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Psp2, a novel regulator of autophagy that promotes
autophagy-related protein translation

Zhangyuan Yin', Xu Liu"3, Aileen Ariosa’, Haina Huangz, Meiyan Jin'* Katrin Karbstein? and Daniel J. Klionsky

Macroautophagy/autophagy defines an evolutionarily conserved catabolic process that targets cytoplasmic components for
lysosomal degradation. The process of autophagy from initiation to closure is tightly executed and controlled by the concerted
action of autophagy-related (Atg) proteins. Although substantial progress has been made in characterizing transcriptional and post-
translational regulation of ATG/Atg genes/proteins, little is known about the translational control of autophagy. Here we report that
Psp2, an RGG motif protein, positively regulates autophagy through promoting the translation of Atg1 and Atg13, two proteins that
are crucial in the initiation of autophagy. During nitrogen starvation conditions, Psp2 interacts with the 5" UTR of ATG1 and ATG13
transcripts in an RGG motif-dependent manner and with elF4E and elF4G2, components of the translation initiation machinery, to
regulate the translation of these transcripts. Deletion of the PSP2 gene leads to a decrease in the synthesis of Atg1 and Atg13, which
correlates with reduced autophagy activity and cell survival. Furthermore, deactivation of the methyltransferase Hmt1 constitutes a
molecular switch that regulates Psp2 arginine methylation status as well as its mRNA binding activity in response to starvation.
These results reveal a novel mechanism by which Atg proteins become upregulated to fulfill the increased demands of autophagy
activity as part of translational reprogramming during stress conditions, and help explain how ATG genes bypass the general block

in protein translation that occurs during starvation.

Cell Research (2019) 29:994-1008; https://doi.org/10.1038/s41422-019-0246-4

INTRODUCTION

Cellular homeostasis requires a proper balance between synthesis
and degradation. One major degradative pathway in eukaryotic
organisms is autophagy (“self-eating”), by which cytosolic proteins,
damaged or superfluous organelles and invading pathogens are
targeted and delivered to the vacuole (in yeast) or lysosomes (in
mammals) for recycling.'! Based on the inducing signals and
temporal aspects of induction, the type of cargo and the
mechanism of sequestration, autophagy can be divided into
distinct types. Macroautophagy (hereafter autophagy) is the best
characterized pathway, which involves the de novo formation of a
phagophore, a transient double-membrane structure that carries
out the sequestration of cytoplasm, and then seals to form an
autophagosome.

As an evolutionarily conserved survival mechanism of all
eukaryotic cells, autophagy primarily acts as an adaptive response
to environmental adversity, especially nutrient limitation. Studies
in yeast have pioneered our understanding of the molecular
mechanisms of autophagy. More than 40 autophagy-related (ATG)
genes in yeast have been identified to mediate this process, and
these genes exhibit homology from yeast to human.? With
subsequent studies in various animal models, many additional
physiological processes have been linked to autophagy including
intracellular protein quality control, maintenance of tissue home-
ostasis, animal development, and innate and adaptive immunity.>

Given the important roles autophagy plays, it is not surprising
that autophagy needs to be stringently regulated to avoid
either excessive or insufficient activity. Dysregulated autophagy
is related to many human diseases, including cancer, neurode-
generation, metabolic disorders, macular degeneration, and liver
and heart diseases.**

The level of autophagy is dynamic, allowing adaptation to
intracellular cues and environmental changes. Autophagy is
normally kept at basal levels to maintain cellular homeostasis,
while it also can be rapidly augmented as a survival mechanism in
response to stress signals such as starvation, growth factor
depletion, and hypoxia. The regulation of autophagy is largely
done through regulating the expression of ATG genes. Under
nutrient-deprivation conditions, global translation is downregu-
lated through two signaling pathways: the target of rapamycin
(TOR) pathway and the general amino acid control (GAAC)
pathway,®” to manage starvation stress with limited resources.
However, at the same time, the expression of most ATG genes is
upregulated to support the increased demands of autophagy
activity.®® This upregulation is critical to keep autophagy at
a proper amplitude®'®"" A tremendous amount of research
has focused on transcriptional and post-translational regulation of
ATG/Atg genes/proteins,'? but little is known about the transla-
tional control of autophagy. In fact, selective translation of mRNAs
is a widespread mechanism of gene regulation, and contributes to
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diverse biological processes, most of which are sensitive to stress,
cellular energy, and nutrient availability.”>'* Thus, we considered
the following question: Is there a specific translational control for
ATG mRNAs?

Previous translatome studies have reported increased transla-
tion efficiency for some ATG genes including ATGT1, ATG3, ATGS8
and ATG19 upon amino acid withdrawal, suggesting the existence
of translational regulation.''® Two recent studies demonstrated
that EIF5A (eukaryotic translation initiation factor 5A) is required
for efficient translation of ATG3 through a DGG tripeptide motif,
and the RNA binding protein ELAVL1/HuR (ELAV like RNA binding
protein 1) enhances the translation of ATG5, ATG12, and ATG16L1
through their 3’ untranslated region (UTR), providing new insights
into the translational control of autophagy.'"'” The translational
regulation of other ATG genes still remains unexplored.

