by mass-spectrometry. Our results revealed the presence of
all components of PP2A protein complexes including Paa1, the cata-
lytic subunits Ppa1, Ppa2, and Ppa3, and the regulatory subunits Pab1,
Par1 and Par2 (Supplementary Data 4). Additionally, several PP2A
regulators (Igo1, Zds1, Dis2, Ppe1 and Ekc1) and components of the
PP2A SIP/STRIPAK complex34 were also detected, confirming that the
pull-down approach was successful.

Fig. 1 | The Greatwall-Endosulfine switch regulates subtelomeric gene silencing
and telomeric anchoring to the nuclear envelope. a Schematic representation of
transcriptionally upregulated genes in the Endosulfine (igo1Δ) mutant. Genes
overexpressed more than 10-fold in igo1Δ cells compared to the wild-type after 4 h
in nitrogen-free EMM2 medium. Subtelomeric genes are highlighted in red. n = 3.
b Schematic illustration of S. pombe subtelomeric chromatin structure (modified
from86). cRepresentative Super-ResolutionRadial Fluctuations (SRRF)micrographs
of wild-type (WT) and igo1Δ cells expressing Cut11:mCherry, Sad1:CFP and Taz1:YFP
in nitrogen-rich EMM2media (0h) and after 8 h of nitrogen starvation in EMM2-N.
The merged image and a detail view are shown. Bar: 2μm. d Radial Profile Analysis
for WT and igo1Δ cells after 0, 4 or 8 h of nitrogen deprivation (see details in
Supplementary Fig. 1b). The average projection signals for the NE (in red), the SPB
(in cyan) and the telomeres (in yellow) are shown. The graphs represent the

normalized integrated intensity as a function of distance in microns. The red lines
correspond to the NE signal, the cyan lines correspond to the SPB signal and the
yellow lines correspond to the telomeric signal. Over 100 nuclei were analysed at
each time point, n = 3. e Overlay between the average projection signals for Cut11/
Sad1 or Cut11/Taz1 in WT and igo1Δ cells during entry into quiescence. The images
were generated by projecting at least 100 nuclei, n = 3. f Colocalisation between
Cut11/Sad1 and Cut11/Taz1 signals was quantified as Pearson correlation coeffi-
cients using ImageJ software. ANCOVA p-values are indicated, with significant dif-
ferences shown in red. The box extends from the 25th to the 75th percentiles, with
the horizontal line indicating themedian. Thewhiskers extend to theminimumand
maximum values. n = 5 (with at least 20 nuclei analysed per assay). Source data are
provided as a Source data file.
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Fig. 2 | Telomeric detachment from the nuclear envelope in igo1Δ cells is
mediated by reduced Rap1 protein levels. a Extracts from rap1:L:HA and
ccq1:L:HA cells in a WT and igo1Δ background were collected at 0, 1, 2, 4 and 8 h of
nitrogen starvation. These extracts were analysed by SDS-PAGE and western blot-
ting using anti-HA antibodies. Ponceau staining was used as the loading control.
b Extracts from rap1:L:HA cells in a WT and igo1Δ background, collected every
30min during the first 2 h and then at 4 h of nitrogen starvation. These extracts
were analysed by SDS-PAGE and western blotting using anti-HA antibodies. Pon-
ceau staining was used as the loading control. c Extracts from rap1:L:HA and
rap1:L:HA Pnmt41x:GST:pab1 cells in a WT and igo1Δ background were collected
during nitrogen starvation and analysed by SDS-PAGE and western blot using anti-
HA and anti-GST antibodies. Strains were grownwith orwithout thiamine (+T or -T)
to repress or induce the pab1 gene, encoding the B55 regulatory subunit of PP2A.
Ponceau staining was used as the loading control. d Immunoblot quantification of

c was performed using Image Studio Lite software, n = 3 of a total of 8 for igo1Δ,
n = 2 of a total of 6 for igo1Δ Pnmt41x:GST:pab1. Data are presented as the mean
±S.E.M. e Radial Profile Analysis of WT, igo1Δ and igo1Δ Pnmt41x:GST:pab1 cells
bearing Cut11 (in red), Sad1 (in cyan) or Taz1 (in yellow) in EMM2 (0 h) and after 8 h
of nitrogen starvation. The igo1ΔPnmt41x:GST:pab1cellsweregrownwith orwithout
thiamine (+T or -T) to repress or induce the expression of pab1. Over 100 nuclei
were projected to generate the images and graphics,n = 3. fColocalisation between
Cut11/Sad1 and Cut11/Taz1 signals of e was quantified as Pearson correlation coef-
ficients using ImageJ software. ANCOVA p-values are indicated, significant differ-
ences are shown in red. The box extends from the 25th to the 75th percentiles, with
the horizontal line indicating themedian. Thewhiskers extend to theminimumand
maximum values. n = 5 (with at least 20 nuclei analysed per assay). Raw gel images
are provided in Supplementary Fig. 9. Source data are provided as a Source
data file.
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The mass-spectrometry analysis also showed an over-
representation of proteins related to ribosome structure, translation
initiation, aminoacylation, and tRNA modification in the Paa1 inter-
actome (Fig. 4a; Supplementary Fig. 5a). We focused on Trm112, a
widely conserved protein with a crucial role in translation. Specifically,
Trm112 regulates methyltransferase enzymes (Trm9, Trm11, Mtq2 and
Bud23) during ribosome biogenesis, tRNA modification and stop

codon recognition35,36. We confirmed an interaction between Trm112
and the PP2A-Pab1 complex by repeating the mass-spectrometry ana-
lysis using Pab1, the B55 regulatory subunit of the PP2A complex, as
bait. Trm112 was pulled down as an interacting partner of PP2A/Pab1
(Fig. 4a; Supplementary Fig. 5b; Supplementary Data 5). The Paa1-
Trm112 interaction was further validated by co-immunoprecipitation,
showing a stronger association in nitrogen-depleted than in
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nitrogen-rich media (Fig. 4b). Interestingly, several subunits of the
Elongator complex (Elp1, Elp2 and Elp3) were also pulled down as
interacting partners of PP2A/Pab1 when Pab1 was slightly over-
expressed from the nmt41 promoter (Fig. 4a; Supplementary Fig. 5c;
Supplementary Data 6). The Pab1-Elp3 interaction was also validated
by co-immunoprecipitation in cells expressing wild-type levels of
Pab1 (Fig. 4b).

The Elongator complex, along with Trm112/Trm9 and the Ctu1/
Ctu2 complexes, plays a critical role in the formation of the
5-methoxycarbonylmethyl (mcm5) and 5-methoxycarbonylmethyl-2-
thiouridine (mcm5s2) side chains on uridine 34 (U34) at the tRNA
wobble position during vegetative growth and under stress
conditions8,12,13,37–40. We conducted an analysis of Trm112 protein levels
during nitrogen starvation in both wild-type and igo1-deleted cells. In
the wild-type, Trm112 levels remained constant during the first two
hours and then exhibited a slight decrease after four hours. In contrast,
in the igo1Δ mutant, we observed a more pronounced reduction in
Trm112 proteins levels during entry into quiescence (Fig. 4c, left
panel). The trm112 transcript levels were similar in wild-type and igo1Δ
mutant cells (Supplementary Fig. 4c). Interestingly, as shown pre-
viously for other proteins, the reduction of PP2A/B55 activity restored
Trm112 protein levels (Fig. 4c, right panel). We also found that the
levels of Ctu1 protein, which cooperates with Ctu2 in tRNA U34

thiolation41,42, were also diminished in the igo1Δ background (Fig. 4d),
whereas the ctu1 mRNA showed a similar pattern to the wild-type
(Supplementary Fig. 4c). The catalytic subunit of Elongator (Elp3) was
not regulated at the level of mRNA or protein (Supplementary
Fig. 4d, e).