Translational regulation can either target global mRNAs by
inhibiting or activating general translational machinery or target
specific mRNAs through trans-acting RNA binding factors includ-
ing RNA-binding proteins (RBPs) and miRNAs.'® This type of
regulation can take place at each of the three steps of translation:
initiation, elongation, and termination, with the rate-limiting step,
initiation, being the most common and effective target.'® RBPs,
which can interfere with various steps of initiation in a transcript-
specific manner, are the major regulators of translation. For the
purpose of discovering yeast RBPs involved in promoting ATG
mMRNA translation in response to starvation, we performed an Atg1
expression screen using deletion mutants in genes encoding RGG
motif-containing proteins. RGG motif proteins are a group of RBPs
characterized by the presence of multiple Arg-Gly-Gly and Arg-
Gly-X repeats, and they have been implicated in regulating
transcription, pre-mRNA splicing and mRNA translation.”®?" The
evolutionarily conserved RGG motif has an RNA-binding property
and also mediates protein-protein interactions.’>*> Recently, a
subset of RGG motif proteins in yeast were found to form a
complex with elF4E-elF4G through their RGG motifs, and several
RGG motif proteins in mammalian cells were reported to target
specific MRNAs to regulate their translation.>*’

Our screen for RGG motif proteins that affect Atg1 protein levels
led to the identification of Psp2, an RBP with four RGG motifs at its
C terminus, as a positive translational regulator for autophagy.
Under nitrogen-starvation conditions, Psp2 interacts with transla-
tion initiation factors and binds the 5 UTR of ATGT and ATG13
transcripts to promote their translation. The association of Psp2
with ATG mRNA is dependent on its RGG motif. Furthermore,
arginine residues within the RGG-motif region are required for the
function of Psp2. We found that Psp2 is arginine methylated by
the methyltransferase  Hmt1 during nutrient-rich conditions.
Starvation abolishes the methyltransferase activity of Hmt1,
preventing methylation of newly synthesized Psp2, and leaving
the majority of Psp2 unmethylated. Unmethylated Psp2 shows
higher binding affinity to ATGT mRNA, consistent with the
observation that cells expressing a Psp2 arginine-methylation-
mimetic mutant have lower Atg1 expression and autophagy
activity. Taken together, we show for the first time that expression
of Atg1 and Atg13 is regulated at the translational level by the RBP
Psp2 during nitrogen starvation. The switch of this regulation is
arginine methylation controlled by starvation/TOR signaling.

RESULTS

The RGG motif protein Psp2 promotes Atg1 expression under
nitrogen-starvation conditions

We carried out a screen using a library of deletion mutants
for genes encoding RGG motif-containing proteins with the goal
of identifying yeast RBPs involved in promoting ATG mRNA
translation in response to starvation. For two reasons we used
changes in Atgl protein level as the initial readout: First, Atg1
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plays essential roles in the induction of autophagy; second, the
expression of this protein is highly upregulated upon nutrient
deprivation, whereas global translation is downregulated (Fig. 1a;
Supplementary information, Fig. S1). Among all the mutants
screened, we found that psp2A cells showed a consistently
decreased level of Atg1 compared to wild-type (WT) cells during
nitrogen starvation, with the greatest difference (more than a 2-
fold decrease) following 1 day of starvation (Fig. 1a). This is similar
to what we observed with another stress stimulus: amino acid
starvation (Supplementary information, Fig. S1b). Furthermore,
following treatment with the TOR inhibitor rapamycin, which
normally results in an upregulation of autophagy and an increase
in Atg1, the psp2A cells also showed markedly less Atgl even
shortly after autophagy induction (Supplementary information,
Fig. S1c). This result suggests that Psp2 might function down-
stream of TOR.

Psp2 is a cytosolic protein that contains several RGG motifs at its
C terminus. The Psp2 protein is mostly known as a high-copy
suppressor of DNA polymerase mutations, and that it binds mRNA
and promotes P-body assembly.?®*3° A large-scale analysis
indicates that Psp2 is associated with the translation initiation
complex, but its role in translational regulation remains
unknown.?' Because deletion of PSP2 had no effect on global
gene expression in both growing and starvation conditions
(Supplementary information, Fig. S1a), we ruled out the possibility
that Psp2 affects general protein synthesis. To further investigate
the role of Psp2 in ATG1 gene expression, we overexpressed Psp2
by replacing its endogenous promoter with that of ZEOT at the
chromosomal locus. Overexpression (OE) of Psp2 substantially
increased Atgl protein abundance compared to WT cells after
nitrogen starvation (Fig. 1b). Together, these results identified
Psp2 as a positive regulator of Atg1 expression.

The Atg1 protein level is controlled by transcriptional and
post-transcriptional regulation in both yeast and mammalian
cells.’?*233 To exclude potential effects of Psp2 on ATGI
transcription or mRNA stability, we measured the level of ATGT
mMRNA in WT, psp2A and PSP2-OE cells, by real-time quantitative
RT-PCR (qRT-PCR). We found that the ATGT mRNA level was highly
upregulated upon nitrogen starvation as reported previously’
(Fig. 1¢); however, there was no significant difference between
WT cells and those either deleted for or overexpressing PSP2,
indicating that the effect of Psp2 on ATG1 expression occurs most
likely at the translational level.

The reduced Atgl level in psp2A cells might be due to
decreased protein synthesis or increased protein degradation. In
eukaryotic cells, proteins are primarily degraded either through
the ubiquitin-proteasome pathway or autophagy-lysosomal pro-
teolysis. During nitrogen starvation, ULK1 (a mammalian homolog
of yeast Atg1) is degraded in both autophagy-dependent and
proteasome-dependent pathways,>* whereas yeast Atgl can
undergo autophagy-dependent degradation in vacuoles,>>% but
it is not clear whether and how it is targeted to the proteasome.
To examine the effect of modulating Psp2 levels on the synthesis
of Atg1, we blocked the two degradation pathways by deleting
the gene encoding the major vacuolar protease, Pep4, which
should stabilize vacuolar Atg1, and by treating the cells with the
proteasome inhibitor MG132. Whether or not we blocked the
proteasome pathway, strains lacking PSP2 consistently showed a
significantly reduced level of Atg1 in starvation conditions (Fig. 1d).
In agreement with this finding, overexpression of Psp2 in pep4A
cells, where vacuolar degradation should no longer account for a
difference in protein level, led to an elevated level of Atg1
compared to the WT (Supplementary information, Fig. S1d). These
data indicated that Psp2 is regulating Atg1 synthesis rather than
its degradation.