Collectively, these data suggest potential impairment of tRNA
modifications in the igo1Δmutant. To assess this possibility, we tested
the sensitivity of the igo1Δmutant to drugs that affect translation, such
as paromomycin, puromycin or cycloheximide, in both nitrogen-rich
(EMM2) and nitrogen-poor (MMPhe) media. Among all the drugs tes-
ted, only paromomycin, which induces codon misreading43, exhibited
an effect on the igo1Δ mutant (Fig. 4e), particularly in MMPhe.

In summary, our data indicate a potential role for the Greatwall-
Endosulfine-PP2A/B55 pathway in regulating translation during the
onset of quiescence, probably involving tRNA modifications that
enhance codon-anticodon recognition.

The igo1Δmutant is defective in U34 and A37 tRNAmodifications
In all organisms, modifications of uridine 34 at the wobble position
(U34) of certain tRNAs are necessary to enhance codon-anticodon
recognition37. These modifications are mediated by the Elongator
complex, which introduces an acetyl group at position 5 of U34

(cm5U34), the Trm112/Trm9methyltransferase complex involved in the
formation of mcm5U34, and the Ctu1-Ctu2 complex, which catalyses
the thiolation at carbon 2 of U34 (mcm5s2U34) (Supplementary Fig. 6a).

Previous studies in S. pombe have reported that differences in
codon usage and tRNA epitranscriptome play a crucial role in reg-
ulating translation efficiency during the cell cycle and under oxidative
stress. The mRNAs of the cell cycle regulator Cdr239 and of the stress-
responsive transcription factors Atf1 and Pcr112,13 exhibit a high usage
of lysine AAA (AAAlys) codons compared to AAG (AAGlys) codons, and
their translational rate is particularity sensitive to deficiencies in tRNA
modificationsmediated by the Elongator, Trm112/Trm9 andCtu1/Ctu2
complexes8,12,13,39. Therefore, we hypothesised that differences in
AAAlys codon usage might be responsible for the translation pheno-
type observed in the igo1Δ mutant. To test this hypothesis, we exam-
ined the use of AAAlys versus AAGlys codons for some of the proteins
analysed in our study and found that all the proteins defective in the
igo1Δ mutant (Rap1, Sgo2, Clr3, Clr2, and Ctu1) primarily utilise the
AAAlys codon (Supplementary Fig. 6b). Proteins with reduced AAAlys

codon usage, such as Ccq1, Pgk1, Krs1, or Swi6, did not exhibit trans-
lation deficiencies during nitrogen starvation in the igo1Δ mutant
(Fig. 2a; Supplementary Fig. 6b, c).

To confirm the potential defect in U34 tRNA modification in the
igo1Δ mutant, we employed quantitative liquid chromatography cou-
pled to mass spectrometry (LC-MS)8 to analyse tRNAs extracted from
wild-type and igo1Δ cells. Samples were collected during exponential
growth and at 2 and 4 h of nitrogen starvation. This analysis revealed
an increase in most of the tRNA modifications in wild-type cells upon
entry into quiescence, in particular mcm5s2U34 levels. However, in the
igo1Δ mutant, most of the tRNA modifications diminished after 4 h of
nitrogen starvation, especially mcm5s2U34 levels (Fig. 5a, b; Supple-
mentary Fig. 6d, e). Furthermore, this analysis also indicated a 20–25%
reduction in A37 N6-threonylcarbamoyladenosine (t6) modification in
the igo1Δ mutant (Fig. 5a; Supplementary Fig. 6d–f). The t6A37 tRNA
modification, present in Archaea and Eukarya,mediated by the protein
Sua5 and the KEOPS/EKC complex, is essential for cell growth and
accurate translation44–46. Once again, we hypothesised that differences
in AAAlys codon usage might be responsible for the reduction in t6A37

modification in the igo1Δmutant.Whenwe examined the use of AAAlys

versus AAGlys codons for Sua5 and the KEOPS/EKC subunits, we found
that Pcc1 and Cgi121 (two components of KEOPS/EKC complex) pri-
marily use the AAAlys codons (Supplementary Fig. 6g). TakingCgi121 as
an example, we detected a significant reduction in Cgi121 level in the
igo1mutant during nitrogen starvation (Supplementary Fig. 6h). These
data suggest that a defect in the translation of Cgi121 protein could be
responsible of the reduction in t6A37 tRNA modification in the igo1Δ
mutant. Both mcm5s2U34 and t6A37 modifications are involved in
decoding codons that start with adenosine, promoting codon-
anticodon pairing and enhancing translation fidelity47,48. These find-
ings provide a molecular explanation for the paromomycin hyper-
sensitivity and translation defect observed in the igo1Δ mutant under
nitrogen-stress conditions (Fig. 4e).

Fig. 3 | Crucialproteins required for silencing subtelomeric geneexpressionare
downregulated in igo1Δ cells. a Extracts from sgo2:L:HA cells in a WT and igo1Δ
backgrounds were collected every 30min during the first 2 h and then at 4 h of
nitrogen starvation. These extracts were analysed by SDS-PAGE and western blot-
ting using anti-HA antibodies. Ponceau staining was used as the loading control.
Immunoblot quantification was performed using Image Studio Lite software, n = 2
of a total of 4 for igo1Δ. Data are presented as the mean ± S.E.M. b Extracts from
strains bearing sgo2:L:HA or sgo2:L:HA Pnmt41x:GST:pab1, were analysed by SDS-
PAGE and western blotting with anti-HA and anti-GST antibodies. The igo1Δ
Pnmt41x:GST:pab1 cells were grownwith or without thiamine (+T or -T) to repress or
induce the expression of pab1. Ponceau staining was used as the loading control.
Immunoblot quantification was performed using Image Studio Lite software, n = 2
of a total of 4 for igo1Δ, n = 2 of a total of 6 for igo1Δ Pnmt41x:GST:pab1. Data are
presented as the mean ± S.E.M. c Representative micrographs of WT or igo1Δ cells
expressing sgo2:L:GFP during entry into quiescence. The overlay of fluorescence

and DIC images is shown. Quantification was carried out using ImageJ software
from two independent experiments involving more than 150 cells. Bar: 5μm.
d Similar to (a), clr2:L:HA protein was analysed in both WT and igo1Δ backgrounds.
Immunoblot quantification was performed using Image Studio Lite software, n = 2.
Data are presented as the mean ± S.E.M. e Similar to (a), clr3:L:HA protein was
analysed in both WT and igo1Δ backgrounds. Immunoblot quantification was per-
formed using Image Studio Lite software, n = 2. Data are presented as the mean ±
S.E.M. fChIP-qPCRwas performedwith anti-H3K14-acetyl antibodies andquantified
with primer pairs at the indicated ORFs. WT and igo1Δ cells grown in nitrogen-rich
media (EMM2) or after 4 h of nitrogen starvation were analysed. The graphs
represent normalized values, and error bars (SEM) for all ChIP-qPCR experiments
were calculated from at least biological triplicates (n ≥ 3). A two-way ANOVA was
performed,p-values are indicated, with significant differences shown in red. For gel
source data, see Supplementary Fig. 9. Source data are provided as a Source
data file.

Article https://doi.org/10.1038/s41467-024-55004-4

Nature Communications |        (2024) 15:10603 7

www.nature.com/naturecommunications


As cells enter quiescence, a notable reduction in tRNALys
UUU levels

was observed in both wild-type and igo1Δ cells (Supplementary
Fig. 7a), suggesting that this tRNA becomes limiting in quiescent cells.
Previous studies in yeast and worms have shown that over-expression
of tRNAs can effectively restore translation rates and protein home-
ostasis in mutants defective in tRNA modification8,12,13,39,47. Using Rap1
as an example, we assessed whether over-expression of tRNALys

UUU

would lead to recovery of Rap1 protein levels in the igo1Δmutant, with
tRNALys

CUU over-expression serving as a control. As anticipated, over-
expression of tRNALys

CUU had no impact on Rap1 levels, while over-
expression of tRNALys

UUU partially restored Rap1 protein levels
(Supplementary Fig. 7b) and alleviated the telomere detachment
phenotype in nitrogen-starved igo1Δ cells (Supplementary Fig. 7c). To
confirm that the reduced levels of Rap1 protein in igo1Δ cells resulted
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from defective translation of its mRNA, we engineered a mutant ver-
sion of the rap1 gene in which the 40 AAA codons were substituted
with AAG,making all lysine codons independent of tRNAmodification.
Consistent with previous findings for other proteins, the translation
deficiency of Rap1 in the igo1Δ mutant was completely rescued by
expressing the rap1-allAAG allele (Fig. 5c). Similarly, expression of the
ctu1-allAAG allele restoredCtu1protein levels in nitrogen-starved igo1Δ
cells (Supplementary Fig. 7d).

To confirm a translation defect in the igo1Δmutant, weperformed
polysome analyses using sucrose gradient fractionation of extracts
obtained from exponentially growing (+Nitrogen) and nitrogen-
starved (-Nitrogen) wild-type and igo1Δ cells. In the igo1Δ mutant, we
observed a reduction to 78% in the polysome/monosome ratio in cells
growing in nitrogen-rich media compared to the wild-type (Fig. 5d),
which decreased further to 27% after 4 h of nitrogen starvation
(Fig. 5e). We pooled the non-translated or poorly translated fractions
(NT) and the polysome fractions (P) of the gradient and determined
the mRNA levels of rap1 and ctu1, two mRNAs with high AAAlys codon
bias, and fil1 and act1, two mRNAs with low AAAlys codon bias. This
analysis revealed a reduction in translation to 40% for rap1 and 30% for
ctu1, while fil1 and act1 were hardly affected (Fig. 5e).

In summary, considering all the data, we conclude that during the
transition into quiescence, Endosulfine Igo1 is necessary for facilitating
U34 and A37 tRNA modifications. These modifications are crucial for
enhancing the translation efficiency and fidelity of proteins encoded
by mRNAs with a high usage of AAAlys codons.

Gad8phosphorylation is required to enhance translation during
quiescence entry
We then investigated the underlying molecular mechanism that trig-
gers the translational defect due to a failure in tRNA modification. We
identified Gad8 as an interactor of PP2A/Pab1 (Fig. 4a; Supplementary
Data 5, 6). Previous studies demonstrated that PP2A/Pab1 counteracts
the phosphorylation of Gad8 by TORC2 at serine 546, suggesting that
Gad8 is a direct target of PP2A/Pab16,7. Additionally, active Gad8
phosphorylated at S546 activates Elongator by inhibiting Gsk3, a gly-
cogen synthase kinase that inhibits Elongator by phosphorylating the
Elp4 subunit at serine 1148.

These findings prompted us to investigate the potential role of
Igo1 in Gad8 phosphorylation during quiescence entry. Notably, it has
previously been reported that deletion of elp3, which encodes the
tRNA acetyltransferase subunit of the Elongator complex, leads to a
reduction in Gad8 protein levels8. A sequence analysis of the gad8
mRNA revealed a high usage of AAAlys codons, like rap1 (Supplemen-
tary Fig. 6b, gad8 z-scoreAAA/AAG = 0.73/−0.73 vs. rap1 z-scoreAAA/
AAG = 0.72/−0.71). This observation led us to investigate whether high
PP2A/B55 activity, in the absence of Igo1, could be relevant for

maintaining Gad8 protein levels during nitrogen starvation. Western
blot analysis clearly showed a decrease in Gad8 protein levels in the
igo1Δ mutant (Fig. 6a). Furthermore, the phosphorylation status of
Gad8 at S546 was also reduced in the absence of Igo1, compared to
wild-type cells (Fig. 6b). In addition, we observed a reduction in gad8
mRNA levels in igo1Δ cells compared to the wild-type (Supplementary
Fig. 4c), suggesting that Gad8 is regulated at multiple levels: tran-
scription, translation and phosphorylation. These results suggest that
during nitrogen starvation, inhibition of PP2A/Pab1 leads to the accu-
mulation of phosphorylated Gad8 at S546 by TORC2 and consequent
activation of the Elongator complex. This mechanism generates a
positive feedback loop that enhances translation of Gad8 and pro-
motes more U34 tRNA modifications (see Fig. 7).

If our model is correct, and PP2A/B55 indeed regulates Elongator
activity through Gad8 protein homeostasis, the deletion of the gad8
gene should lead to a substantial decrease in proteins with high AAAlys

codon usage. To test this hypothesis, we examined the levels of Sgo2, a
protein with a very high AAAlys codon usage (z-scoreAAA/AAG = 1.28/-
1.28), in a gad8Δ mutant background. Western blot analysis showed a
reduction in Sgo2 protein levels in the gad8Δ mutant (Fig. 6c). As a
positive control, we used the elp3Δ mutant, where the reduction in
Sgo2 levelswaseven greater (Fig. 6d).Moreover, both gad8Δ and elp3Δ
mutants displayed sensitivity to paromomycin in both nitrogen-rich
and nitrogen-poor media (Supplementary Fig. 7e), although the sen-
sitivity to paromomycin in nitrogen-poor medium was more pro-
nounced in the igo1Δ mutant (Fig. 6e; Supplementary Fig. 7e). Thus,
our data strongly suggests that defects in the Elongator activation
pathway led to decreased translation efficiency of mRNAs with high
AAAlys codon usage.

Finally, to confirm the connectionbetween Igo1 and the Elongator
activation pathway, we generated a double mutant, igo1Δ gsk3Δ. Gsk3
is an Elongator inhibitor in S. pombe8. As mentioned earlier, the igo1Δ
mutant exhibited sensitivity to paromomycin, particularly in nitrogen-
poor media containing phenylalanine (Fig. 4e). If this phenotype is
indeed related to reduced Elongator activity, the igo1Δ gsk3Δ double
deletion should rescue this defect. Wild-type, igo1Δ and gsk3Δ single
mutants, along with the igo1Δ gsk3Δ doublemutant, were cultivated in
nitrogen-poor (MMPhe) medium with or without paromomycin, and
their growth phenotype was assessed. The igo1Δ mutant displayed
hypersensitivity to paromomycin, while the gsk3Δ mutant exhibited
mild resistance compared to the wild-type strain. A partial improve-
ment in cell growth in the presence of paromomycin was detected in
the igo1Δ gsk3Δ double mutant clones compared to the igo1Δ mutant
(Fig. 6e). As mentioned earlier, Gsk3 inhibits Elongator by phosphor-
ylating the Elp4 subunit at serine 1148. Expression of elp4-S114A par-
tially rescued the paromomycin sensitive phenotype of the igo1Δ
mutant (Supplementary Fig. 7f).