To further confirm and quantify the effect of PSP2 deletion on
translation of the ATGT mRNA during nitrogen starvation, we used
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polysome profiling followed by gRT-PCR to chart the distribution
of mRNA in polysomes. Translation is typically requlated at the
initiation step, which is reflected by ribosome loading of a
particular mRNA. Thus, higher levels of translation are reflected by
higher ribosome occupancy, which will shift the population of that

SPRINGERNATURE

b
N(): o 6 24
PSP2: WT OE WT OE WT OE
At “ o= 4% WaISE.
Atg1 -

Psp2-PA~| Lt - -|

Pgk1 —I---—--|

\/c\ 200 D WT *kkk
< 15048 PSP2-OE
2 g *%
2 2 1004
E '% 50
i
[o% 0 .
-N (h): 6 24
d pep4A
-N (h): 0 3

DMSO MG132 DMSO MG132
PSP2: WT A WT A WT A WT A

Atg1~|..,,----_‘ “

ng']—l‘---— —_l-|

f WT pSp2A atg1A
-Nd): 01 3 01 3 0 1 3
Pgi1-GFP | - e -—

GFP A e

-

Pgk1 -I T —— — —— ——

-
a
o

OWT @ psp2A

-
o
o
1
*

Relative ratio of free
to total GFP (%)
N
e 9

'
=z
—
Q
=
=%
w

Dil (10X): 0
WT
pSp2A

pPSp2A

pPSp2A

MRNA deeper into the polysome fraction. In WT cells, the ATGT
mRNA was actively translated during nitrogen starvation, as
shown by the fraction of the mRNA occupied by 4 or more
ribosomes; however, this fraction was reduced in the absence of
Psp2 (Fig. 1e). The ATGT mRNA was redistributed toward the
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Psp2 is a positive regulator of Atg1 expression and autophagy activity during nitrogen starvation. a, b Psp2 is a positive regulator of

Atg1 expression. WT (SEY6210 for 1a and YZY051 for 1b), psp2A (YZY050), or ZEO1p-PSP2 (XLY439) cells were grown in YPD medium until mid-
log phase and then starved for nitrogen for 6 h or 1 day. Protein extracts were analyzed by western blot with anti-Atg1 and anti-Pgk1 (loading
control) antisera. Representative images and quantification of the data are shown. Atg1 level was measured and first normalized to Pgk1 and
then normalized to that of WT cells in the same condition (set to 100%). Mean = SEM of n >3 independent experiments are indicated.
Student’s t-test; **P < 0.01, ***P < 0.001, ****P <0.0001. ¢ Deletion or overexpression of PSP2 does not affect the ATGT mRNA level. WT
(SEY6210), psp24 (YZY050), and OE-PSP2 (XLY439) cells were grown in YPD until mid-log phase and then starved for nitrogen for 6 h or 1 day.
Total RNA was extracted and the ATGT mRNA level was quantified by RT-qPCR. The ATGT mRNA level was normalized to WT cells in growing
conditions (set to 1). Mean + SEM, n = 3 independent experiments for 6 h starvation, n =4 independent experiments for 1 day starvation.
Student’s t-test; ns not significant. d Psp2 regulates the Atg1 level in a manner that is independent of Atg1 degradation. WT (TVY1) and psp2A
(YZY092) cells that lack PEP4 were treated with control (DMSO) or a proteasome inhibitor (MG132; 75 uM) for 3 h in the indicated conditions
(YPD or SD-N media). The Atg1 level was analyzed by western blot. The line indicates that the separated lane was run on the same gel, but was
not contiguous with the lane next to it. e Deletion of PSP2 results in a redistribution of ATGT mRNA to a lower polysome/monosome fraction
during starvation conditions. Distribution of ATGT or PGK1T mRNAs in sucrose gradient fractions from WT (SEY6210) or psp2A (YZY050) cells
after nitrogen starvation as determined by qRT-PCR. Mean + SEM are indicated. f Autophagy is reduced in psp2A cells. WT (XLY306), psp2A
(XLY440), and atg1A4 (XLY307) cells in which Pgi1 was tagged with GFP were grown in YPD medium until mid-log phase and then starved for
nitrogen for the indicated times. The ratio of free GFP to total GFP (free GFP plus Pgi1-GFP) was quantified. The ratio of processed GFP at each
time point was then normalized to that of WT cells at the same time point (set to 100%). Mean + SEM of n = 3 independent experiments are
indicated. Student'’s t-test; ****P < 0.0001. g Psp2 positively regulates autophagy. WT (WLY176), psp2A (YZY063), and atg94 (YKF527) cells were
grown in YPD medium until the mid-log phase and then treated with 100 nM rapamycin for 6 or 8 h. Autophagy activity was measured
using the Pho8A60 assay. Pho8A60 activity was normalized to WT cells with 8-h rapamycin treatment (set to 100%). Means + SEM of n =3 or 4
independent experiments are indicated. Student’s t-test; *P < 0.05, ***P < 0.001, ****P < 0.0001. h Loss of Psp2 leads to reduced cell survival. WT
(YZY231) and psp24 (YZY232) cells were grown in YPD to mid-log phase and then starved for the indicated times. The indicated dilutions were

4grown on YPD plates for 2 days

monosome fraction when PSP2 was deleted, leading to decreased
translation units (Supplementary information, Fig. S1e). In contrast,
the distribution of PGK7 mRNA, which served as a control, was
unaffected (Fig. 1e; Supplementary information, Fig. S1e). Thus,
under nitrogen-starvation conditions, Psp2 is specifically required
for increasing the ribosome load on ATGT mRNA.