Fig. 4 | PP2A interacts with proteins involved in tRNA modification.
a Interacting network resulting from mass-spectrometry analysis for paa1:L:YFP in
EMM2-N. Cellular processes or protein complexes with a significant enrichment are
colour-coded. Two experimental replicas of the mass spectrometry were per-
formed, n = 2. Extracts from the untagged wild-type strain were used as negative
control in the immunopurification experiment. Summary table showing the main
PP2A interactors analysed in thismanuscript.b top, Interaction betweenPaa1:L:YFP
and Trm112:L:HA. Protein extracts from cells expressing paa1:L:YFP, trm112:L:HA or
paa1:L:YFP trm112:L:HA cultured in nitrogen-rich or nitrogen-depleted media were
immunoprecipitated with anti-GFP beads and probed with anti-GFP and anti-HA
antibodies. Extracts (WCE)were assayed for levels of paa1:L:YFP and trm112:L:HAby
western blot. Bottom, Interaction between Pab1:L:YFP and Elp3:L:HA. Protein
extracts from cells expressing pab1:L:YFP, elp3:L:HA or pab1:L:YFP elp3:L:HA cul-
tured in nitrogen-rich or nitrogen-depleted media were immunoprecipitated with
anti-GFP beads and probed with anti-GFP and anti-HA antibodies. Extracts (WCE)
were assayed for levels of Pab1:L:YFP and Elp3:L:HA by western blot. n = 2. Data are
presented as the mean ± S.E.M. c Extracts from cells expressing trm112:L:HA or

trm112:L:HA Pnmt41x:GST:pab1, were analysed by SDS-PAGE followed by immuno-
blotting with anti-HA and anti-GST antibodies. The igo1Δ Pnmt41x:GST:pab1 cells
were grown in EMM2 with or without thiamine (+T or -T) to repress or induce the
expression of pab1. Ponceau staining was used as the loading control. Immunoblot
quantification was performed using Image Studio Lite software, n = 2 of a total of 4
for igo1Δ, n = 2 of a total of 6 for igo1Δ Pnmt41x:GST:pab1. Data are presented as the
mean ± S.E.M. d Extracts from Ctu1:L:HA cells in a WT and igo1Δ backgrounds were
collected every 30minutes during the first 2 h and then at 4 h of nitrogen starva-
tion. These extracts were analysed by SDS-PAGE and immunoblotting using anti-HA
antibodies. Ponceau staining was used as the loading control. Immunoblot quan-
tification was performed using Image Studio Lite software, n = 2 of a total of 4 for
igo1Δ. Data are presented as themean ± S.E.M. e Serial dilutions fromWT and igo1Δ
cultures were spotted onto EMM2 (Minimal Media containing NH4Cl) or MMPhe
(Minimal Media containing Phenylalanine) plates without or with paromomycin
(0.5mg/ml), puromycin (0.5mg/ml) or cycloheximide (CHX, 2.5μg/ml). For gel
source data, see Supplementary Fig. 9. Source data are provided as a Source
data file.
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These findings suggest that proper Igo1-mediated activation of
Elongator is crucial for maintaining the rate of translation during
quiescence entry.

Discussion
Entry into quiescence in yeasts is regulated by diverse signalling
cascades that converge on the Greatwall-Endosulfine-PP2A/B55

pathway3,5,49–51. In S. pombe, the primary signal regulating entry
into quiescence is nitrogen starvation, which reduces the TORC1
activity and increases TORC2 activity4,6,7,52–58. The inactivation of
TORC1 results in reduced protein synthesis and the activation of
protein degradation through autophagy. However, quiescent cells
must maintain a continuous supply of specific proteins to remain
viable.
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In this study, we demonstrate that the Greatwall-Endosulfine-
PP2A/B55 pathway links the inactivation of TORC1 with the activation
of TORC2 signalling to promote the activation of the Elongator com-
plex and other tRNA modification complexes essential for sustaining
the translation programme during the transition into quiescence. This
is achieved by facilitating U34 and A37 tRNA modifications, which
enhance translation efficiency and fidelity of key proteins, including
those required for telomeric and subtelomeric functions.

The reduction of PP2A/B55 activity, achieved through the activa-
tion of Greatwall and Endosulfine, is necessary for the accumulation of
phosphorylated Gad8 at S5467. This phosphorylation event enhances
the activity of the Elongator complex by inhibiting glycogen synthase
kinase (Gsk3)8. Increased Elongator activity promotes the efficient
translation of mRNAs with high AAAlys codon usage, including tsc2 (an
inhibitor of TORC1)8, gad8 (a positive effector of TORC2), trm112, ctu1
and cgi121 (involved in U34 and A37 tRNA modifications) (Fig. 7). All of
these generate feedback loops that facilitate the switch from high
TORC1 to high TORC2 activity, promoting the translation of Elongator-
tunable transcripts as cells enter quiescence. Furthermore, the synth-
esis of key proteins involved in telomeric and subtelomeric organisa-
tion, such as Rap1, Sgo2, Clr2 or Clr3, which also exhibit high AAAlys

codon usage, depends on the proper activation of Elongator. There-
fore, we outline the complete pathway connecting the nutritional
environment - specifically the balance between TORC1 and TORC2 - to
the modulation of tRNA modifications and translation, thereby main-
taining protein homeostasis during the transition fromproliferation to
quiescence.

Previous studies have demonstrated that the deletion of rap1
(encoding a component of the shelterin complex) or bqt4 (encoding a
component of the bouquet complex) causes telomeric detachment
from the NE23,25,26. Our findings suggest that the telomeric detachment
defect in the igo1Δ mutant is probably caused by a reduction in Rap1
protein levels (Fig. 2a–d). Interestingly, Bqt4, the other protein that
creates a molecular link between telomeres and the NE, has a low
AAAlys codonusage (z-scoreAAA/AAG = −0.94/0.95),making it unlikely to
be responsible for the telomeric detachment phenotype in the igo1Δ
mutant. However, other proteins may be involved in the telomeric
attachment to the NE, such as Lem2, a member of the Lap2/Emerin/
Man1 (LEM) family of lamin-associated proteins, which is known to be
involved in telomere anchoring and heterochromatic gene
silencing59–61. Lem2 mRNA has a high AAAlys codon usage (30 AAA, 9
AAG, z-scoreAAA/AAG = 0.88/−0.88), suggesting that it may also be
subject to translation defects in the igo1Δ mutant. Western blot ana-
lysis revealed that nitrogen-starved igo1Δ cells show a significant
reduction in Lem2 protein levels (Supplementary Fig. 8a). This finding
suggests that not only Rap1 but also Lem2 could contribute to the
telomeric detachment phenotype in the igo1Δ mutant (Fig. 7).

In addition to the telomeric anchoring defect, the igo1Δ mutant
exhibited upregulation of genes located in the subtelomeric regions of

chromosomes I and II (Fig. 1a; Supplementary Fig. 1a). Several proteins
related to subtelomeric organisation were defective in the igo1Δ
background, particularly Sgo2, whose protein levels were significantly
reduced (Fig. 3a). Sgo2 plays a role in knobs assembly, and its deletion
leads to derepression of genes located in subtelomeric regions21,22. Our
data demonstrate that Igo1 is involved in knobs assembly, and its
deletion results in defects in the regulation of subtelomeric genes. The
overlapping roles and phenotypes between Sgo2 and Igo1 suggest that
the reduction in Sgo2 protein levels is responsible for the derepression
of subtelomeric genes in the igo1Δ mutant. However, other proteins,
such as Clr2 or Clr3, which are involved in silencing could also con-
tribute to this phenotype.

All the proteins tested in our study had their levels restored after
reducing PP2A/B55 activity, indicating that low PP2A/B55 activity was
necessary to maintain protein homeostasis during quiescence entry.
But what is the link between PP2A/B55 activity, translation and the
telomeric/subtelomeric organisation?

Previous research has shown that deleting specific components of
TORC2 signalling, such as tor1 or gad8, leads to a significant dere-
pression of genes located in subtelomeric regions62. However, the
molecular mechanism linking these processes remained unclear. Our
data reveal that not only components of the TORC2 complex but also
elements acting downstream of the TORC1 complex, such as Greatwall
(Ppk18 and Cek1) or Endosulfine (Igo1), play a crucial role in regulating
subtelomeric gene expression. These findings establish a connection
between the Greatwall-Endosulfine-PP2A/B55 pathway and telomeric/
subtelomeric organisation.

A link between the TORC2 signalling pathway, the Elongator
complex, and tRNA modifications has been demonstrated8. Our data
further demonstrate that this connection is particularly relevant dur-
ing entry into quiescence by elucidating the molecular details linking
nitrogen starvation, TORC1 inactivation, activation of Greatwall-
Endosulfine, inactivation of PP2A/Pab1, activation of Gad8, and upre-
gulation of tRNA-modifying complexes (Fig. 7). Indeed, these mole-
cular events affect not only the Elongator complex but also other tRNA
modifiers, such as Trm112 or Ctu1. These interactions create positive
feedback loops that are responsible for the transition fromhighTORC1
to high TORC2 activity, subsequently leading to further tRNA mod-
ifications. Mutations in Greatwall (Ppk18 and Cek1) or Endosulfine
(igo1) result in a defect in this transition, causing a failure in tRNA
modifications that affect the translation of mRNAs with a high AAAlys

codon usage encoding for proteins such as Rap1, Lem2, Sgo2, Clr2 and
Clr3. This, in turn, triggers telomeric detachment and the derepression
of subtelomeric genes.

In addition to the mcm5s2U34 defect, we also observed a 20–25%
reduction in t6A37 in the Endosulfine (igo1Δ)mutant (Fig. 5a). These two
closely located tRNA modifications play a crucial role in ensuring
accurate codon-anticodon interactions by stabilising codon-anticodon
pairings63–66. Interestingly, tRNALys

UUU carries both the mcm5s2U34 and

Fig. 5 | Igo1 regulates tRNAmodifications. aHeatmap (log2 fold-change) analysis
from three biological replicas of the relative levels of tRNA ribonucleoside mod-
ifications inWT and igo1Δ cells. The side colour bar displays the range of log2 (fold-
change) values. The heat map shows changes at 2 and 4 h of nitrogen starvation
compared to exponentially growing cells (t = 0), with the igo1Δ mutant showing a
decrease in mcm5s2U34 and t6A37 modification relative to the WT. b Fold-change
values of mcm5s2U34 modification inWT and igo1Δmutant cells. A two-way ANOVA
wasperformed,p-valueswere calculated frombiological triplicates, with significant
differences shown in red and orange. Data are presented as the mean ± S.E.M.
c Extracts from igo1Δ mutant cells transformed with episomal plasmids
Pnmt41x:HA:rap1 (AAA/AAG) or mutated version Pnmt41x:HA:rap1 (all AAG) were
analysed by SDS-PAGE followed by immunoblotting with anti-HA antibodies during
nitrogen starvation. Ponceau staining was used as a loading control. Immunoblot
quantification was performed using Image Studio Lite software, n = 2 of a total of 4
for igo1Δ. Data are presented as the mean ± S.E.M. d Polysome analysis using

sucrose gradient fractionation of WT and igo1Δ extracts from cells cultured in
EMM2 (+ Nitrogen). Two replicas of the experiment were performed and the
polysome/monosome ratio (P/M ratio) was calculated. e Polysome analysis using
sucrose fractionation ofWT and igo1Δ extracts from cells cultured in EMM2 lacking
nitrogen for 4 h (-Nitrogen 4 h). Two replicas of the experiment were performed
and the polysome/monosome ratio (P/M ratio) was calculated. Total RNA was
purified from the different fractions, resuspended in DEPC-H2O, combining RNA
from two consecutive fractions. cDNA was synthesised and pooled into, non-
translating/poorly translatingmRNAs (NT), corresponding tomRNAs associated to
lowmolecular weight fractions, free ribosomal subunits and vacant ribosomes, and
actively translating mRNAs found associated with the polysomal fractions (P). The
mRNA levels (P/P +NT) for rap1, ctu1, fil1 and act1 were determined in the igo1Δ
mutant relative to the WT, with an assigned value of 1 by qPCR. Source data are
provided as a Source data file.
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t6A37 modifications, both of which are defective in the Endosulfine
(igo1Δ) mutant. This finding provides an explanation for the strong
sensitivity of igo1Δ cells to paromomycin compared to mutants in
Elongator (elp3Δ) or Gad8 (gad8Δ). The defect in the t6A37modification
could be explained by a reduction in Cgi121 protein levels, one of the
subunits of the KEOPS complex responsible for this modification48,64,
which is encoded by an mRNA with a high AAAlys codon usage.

Finally, an interesting concept has emerged over the last few years
on tRNAmodifications and stress, knownas tRNAmodification tunable
transcripts (MoTTs). These transcripts are characterised by a specific
use of degenerate codons and codon biases to encode essential stress
response proteins. Translation of these transcripts is affected by
modifications at the wobble position of the tRNAs14,15. Our work sup-
ports the idea that mRNAs encoding proteins involved in nutrient
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starvation, stress response or even the translation of viral RNA gen-
omes present MoTTs, which are translated more efficiently under
stress conditions8,12,13,67–70. Related to this, Atf1, the master regulator of
the Core Environmental Stress Response (CESR) genes in fission yeast,
has been shown to be regulated by the Elongator and Trm9/Trm112
complexes. Atf1 translation and function are compromised in elp3Δ,
trm9Δ or trm112Δmutants upon oxidative stress12,13. Atf1 protein levels
are reduced in nitrogen-starved igo1Δ cells (Supplementary Fig. 8b),
whereas atf1 mRNA levels increase both in wild-type and igo1Δ cells
(Supplementary Fig. 8c). Together, these results, suggest that the
Greatwall-Endosulfine-PP2A/B55 pathway controls translation of atf1
mRNA during nitrogen stress.

In animal cells, the Hif1α mRNA is translated in drug-resistant
melanomas through a mechanism involving the activation of Elp1 by
the PI3 kinase signalling pathway. The activation of Hif1α promotes

drug resistance by inducing anaerobic glycolysis71. Therefore, the
mcm5s2U34 modification in the tRNA anticodon promotes the transla-
tion of mRNAs enriched in AAA codons, including Hif1α mRNA. This
discovery opens new avenues for identifying inhibitors of Elongator
and other tRNAmodifiers to treat drug-resistant tumours and combat
viral infections.

Methods
Strains and growth conditions
Yeast strains are listed in Supplementary Data 7. Fission yeast cells
were cultured and genetically manipulated according to standard
protocols72. Genetic crosses were performed on malt extract agar
plates. Cells were typically cultured overnight at the appropriate
temperatures in yeast extract supplemented with adenine, leucine,
histidine, lysine, and uracil (YES), or in Edinburgh minimal medium

Fig. 6 | Endosulfine,Gad8 andElongatorare required for efficient translationof
certain mRNAs during quiescence entry. a Extracts from WT and igo1Δ cells
expressing gad8:L:HA, were analysed by SDS-PAGE and immunoblotting with anti-
HA antibodies during nitrogen starvation. Ponceau stain was used as a loading
control. Immunoblot quantification was performed using Image Studio Lite soft-
ware, n = 2. Data are presented as the mean ± S.E.M. b Same as in (a), Gad8 phos-
phorylation state was analysed in WT and igo1Δ cell extracts. Immunoblot
quantification was performed using Image Studio Lite software, n = 2. Data are
presented asmean ± S.E.M. c Same as in (a), sgo2:L:HA proteinwas analysed in aWT

and gad8Δ cell extracts. Immunoblot quantification was performed using Image
Studio Lite software, n = 2. Data are presented as themean ± S.E.M.d Same as in (a),
sgo2:L:HA protein was analysed in a WT and elp3Δ cell extracts. Immunoblot
quantification was performed using Image Studio Lite software, n = 2. Data are
presented as the mean ± S.E.M. e Serial dilutions from cultures of WT, igo1Δ, gsk3Δ
and igo1Δ gsk3Δ were spotted onto MMPhe (Minimal Media with Phenylalanine)
plates without or with paromomycin (0.5mg/ml). For gel source data, see Sup-
plementary Fig. 9. Source data are provided as a Source data file.