Psp2 is a positive regulator of autophagy

Because Psp2 promotes the expression of ATGIT in starvation
conditions, we speculated that it might be a positive regulator of
autophagy. To test if autophagy activity is impaired in psp2A
cells, we developed a processing assay based on Pgi1-GFP. Pgi1l
is a long-lived cytosolic glycolytic enzyme,®” whose expression is
stable even during prolonged nitrogen starvation (Fig. 1f). Upon
starvation, Pgi1-GFP is expected to be randomly delivered to the
vacuole for degradation though nonselective autophagy, similar
to most other cytosolic proteins. In the vacuole, Pgi1 will be
degraded, whereas the GFP moiety remains relatively stable®®,
accordingly, we observed the accumulation of free GFP in
WT cells after starvation. In contrast, in atglA cells, only full-
length Pgi1-GFP was detected, indicating the degradation of the
chimera is dependent on autophagy. Thus, the conversion of
Pgi1-GFP into GFP can be used as a readout for autophagic flux.
In the psp2A strain, we observed a markedly lower level of Pgi1-
GFP processing relative to the control after 1 day of starvation,
and this difference became more significant following 3 days of
nitrogen starvation (Fig. 1f). We also observed similar results
when we measured the processing of two additional long-lived
cytosolic GFP fusion proteins, Fbal (fructose-1,6-biphosphate
aldolase 1)-GFP, and Pgk1 (3-phosphoglycerate kinase)-GFP,3°4°
suggesting decreased autophagy flux in psp2A cells (Supple-
mentary information, Fig. S1f, g).

To extend our analysis, we used the quantitative Pho8A60
assay.*' Pho8460 is a mutant form of the vacuolar phosphatase
that is delivered to the vacuole through autophagy, allowing
for the proteolytic activation of its phosphatase activity.
To avoid the early saturation of Pho8460 activity in WT cells,
we treated the cells with rapamycin instead of nitrogen
starvation. After 6-h rapamycin treatment, WT cells showed a
substantial induction of Pho8460 activity, which was blocked by
the deletion of ATGY (Fig. 1g). In agreement with the chimeric
GFP processing assays, psp2A cells showed a significant decrease
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in autophagy activity compared to WT cells after 6-h and 8-h
rapamycin treatment.

Defects in autophagy activity cause reduced life span and
increased cell death, thus leading to a loss in viability during
nutrient deprivation.*? To test the physiological importance of
Psp2-dependent regulation of autophagy, we monitored the
viability of yeast cells lacking Psp2 after prolonged nitrogen
starvation. Compared to WT cells, psp2A cells showed a noticeable
reduction in viability after 10 days of starvation, which was further
exacerbated with longer starvation (Fig. 1h). Collectively, these
data suggest that Psp2 positively regulates autophagy during
nitrogen starvation conditions, possibly by promoting ATGT
translation.

Psp2 binds to ATGT mRNA

To address whether Psp2 directly targets ATGT mRNA to
promote its translation, we performed an RNA immunoprecipi-
tation (RIP) assay.** To carry out this analysis we generated a
strain with a protein A (PA) tag integrated at the chromosomal
PSP2 locus. We precipitated Psp2-PA with IgG, which binds to
the protein A-tag, using cell lysates from the tagged strain and
an untagged WT strain as a control. Cells were starved for
nitrogen prior to lysis, and co-precipitated RNAs were quantified
by gqRT-PCR. We observed significant enrichment of ATGT mRNA
in the Psp2-PA RIP relative to the control (untagged WT) RIP
(Fig. 2a). In addition, we used PGK1, whose expression is not
affected by the depletion of Psp2, as a negative control. In this
case, there was minimal (background) enrichment, which
confirmed that Psp2 directly associates with ATG1 mRNA.
Although many features of an mRNA can contribute to its
interaction with RBPs, most binding sites for regulatory proteins
are located within the 3’ or 5/ UTRs.** To investigate which
region on the ATGT transcript serves as the binding site for Psp2,
we used a set of probes that amplify different fragments along
the transcript. The 5’ UTR and 3’ UTR of ATGT mRNA are 549
nucleotides (nt) and 595 nt, respectively.*>¢ All of the ATG1
mRNA fragments and PGK7 mRNA amplified during gRT-PCR are
within 105-145 base pairs (bps), which are within the optimal
amplicon length for qRT-PCR. We found a higher enrichment at
both the 5/ UTR and 3/ UTR compared to the open reading frame
(ORF) (Fig. 2a), suggesting that Psp2 might target those regions
directly for binding.
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Psp2 also promotes the translation of Atg13

Atgl is not the only Atg protein whose expression is highly
upregulated during starvation, which prompted us to ask if there
are any other ATG genes that are also regulated by Psp2. To
answer this, we used the same method to examine the
enrichment of other ATG mRNAs using specific primers amplifying
an mRNA sequence of approximately 120 bps spanning from the
5/ UTR to the ORF. Among them, ATG13 and ATG14 mRNAs
showed the highest enrichment, approximately 8 and 4 fold,
respectively, in the Psp2-PA RIP versus the control RIP (Fig. 2b).

SPRINGERNATURE

Both Atg13 and Atg14 are in the core machinery of autophagy,
and their expression is upregulated during starvation.”*” Because
the amounts of VPS30/ATG6 and ATG16 mRNAs were too low to be
detected in RIP samples, we directly compared their protein levels
between WT and psp2A cells. Deletion of PSP2 did not reduce
either Vps30/Atg6 or Atg16 expression (Supplementary informa-
tion, Fig. S2a).

Next, we sought to test if Psp2 indeed promotes the translation
of Atg13 and Atg14 by measuring their protein levels in psp2A
cells using western blot. Both proteins were induced upon
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Fig. 2 Psp2 promotes the translation of Atg1 and Atg13 by targeting their 5’ UTR. a, b Psp2 directly targets ATGT mRNA. WT (SEY6210) and
PSP2-PA (YZY051) cells were grown in YPD medium to mid-log phase and then starved for nitrogen for 2 h. Cells were subjected to RNA
immunoprecipitation as described in experimental procedures. qRT-PCR experiments were performed to show the enrichment of ATG mRNAs
based on the Psp2 RIP assay. “-" and without “-” mean the start of the amplicon is upstream or downstream of the start codon, respectively.
The amplified 3’ UTR of the ATGT mRNA refers to the sequence starting from 25 bps upstream of the stop codon and is 124 bps long. All of the
fragments amplified during gRT-PCR are within 105-145 bps. Mean ratios = SEM of n = 3 independent experiments of ATG mRNA levels in
Psp2-PA:non-tag RIP are indicated. PGKT mRNA served as a negative control. Enrichment of different regions in ATGT mRNA and other ATG
mMRNAs are shown in a, b, respectively. Student’s t-test, *P < 0.05, **P < 0.01, ***P < 0.001; ns not significant. ¢, d Psp2 also positively regulates
Atg13 expression. Cells of the indicated strains (for Atg13: ZYY202, YZY235 and YZY236; for Atg7: JMY322, YZY128; for Atg14: YZY059 and
YZY060) were grown in YPD medium until the mid-log phase and then starved for nitrogen for the indicated times. Protein extracts were
analyzed as in Fig. 1a. Representative images of western blots are shown in ¢, d, and quantification of the Atg13-PA level is shown in ¢. Mean +
SEM of n =3 independent experiments are indicated. Student’s t-test; **P < 0.01, ***P < 0.001; ns not significant. The 3’ UTR and 5’ UTR of
ATG13 was not altered in the tested strain. e The regulation of Atg1 translation by Psp2 is dependent on the 5’ UTR of ATGT mRNA. Atg1
protein levels were measured in atg1A cells and atg1A4 psp2A cells expressing either ATGT under the control of the ATG7 promoter (XLY442 and
XLY443) or ATG1 with the ATG7 3’ UTR (XLY349 and XLY441) under the indicated conditions by western blot. Representative images are shown.
f The enrichment of the ATG7 +35 mRNA fragment was measured by qRT-PCR experiments using RIP in atg1A cells and atg1A PSP2-PA cells
expressing either ATGT under the ATG7 promoter (YZY185) or ATG1 with the ATG7 3’ UTR (YZY184). The enrichment was quantified and shown
as in Fig. 2a; PGK1 and ATG7 mRNAs served as negative controls. Student’s t-test; ****P < 0.0001; ns not significant. g Psp2 binds the 5’ UTR of
ATGT mRNA in vitro. A gel-shift assay was performed to analyze the binding of Psp2 to ATGT mRNA. A 500-bp construct representing the 5’

UTR of ATGT mRNA was incubated with increasing concentrations of purified Psp2. A representative image is shown out of 4 repeats

starvation, whereas the Atg13 level in psp2A cells was significantly
less than that in WT cells during prolonged nitrogen starvation
(Fig. 2¢). In agreement with this result, overexpression of Psp2 led
to an increase in Atg13 expression after 6 h of nitrogen starvation.
In contrast, Atg14 failed to show any significant difference
between psp2A cells and WT cells (Fig. 2d). Furthermore, we
measured the amount of Atg7, the mRNA of which was not pulled
down by Psp2-PA RIP (Fig. 2b). Consistent with the RIP assay,
deleting PSP2 had essentially no effect on the expression of Atg7
(Fig. 2d). Finally, we examined one additional protein, Atg9, which
we have previously shown is regulated at the transcriptional level
by Pho23.2 The protein level of Atg9 was not affected by Psp2
depletion in either the WT or pep44 background (Supplementary
information, Fig. S2b). Taken together, these data identified ATG13
as another target of Psp2.

Psp2 targets the 5’ UTR of the ATGT transcript

To extend our analysis, we decided to investigate whether it is the
3" UTR or the 5’ UTR of ATGT mRNA that is targeted by Psp2. We
relied on the observation that Atg7 expression was not affected by
PSP2 deletion and generated atglA strains in which ATGT was
either expressed under the control of its endogenous promoter
and contained the ATG7 3’ UTR, or expressed under the control of
the ATG7 promoter with the endogenous ATGT 3’ UTR. When the
3’ UTR of ATG1 was switched with that of ATG7, the psp2A cells still
showed a substantial decrease in Atg1 protein level compared to
WT cells during starvation (Fig. 2e), to a similar extent as seen with
the endogenous 3’ UTR (Fig. 1a), indicating that the 3’ UTR of ATG1
is not required for Psp2 function. This was further confirmed by
examining cells where the ATG7 3’ UTR was replaced with that of
ADH1 (Supplementary information, Fig. S2c), another gene that is
not targeted by Psp2 (data not shown), which displayed a similar
phenotype. In contrast, switching the ATG7 5’ UTR with that of
ATG7 (ATG7 promoter [ATG7p]) prevented the decrease in Atgl
protein in psp2A cells (Fig. 2e), suggesting that the 5/ UTR of ATGT
mMRNA contains regulatory elements for Psp2 targeting.