Fig. 7 | Activation of TORC2-Gad8 signalling in quiescent cells promotes the
translation of mRNAs with a high AAALys codon usage. This model is based on
previous work in fission yeast, demonstrating that nitrogen starvation induces the
inactivation of TORC1 and the activation of TORC2 signalling through the Great-
wall-Endosulfine-PP2A/B55 pathway4–7. Phosphorylation of Gad8 at S546 leads to
the inhibition of Gsk3 and the activation of Elongator, which promotes U34 tRNA
modification and translation of Tsc1, an inhibitor of TORC1, as well as activators of
TORC2, suchasTor1 andRictor (depictedbyblue arrows)8. In this study,wepresent

additional feedback loops (indicated by orange arrows) that enhance the transla-
tion of Gad8, Trm112, Ctu1 and Cgi121, further increasing the U34 and A37 tRNA
modifications necessary for the efficient translation of mRNAs enriched in AAAlys

codons. SuchmRNAs include rap1, lem2, clr2, clr3 and sgo2 which encode proteins
required for the correct attachment of telomeres to the NE and for subtelomeric
gene silencing, and atf1, which encodes the master regulator of the Core Environ-
mental Stress Response (CESR) genes in fission yeast.
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containing 93.5mM ammonium chloride (EMM2) as a nitrogen source.
For nitrogen starvation experiments, exponentially growing cells were
shifted from Edinburgh minimal medium (EMM2) at 28 °C to minimal
medium without nitrogen (EMM2-N) at 25 °C.

In overexpression experiments using the nmt1+ promoter, cells
were grown to the logarithmic phase in EMM2 containing 15μM thia-
mine. Then, the cells were harvested and inoculated in fresh EMM2
medium without thiamine.

DNA techniques and plasmid construction
Enzymes for molecular biology were obtained from Fermentas and
Thermo Fisher. PCRs were performed with using Velocity DNA poly-
merase (Bioline). Oligonucleotides employed for strain and plasmid
construction are listed in Supplementary Data 8. Information regard-
ing construction strategies is available upon request. Plasmids used in
this study carry the ampicillin resistance gene for selection in E. coli
and are listed in Supplementary Data 8.

RNA Isolation, RNAseq and RT-qPCR
Wild type (2666), igo1Δ (2727) and ppk18Δ cek1Δ (2883) cells were
grown to mid-exponential phase in EMM2, centrifuged and washed
three times in EMM2-N, and cultured in EMM2-N at 25 °C. For RNAseq,
2 × 108 cells were harvested at times 0 and 4 h, washedwith cold DEPC-
H2O, and snap frozen. RNAextractionwas carriedout bydisrupting the
cells with glass beads using RNAeasy Mini kit (Qiagen) and following
the manufacturer’s instructions. RNA quality was evaluated using the
Bioanalyzer 2100 (Agilent). Library preparation, using the Illumina
Ribo Zero and TruSeq Stranded kits, and subsequent NGS sequencing
were performed by Macrogen. Sequencing quality was assessed with
FastQC (v 0.11.8, Babraham Bioinformatics). If necessary, adaptors
were trimmed using Trimmomatic (v 0.38)73. Alignment was per-
formedwith HISAT2 v 2.1.0 (CCB in John Hopkins University)74 using S.
pombe reference genome from Pombase (downloaded on 30/11/2018).
Samtools (v 1.9) and deepTools (v 3.3.0) were used to obtain bigWig
files to visualize in IGV (v 2.4.16) and JBrowse (v 1.15.4) browsers. Read
counts were obtained with featureCounts (Subread package v 1.6.3,
Walter+Eliza Hall Bioinformatics)75. DESeq2 (v1.22.2)76 was used for the
differential expression analysis. Plots representing upregulated genes
in Endosulfine (igo1Δ) and Greatwall (cek1Δ ppk18Δ) mutants shown in
Fig. 1a and Supplementary Fig. 1a were generated with karyoploteR
(v 1.12.4)77.

For RT-qPCR, total RNAwas isolated from 2 × 108 S. pombe cells in
exponential phase by disrupting the cells with glass beads in TRIzol®
Reagent (Invitrogen) and following the manufacturer’s instructions.
The integrity of the RNA was verified through 1.2% agarose gel elec-
trophoresis, and its quality and quantity were determined using a
microspectrophotometer. RNA was treated with RNase-free DNAse I
(Invitrogen) at 25 °C for 30min, following the manufacturer’s
instructions. Each RNA sample (1–2 μg) was then reverse transcribed
with the SuperScript™ First-Strand Synthesis System (Invitrogen) using
the oligo(dT) primer supplied with the kit or the tRNALys

UUU specific
reverse primer in combination with the act1 gene reverse primer
(Supplementary Data 8) at 50 °C for 30min in a 20μl total volume.
Quantitative PCR (qPCR) amplification of cDNA (1μl) was carried out
using TB Green Premix Ex Taq™ (TaKaRa) and the primer pairs indi-
cated in the Supplementary Data 8, in a 20μl total volume with the
following cycling parameters: 95 °C for 45 s, 40 cycles of 95 °C for 5 s
and 60 °C for 31 s, followed by a dissociation step at 95 °C for 15 s,
60 °C for 1min and 95 °C for 15 s. The reactions were run in duplicate
or triplicate in an Applied Biosystems 7300 Real-Time PCR System.
Negative controls without reverse transcriptase, without RT-primer
and without cDNA were included to control for DNA contaminations.
Fold changes in the expression levels relative to the wild-type strain
grown in EMM2 were calculated according to the mathematic model
described by ref. 78, with normalization to act1 expression levels. The

experiments were performed at least twice with cDNA from different
biological repeats.

SRFF microscopy
Samples were observed using a Confocal Andor Dragonfly 200
microscope, equipped with a 100x/1.45 Oil Plan Apo objective, an
Andor sCMOS Sona 4.2B-11 camera and controlled by Fusion (SRRF-
STREAM) software. ImageJ software was used for general image and
movie manipulation. Radial Profile Analysis and the calculations of
Pearson’s Correlation Coefficients were performed using ImageJ.More
than 100 nuclei were measured for each strain.

Staining knobs with DAPI
Exponentially growing and nitrogen-starved wild-type (JED142) and
igo1Δ (JED187) fission yeast cells were stained with DAPI to visualize
knobs following the protocol described by Matsuda et al., 201521.

S. pombe protein extracts and western blot
TCA extraction was performed as previously described79. For immu-
noblotting, PVDF membranes were probed with anti-HA (12CA5,
Roche), anti-GFP (3H9, ChromoTek), anti-GST (RPN1236V, Cytiva),
anti-P-Gad8 (kindly provided by José Cansado, University of Murcia,
Spain) and anti-Atf1 antibodies12,80 (kindly provided by Elena Hidalgo,
Pompeu Fabra University, Spain). Standard procedures were
employed for protein transfer, blotting and chemiluminescence
detection. Protein detectionwasperformedusing the ECL kit (BioRad).
Uncropped and unprocessed versions gels and blots are shown in
Supplementary Fig. 9.