Next, we asked whether these phenotypes are due to a
disrupted Psp2-ATGT mRNA interaction. To this end, we performed
RIP in strains where either the 5 UTR or 3’ UTR of ATGT was
switched with that of ATG7 as above, using both PGK1 and ATG7
mRNA as negative controls. Consistent with the change in Atg1l
protein level, we did not observe any enrichment of ATGT mRNA
in the Psp2-PA RIP when its endogenous 5 UTR was replaced,
whereas 3’ UTR switching still allowed substantial enrichment
(Fig. 2f). This result further confirmed that Psp2 targets the 5/ UTR
of ATGT mRNA to promote its translation. The enrichment seen for
the 3/ UTR with the Psp2 complex by RIP (Fig. 2a) might be due to
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the formation of circularized mRNA when ATGT is actively
translated.

To verify observations made in vivo, we decided to recapitulate
the interaction between Psp2 and the 5 UTR of the ATGI
transcript in vitro. To this end, Psp2 was recombinantly expressed
and purified. The ATGT mRNA was synthesized using T7 RNA
polymerase, generating 500-bp transcripts bearing the nucleotide
sequence upstream of the ATGT ORF. The interaction between
Psp2 and the RNA transcript was monitored using a gel-shift assay.
Results verified that full-length Psp2 directly bound to the 5’ UTR
of ATGT mRNA (Fig. 2g). As a control, we also tested whether or
not RNA transcripts representing the 5’ UTR of ATG7 could bind to
Psp2 in vitro. This interaction was not observed using RNA-IP in
yeast cells. The results, however, showed that Psp2 could associate
with the 5 UTR of ATG7 mRNA, but not as strongly as seen with
ATG1 (Supplementary information, Fig. S2d, e). The observed
3-fold difference in binding affinities, coupled with the observa-
tion that the amount of ATGT mRNA is estimated to be 2-fold
higher than that of ATG7 (unpublished RNAseq data) after 2 h of
nitrogen starvation, may partially account for the lack of ATG7
transcript that immunoprecipitated with Psp2-PA in vivo. Further-
more, there might be other potential RBPs in the cell that
preferentially interact with the ATG7 mRNA, and these may
compete with Psp2.

The RGG motif is essential for Psp2 to promote ATGT expression
The RGG motif/box contains multiple clustered RGG/RG repeats
interspersed with a varied length of spacers (usually 0-4 amino
acids).2%2! Psp2 harbors thirteen RGG/RG repeats in four different
RGG motifs at its C terminus (Fig. 3a). Because the RGG motif
possesses an RNA-binding property and also mediates protein-
protein interactions,”"** we speculated that it may play important
roles in promoting ATG gene translation. To define the function of
the Psp2 RGG motif, we constructed truncation mutants in which
the C-terminal 56, 156, or 175 residues were deleted, so that they
only have two, one or no RGG motifs, respectively (Supplementary
information, Fig. S3a). We first examined if removing RGG motifs
affects ATG1 expression based on western blot. Compared to the
WT, cells expressing all three truncation mutants showed lower
Atg1 protein levels, to a similar extent as seen with the complete
PSP2 deletion strain (Supplementary information, Fig. S3b),
suggesting that the RGG motifs might be required for Psp2
function. Next, we focused on Psp2A175, also named Psp2ARGG,
the variant lacking all the C-terminal RGG motifs. We found that
the ability of Psp2 to bind ATGT mRNA was completely abolished
in Psp2ARGG cells (Fig. 3b), suggesting that the RGG motifs
are crucial to Psp2’s mRNA binding capability. To corroborate
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our result in vitro, we performed a gel-shift assay using purified
recombinant Psp2ARGG. With this mutant, we did not observe
any shift in the ATGT mRNA band (Fig. 3c), supporting our
hypothesis that RGG motifs are required in order for Psp2 to
interact with RNA.

Because the 175 amino acids at the Psp2 C terminus might
contain other functional structures, and large truncations might
disrupt protein structure and integrity, to further examine whether
the RGG moitif is required for Psp2 function, we constructed a set
of strains in which each individual RGG motif was deleted. We also
included a A453-475 mutant, as 453-475 is a poly-N sequence,
and asparagine-rich domains have been implicated in RNA
recognition and RNA binding*®*® (Fig. 3a). In Psp2[RGG2A] and
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Psp2[RGG3A] cells, but not Psp2[RGG1A], Psp2[RGG4A] or Psp2
[A453-475] cells, the Atg1l protein level was significantly
decreased compared to WT cells under nitrogen-starvation
conditions (Fig. 3d). To determine if Atgl reduction is due to
decreased mRNA binding ability, we chose to examine whether
Psp2[RGG3A]-PA binds ATGT mRNA similar to Psp2-PA as assessed
by the RIP assay, because Psp2[RGG3A] cells showed the highest
decrease of Atg1 among all the RGG deletion strains tested. As
expected, deleting the RGG3 motif led to markedly reduced ATGT
mMRNA enrichment compared to the WT, especially for the RNA
region 290 nucleotides upstream in the 5’ UTR (Fig. 3e). None-
theless, we still observed some level of ATGT mRNA associated
with Psp2[RGG3A]-PA, suggesting that apart from the RGG3 moaitif,
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Fig. 3 Psp2 promotes ATG gene expression in an RGG-motif-dependent manner. a The indicated positions and sequences of RGG motifs
(1 to 4) in Psp2 are shown. RG/RGG repeats in the RGG motif are bolded and underlined. b The RGG motif in Psp2 is important for ATGT mRNA
binding in vivo. WT (SEY6210), PSP2-PA (YZY051) and psp2A175-PA (YZY116) cells were subjected to RNA immunoprecipitation. The enrichment
of the indicated ATGT mRNA fragments was measured by qRT-PCR experiments, quantified and shown as in Fig. 2a; PGKT mRNA served as a
negative control. Student’s t-test; **P < 0.01; ns not significant. ¢ The RGG motif in Psp2 is required for ATGT mRNA binding in vitro. A 500-bp
construct representing the 5’ UTR of the ATGT transcript was incubated with increasing concentrations of purified recombinant full-length
Psp2 and Psp2A175. A representative gel is shown. d RGG2 and RGG3 in Psp2 are important for its function in regulating Atg1 expression. WT
(YZYO051), psp2A (YZY050), and cells with the indicated truncations were grown in YPD medium until mid-log phase and then starved for
nitrogen for 1 day. The Atg1 level was analyzed by western blot. Representative images and quantification of the data are shown. Mean + SEM
of n = 3 independent experiments are indicated. Student'’s t-test; **P < 0.01, ***P < 0.001, ****P < 0.0001; ns not significant. e The RGG3 motif in
Psp2 is important for ATGT mRNA binding. WT (SEY6210), PSP2-PA (YZY051), and PSP2[RGG3A]-PA (YZY169) cells were subjected to RNA
immunoprecipitation. The enrichment of the indicated ATGT mRNA fragments was measured by qRT-PCR experiments, quantified and shown
as in Fig. 2a). PGKT mRNA served as a negative control. Student’s t-test; *P < 0.05, **P < 0.01; ns not significant. f Arginines in the RGG2 and
RGG3 motifs are important for the function of Psp2. The Atg1 level was measured by western blot in the indicated strains after 1 day of
nitrogen starvation. A representative image and quantification are shown. Mean = SEM of n > =4 independent experiments are indicated.
Student’s t-test; *P < 0.05, ****P < 0.0001; ns not significant. g The Pgi1-GFP processing assay was performed in the indicated strains. Cells were
grown in YPD medium until mid-log phase and then starved for nitrogen for 3 days. The processing of Pgi1-GFP was quantified as in Fig. 1f.
Mean + SEM of n = 3 independent experiments are indicated. Student’s t-test; **P < 0.01, ***P < 0.001; ns not significant

other protein domains might be also involved in the Psp2-mRNA
interaction, such as the RGG2 motif.

Arginine residues within the RGG motif are important for its
binding with different RNAs.>°>2 To test whether the arginine
residues in the Psp2 RGG motif are functionally critical, we
mutated the coding regions for these residues in RGG2 and RGG3
by replacing arginines with alanines in a plasmid stably expressing
Psp2-PA. We observed that the expression of Psp2 in the Arg-to-
Ala mutants was comparable to that in the WT (Fig. 3f), indicating
that the mutations did not affect protein stability. Consistent with
the results in RGG motif-deletion mutants, compared to psp2A
cells with WT Psp2-PA, psp24 cells expressing Psp2R>>7229°63A pp
(RGG3-3A) or Psp2R>31353357.539563A pp (RGG3-5A) showed sig-
nificantly decreased ATG1 expression, to a similar level as that
seen in the Psp2[RGG3A] strain (Fig. 3f). We observed that the
number of arginine-to-alanine mutations had a dosage-
dependent effect on the Atgl protein level, with essentially
no effect seen with Psp2®°°1>>3A.pA (RGG3-2A). Furthermore,
autophagy activity was also diminished when the five arginines in
the RGG3 motif were substituted with alanines based on the Pgi1-
GFP processin/(:; assay (Fig. 3g). In contrast, psp2A cells with
Psp2R440443447A pp (RGG2-3A) did not show a substantial reduc-
tion in Atg1l levels (Fig. 3f) or a significantly reduced Pgi1-GFP
processing (Fig. 3g), indicating some difference in the extent of
the phenotype dependent on the particular RGG motif. A possible
explanation with regard to the autophagy activity is that the slight
decrease in Atgl expression may not compromise the ability of
the RGG2-3A strain to induce autophagy. Taken together, these
data indicate that arginine residues within the Psp2 RGG motif,
and especially RGG3, are required for normal Atg protein
expression and autophagy activity during nitrogen starvation.

Psp2 interacts with elF4E and elF4G2
Translation initiation is the most common target of translational
control.>®* During this process, eukaryotic translation initiation
factor 4E (elF4E) binds to the m’GpppG cap as part of the elF4F
complex, which also contains elF4G, a central adaptor and
scaffolding protein for other initiation factors.>* Previous large-
scale affinity purification and protein-fragment complementation
assays have shown that Psp2 can be co-purified with several
proteins involved in translation initiation, including Cdc33 (elF4E),
Tif4632 (elF4G2), Ded1 and Dbp1.3'%>°® Among these proteins,
elF4E and elF4G are the most frequent targets of translational
regulators.>’8 To further address how Psp2 promotes Atgl and
Atg13 translation, we examined the interaction between Psp2 and
elF4E or elF4G by co-immunoprecipitation (IP).

Endogenous Cdc33-GFP was co-precipitated with Psp2-PA in
both growing and starvation conditions (Fig. 4a), whereas in the
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control experiment in which Psp2 was not tagged with PA, neither
protein was efficiently precipitated. Despite the fact that Psp2-PA
in starvation samples was partially degraded during incubation in
the IP/lysis buffer, we still observed that starvation significantly
enhanced the interaction between Cdc33 and Psp2 (Fig. 4a).
Although Psp2-PA failed to precipitate elF4G1 by this approach
(data not shown), we detected an endogenous interaction
between Psp2 and Tif4632 (elF4G2) (Supplementary information,
Fig. S4a). Next, we asked if ATG1 or other mRNAs were involved in
bridging this interaction. The addition of RNase A to lysates did
not reduce the amount of Cdc33-GFP affinity isolated with Psp2-
PA in either growing or starvation conditions (Fig. 4b; Supple-
mentary information, Fig. S4b), suggesting that this interaction is
RNA independent.