Chromatin immunoprecipitation (ChIP)
Chromatin isolation and immunoprecipitation was performed as pre-
viously described81. S. pombe cell cultureswere grown in EMM2or after
4 hours of nitrogen starvation in EMM2-N to OD600 of 0.5–0.6 and
crosslinked with 1% formaldehyde for 10min at room temperature. To
terminate crosslinking, 2.5M glycine was added to a final concentra-
tion of 125mM for 5min. Cellswere pelleted by centrifugation, washed
twice with 10ml of cold PBS, frozen on dry ice and stored at –80 °C.
Cell pellets from 50ml cultures were resuspended in 0.25ml of
breaking buffer (0.1M Tris-HCl pH 8.0, 20% glycerol, 1mM PMSF) and
lysed in a Fast-prep (2 cycles of 45 s) in the presence of glass beads (50
micron; Sigma) at 4 °C. Lysates were centrifuged at 14,000 g for 1min
at 4 °C. Pellets were washed with 1ml of lysis buffer (50mMHEPES pH
7.6, 140mM NaCl, 1mM EDTA, 1% Triton X-100, 0.1% sodium deox-
ycholate, 0.1% SDS, 1mM PMSF). Pellets containing chromatin were
resuspended in0.25ml of lysis buffer. Lysateswere sonicated for 6min
at 4 °C (30 s on, 30 s off), using a water bath sonicator (Diagenode
Bioruptor Plus), transferred to new 1.5ml Eppendorf tubes, added
0.75ml of lysis buffer and centrifuged at 14,000 g for 30min at 4 °C.
50 µl of supernatant was kept as ‘input’ and the remainder (∼950 µl)
was subjected to immunoprecipitation with antibodies against K14-
acetylated histone H3 (07-353, Upstate Biotechnology) and 20 µl of
protein G agarose beads (100.04D, Dynabeads Protein G, Thermo
Fisher). After an overnight incubation at 4 °C with mixing, beads were
washed sequentially with 1ml of lysis buffer once, lysis buffer +
500mM NaCl twice, wash buffer (10mM Tris pH 8.0, 1mM EDTA,
250mM LiCl, 0.5% sodium deoxycholate, 0.5% NP-40, 1mM PMSF)
twice, and TE buffer (10mM Tris pH 7.5, 1mM EDTA) once. Each wash
was for 5min with mixing at room temperature. Immune complexes
were eluted in 100 µl elution buffer (50mM Tris pH 8.0, 10mM EDTA,
1% SDS) at 65 °C for 20min. Beads were washed with 150 µl TE + 0.67%
SDS, which was combined with the eluate. 150 µl TE + 0.67% SDS was
also added to the input samples, and both IP and input samples were
incubated at 65 °C overnight to reverse protein–DNA crosslinks. DNA
was purified by phenol/chloroform extraction. Analysis by qPCR was
carried out using a Bio-Rad CFX96 instrument, TB Green Premix Ex
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Taq™ (TaKaRa), and primers listed in Supplementary Data 8. ChIP
signals were calculated as IP/input and normalised to wild-type levels
at t = 0 h with an assigned value of 1.

Immunoprecipitations and mass-spectrometry analysis
Immunoprecipitation was performed following previously established
protocols82. For the immunoprecipitation of Paa1-L-YFP (strain JED62)
and Pab1-L-YFP (strain JED56), 1 l of cells was grown tomid-log phase in
EMM2, then shifted to EMM2-N for 1 h and crosslinked with 1% for-
maldehyde for 10min at 25 °C. The reaction was quenched by adding
glycine to 250mMand incubating for 5min on ice. Cells were collected
by centrifugation, washed with PBS 1x, frozen in liquid nitrogen and
broken with a Freezer/Mill in lysis buffer (25mM Tris HCl pH 7.5,
150mM NaCl, 0.5% SDS, 1% NP40, 1mM PMSF, 1μg/ml aprotinin,
1μg/ml leupeptin, 1μg/ml pepstatin). Cell lysates were then slowly
diluted to 0.1% SDS final concentration for immunoprecipitation in
lysis buffer without SDS at 4 °C for 30min. Clarified extracts were
immunoprecipitated by adding 40μl of GFP-Trap beads (gta-20,
Chromotek) for 1 h at 4 °C. The beads were washed six times with lysis
buffer containing 500mM NaCl. Finally, the beads were sent to the
Proteomics Facility of the Salamanca Cancer Research Center formass
spectrometry analysis. Samples were tryptic digested in solution with
sodium deoxycholate (SDC) and desalted using solid-phase extraction
disks for SDB-RPS StageTips. Reversed-phase LC-MS/MS analysis of
peptides was performed using a nano-UHPLC system (NanoElute,
Bruker Daltonics, Germany) coupled to a hybrid trapped ion mobility-
quadrupole time-of-flight mass spectrometer Tims TOF Pro (Bruker
Daltonics, Germany) via a modified nano-electrospray ion source
(Captive Spray, Bruker Daltonics, Germany). Peptides were loaded
onto a trapping column (Trap AcclaimPepMap 100 C18, Thermo) and
were separated on a C18 1.9 um 75ID 15cms Bruker fifteen at 40 °C
using a 60min gradient (from 2% to 35% ACN/0.1 FA). MS acquisition
was run in data-dependent acquisition (DDA) mode (1.1) with PASEF.
The acquired data were submitted to the MaxQuant (1.6.17.0) quanti-
tative proteomics software package for identification and relative
quantification by iBAQ. The UniProtKB database has been used using
the revised sequences and isoforms from the S. pombe proteome
(UP000002485 download 2021-11-29). Search parameters were as
follows: fully tryptic digestion with up to two missed cleavages,
20 ppm and 40ppm mass tolerances for precursor and product ions,
respectively, oxidation of methionine and acetylation of the protein
n-terminus were established as variable modifications and carbami-
domethylation of cysteine as fixed modification. One percent false
discovery rate (1% FDR) using Target-Decoy database for both peptide
and protein validation was used. For protein identification one unique
peptide was considered as the minimum number. Analysis and inter-
pretation of the results were carried out using the String Database.
Two experimental replicas of the mass spectrometry were performed.
Extracts from the untagged wild-type strain were used as negative
control in the immunopurification experiment.

For the immunoprecipitation of GFP-Pab1 (strain 2895), 16 l of
cellswere grown tomid-log phase in EMM2at 25 °C. After one day, half
of the culture was shifted to EMM2-N for 1 h. Subsequently, cells were
harvested by centrifugation and frozen at −80 °C. Cells were lysed
using glass beads and a bead beater in 100ml of NP-40 buffer (6mM
Na2HPO4, 4mMNaH2PO4, 1%NP-40, 150mMNaCl, 2mMEDTA, 50mM
NaF and 0.1mM Na3VO4) supplemented with complete EDTA-free
protease inhibitor cocktail (Roche), 1.3mM benzamidine (Sigma) and
1mM PMSF (Sigma). Lysates were cleared by centrifugation, and
supernatants weremixed with 60μl of 50% slurry GFP-TRAPmagnetic
agarose beads (GFP- Trap® magnetic agarose, ChromoTek) equili-
bratedwithNP-40buffer. After 90minutes of incubation at 4 °C, beads
were magnetically separated from lysates and washed twice with 5ml
of NP-40 buffer. Samples were washed with 5ml of low-NP-40 buffer
(0.02% NP-40) to reduce total detergent in purified proteins and

subsequently resuspended in 1ml of low-NP-40 buffer. Proteins were
eluted twice with 150μl of elution buffer (200mM glycine-HCl pH 2.5)
and precipitated for 30minutes on ice using 100μl of 100% TCA.
Samples were then spun down for 30minutes at 13000 rpm and 4 °C,
washed with 1ml of cold acetone containing 0.05N HCl and 1ml of
cold acetone. Finally, pellets were dried at room temperature and
stored at 4 °C for mass spectrometry analysis. A small amount of each
sample was used to confirmed proper purification of GFP-tagged
proteins. For that purpose, the Plus One Silver Staining protein kit (GE
Healthcare) was employed following manufacturer instructions. TCA-
precipitated proteins were digested with trypsin and analyzed by two-
dimensional liquid chromatography tandem MS (2D-LC-MS/MS) as
previously described in ref. 83. MS2 and MS3 spectra were extracted
separately from RAW files, and converted to DTA files using Scansifter
software84 (v2.1.25). Spectra with less than 20 peaks were excluded and
the remaining spectra were searched using the SEQUEST algorithm
(Thermo Fisher Scientific, San Jose, CA, USA; version 27, rev. 12).
Sequest was set up to search the S. pombe protein database (pom-
be_contams_20151012_rev database, created in October 2015 from
pombase.org). Common contaminants were added, and all sequences
were reversed to estimate the false discovery rate (FDR), yielding
10390 total entries. Variable modifications (C+ 57, M + 16, [STY] + 80
for all spectra and [STY]-18 forMS3), strict trypsin cleavage, <10missed
cleavages, fragment mass tolerance: 0.00Da (because of rounding in
SEQUEST, this results in 0.5 Da tolerance), and parent mass tolerance:
2.5 Da were allowed. Peptide identifications were assembled and fil-
tered in Scaffold (v4.8.4, Proteome Software, Portland, OR) using the
following criteria: minimum of 99% protein identification probability;
minimum of two unique peptides; minimum of 95% peptide identifi-
cation probability. FDRs were estimated in Scaffold based on the
percentage of decoy sequences identified after using the above fil-
tering criteria; the protein level FDR was 0.7% and the peptide level
FDR was 0.3%. Proteins containing the same or similar peptides that
could not be differentiated based on MS/MS alone were grouped to
satisfy the principles of parsimony. Mass spectrometry identified
proteins were exported from Scaffold to Excel for further analysis.
Further analysis and interpretation of the results was carried out using
the String Database (https://string-db.org/).

tRNA purification
tRNA purification assay was performed following established
procedures8.

Quantification of tRNA modifications
The purified tRNAs (500ng per sample) were subjected to hydrolysis
in a 40 µl digestion cocktail containing 10 U of benzonase, 4 U of calf
intestinal alkaline phosphatase, 0.12 U of phosphodiesterase I, 0.1mM
deferoxamine, 0.1mM butylated hydroxytoluene, 4 ng pentostatin,
2.5mMMgCl2 and 5mMtris buffer (pH8.0). Thedigestionmixturewas
incubated at 37 °C for 6 h. For the verification of HPLC retention times
of RNA modifications, synthetic standards were employed. Analytical
separation was facilitated by a Thermo Hypersil Gold aQ C18 column
(100 × 2.1mm, 1.9 µm),whichwas interfacedwith anAgilent 1290HPLC
system and an Agilent 6495 triple quadrupolemass spectrometer. The
employed LC system operated at 35 °C, maintaining a flow rate of
0.35ml/min. The gradient startswith 100% solutionA (0.1% formic acid
in water) for 4min, followed by a 4–15min phase involving a transition
from 0% to 20% solution B (0.1% formic acid in acetonitrile). The HPLC
column was coupled with an Agilent 6495 triple quadrupole mass
spectrometer, utilizing an electrospray ionization source in positive
ion mode. Operational parameters were set as follows: gas tempera-
ture at 120 °C; gas flow rate at 11 l/min; nebulizer pressure at 20 psi;
sheath gas temperature at 400 °C; sheath gas flow rate at 12 l/min;
capillary voltage at 1500 V; and nozzle voltage maintained at 0 V. The
dynamicmultiple reactionmonitoringmodewas used for detection of
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product ions derived from their respective precursor ions for all the
RNA modifications. The collision energy was optimized to ensure
maximal detection sensitivity for each modification. To ensure the
same sample input, theMSsignal intensity for each ribonucleosidewas
normalized with the UV signal intensity of canonical ribonucleosides.
The fold change of the modified ribonucleosides in experiment group
was calculated relative to the control group.

Drug sensitivity assays
For survival assays on agar plates, S. pombe strains were cultured in
YES, diluted and the cells were spotted onto plates with minimal
medium containing 93.5mM NH4Cl (EMM2) or 20mM phenylalanine
(MMPhe) without or with paromomycin (0.5mg/ml), puromycin
(0.5mg/ml) or cycloheximide (2.5μg/ml). The plates were then incu-
bated at the indicated temperatures for 4–8 days.

Polysome fractionation
Polysome analysis was performed by sucrose gradient fractionation
using the protocol described by Kressler et al. (1997)85 with minor
modifications. Wild-type (2666) and igo1Δ (2344) cells were grown to
mid-exponential phase in EMM2, centrifuged and washed three times
in EMM2-N, and cultured in EMM2-N at 25 °C for 4 h. 2 × 109 cells were
harvested at times 0 and 4h. Before harvest, cycloheximidewas added
at a final concentration of 150μg/ml, and the cultures were placed
immediately in ice water for 10min. Cells were then collected by
centrifugation at 3600 g for 5min at 4 °C, washed with 20ml of ice-
cold breaking buffer (10mM Tris-HCl pH 7.5, 100mM NaCl, 30mM
MgCl2 and 150mg/ml cycloheximide), resuspended in 1ml of breaking
buffer, and pelleted by centrifugation at 14,000 g for 5min at 4 °C. Cell
pellets were immediately frozen in liquid nitrogen and broken with a
Freezer/Mill in the presence of 0.5ml of breaking buffer. Lysates were
cleared by centrifugation at 14,000 g for 10min at 4 °C.

Fifteen OD260 units of supernatants were layered on 10ml linear
10 to 50% sucrose gradients containing 50mM Tris-acetate pH 7.5,
50mM NH4Cl, 12mMMgCl2, and 1mMdithiothreitol, and centrifuged
in an SW41 rotor at 4 °C at 39,000 rpm for 2 h 45min. The gradients
were scanned at 254 nm and fractionated in a Spectra/Chrom® Flow
Thru UV monitor, taking 0.5ml fractions. Two replicas of the experi-
ment were performed and the polysome/monosome ratio (P/M ratio)
was calculated. Total RNA from each fraction was isolated by adding 1
volume of TRIzol® Reagent (Invitrogen), according to the manu-
facturer’s instructions with the following modifications. RNA was
precipitated with isopropanol in the presence of 1/10 volume of 0.5M
sodium acetate pH 5.2, at −80 °C h for 1 h, and washed with 85% cold
ethanol. Finally, RNA pellets were dissolved in 15μl of DEPC-H2O,
combining RNA from two consecutive fractions. One-half of the RNA
was resolved by electrophoresis on a 1.2% agarose gel, and the
remaining half was used for cDNA synthesis as described above. cDNA
was pooled into non-translating/poorly translating mRNA fractions
(NT), corresponding to mRNAs associated with low molecular weight
fractions, free ribosomal subunits and vacant ribosomes, and actively
translating mRNAs found associated with the polysomal fractions (P).
The mRNA levels (P/P +NT) for rap1, ctu1, fil1 and act1 were deter-
mined in the igo1Δ mutant relative to the wild type by qPCR, as
described above.

Statistical methods
Average, S.E.M and P values for the two-way ANOVA were calculated
using GraphPad Prism software. Data distribution was assumed to be
normal, but this was not formally tested.

We used the normalized ratio at different time points as the
dependent variable with different conditions (wild-type, igo1Δ, igo1Δ
Pnmt41:GST:pab1 + Thiamine or igo1Δ Pnmt41:GST:pab1-Thiamine in
nitrogen-rich media or upon nitrogen starvation) treated as indepen-
dent categorical variables, and sampling time as the covariate. We

modeled the NE/telomere overlay using ANCOVA as follow:

lmðnormalized ratio � time � labelÞ

where time is the hours in nitrogen starvation, and label is the different
conditions (wild-type, igo1Δ, igo1Δ Pnmt41:GST:pab1 + Thiamine or
igo1Δ Pnmt41:GST:pab1-Thiamine in nitrogen-rich media or upon
nitrogen starvation).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The RNAseq data in this study has been deposited in NCBI’s Gene
Expression Omnibus under the accession numbers GEO Series acces-
sion number GE217398 [https://www.ncbi.nlm.nih.gov/geo/query/acc.
cgi?acc=GSE217398] and GSE269854. The mass spectrometry pro-
teomics data has been deposited with the ProteomeXchange Con-
sortium via the PRIDE partner repository, with the dataset identifiers
PXD047703, PXD047697 and PXD047579. Further information and
requests for reagents can be directed to the corresponding authors.
Uncropped and unprocessed versions of images for gels and blots
have been included as Supplementary Fig. 9. Source data are provided
with this paper.
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