To identify the region within Psp2 required for binding to elF4E
or elF4G, we first tested Psp2ARGG (Psp2A175), as the RGG motif
could mediate protein-protein interaction, and several other yeast
RGG motif proteins interact with elF4E or elF4G in a manner
dependent on these motifs.>* However, we found that Psp2ARGG
retained the ability to pull down elF4E in an endogenous co-IP
assay (Fig. 4c; Supplementary information, S4c). Considering that
the protein level of Psp2ARGG was much higher than Psp2, we
speculated that RGG motifs might contribute to, but not be
essential for, the interaction between Psp2 and elF4E or elF4G.
This result is also consistent with the finding that the interaction is
RNA-independent, because RGG motifs are RNA binding domains.
Considering that Psp2 is a protein whose functions largely remain
unknown, and it contains no known protein interaction domains
other than the RGG motifs, we constructed a series of truncation
mutants of Psp2 based on the prediction of its intrinsic disordered
regions and protein binding regions (Supplementary information,
Fig. S4d). We observed that a region within amino acids 274-418
was required for the interaction between Psp2 and Cdc33 (Fig. 4d).
Cells expressing a Psp2 mutant lacking this region also had a
decreased Atgl level after starvation (Fig. 4e). These data
demonstrate that the association between Psp2 and elF4E and/
or elF4G is required for promoting Atg1 expression.

Arginines in Psp2 are methylated by Hmt1

Arginine methylation is a posttranslational modification most
commonly found in RNA-binding proteins and it has been
implicated in various aspects of RNA metabolism and transla-
tion.> Arginine residues within RGG/RG motifs are preferred sites
for methylation by protein arginine methyltransferases (PRMTs).?’
Arginine methylation in the RGG motif could have either positive
or negative effects on its direct interaction with RNA by either
increasing the hydrophobicity to enhance binding affinity, or
interrupting H-bond interaction and creating steric hindrance to
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Fig.4 Psp2 interacts with elF4E and elF4G2. a Psp2 interacts with elF4E. Cells expressing Psp2-PA and Cdc33-GFP (YZY131) or only Cdc33-GFP
(untagged control; YZY132) were grown in YPD medium until mid-log phase, then starved for nitrogen for 2h or 1 day. Cell lysates were
prepared and then subjected to protein-A-immunoprecipitation (IP: PA) as described in Experimental Procedures. The samples were analyzed
by western blot with anti-PA and anti-GFP antibodies. b The interaction between Psp2 and elF4E is RNA independent. Cells were grown in YPD
medium until mid-log phase, then starved for nitrogen for 2 h. Immunoprecipitation was performed as described in Fig. 4a and the RNase
treatment during incubation with IgG beads was conducted as described in Experimental Procedures (see also Supplementary information,
Fig. S4b). ¢ The RGG motif is not required for Psp2-elF4E interaction. Cdc33-GFP cells expressing Psp2-PA, Psp2A175-PA (YZY139) or untagged
Psp2 were grown in YPD medium until mid-log phase, then starved for nitrogen for 2 h. Immunoprecipitation was performed as described in
Fig. 4a (see also Supplementary information, Fig. S4c). d Psp2 mutants lacking amino acids 274-322 (PSP2(A274-322)) or amino acids 323-418
(PSP2(A323-418)) were unable to interact with elF4E. Cells (YZY050) expressing different Psp2 truncation variants were grown in YPD medium
until mid-log phase, then starved for nitrogen for 2 h. Immunoprecipitation was performed as described in Fig. 4a. e PSP2(A274-322) and PSP2
(A323-418) mutants showed a reduced Atg1 level during nitrogen starvation. The Atg1 protein level was measured by western blot in the
indicated strains after 1 day of nitrogen starvation. A representative image is shown

prevent close interaction with mRNA.>>%°5% Because Psp2 has
been reported to be arginine methylated in the context of the
RGG motif under nutrient-rich conditions,®* we asked whether this
methylation could regulate Psp2 function.

To address this question, we first verified that Psp2 is
methylated in vivo. Accordingly, we performed MYC affinity
isolation in yeast strains expressing MYC epitope-tagged Psp2
under nutrient-replete conditions. The immunoprecipitated sam-
ples were detected by western blot using anti-MYC antibody to
confirm the precipitation, and MMA, a mono-methyl arginine-
specific antibody, to assess the methylation status of Psp2.5> We
also included Psp24ARGG-MYC cells as a control because all of the
arginines in the truncated region are within the RGG moaitifs; all of
the remaining arginines are outside of these motifs. We observed
that Psp2-MYC was indeed arginine methylated (Fig. 5a) and this
occurred only at the arginines in the RGG motif (Supplementary
information, Fig. S5a). Because Hmt1 is the predominant protein
arginine methyltransferase in yeast,® we examined if Psp2 is a
substrate of Hmt1 in vivo using the same approach in HMT1
knockout cells. Psp2 was no longer arginine methylated in hmt1A
cells (Fig. 5a), indicating that Psp2 is arginine methylated in an
Hmt1-dependent manner.

Starvation conditions or rapamycin treatment can promote the
inactive monomerization of Hmt1, thus abolishing its arginine
methyltransferase activity.®’” In addition, Hmt1 protein level also
decreased after nitrogen starvation (Supplementary information,
Fig. S5b). Therefore, we next proceeded to examine if the
methylation status of Psp2 changes before and/or after starvation.
Although the protein level of Psp2-MYC was stable even during
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prolonged nitrogen starvation as detected by anti-MYC antibody,
the level of methylated Psp2 as indicated by MMA markedly
dropped after nitrogen starvation; thus, the portion of unmethy-
lated Psp2 largely increased (Fig. 5b). Similar results were
observed with amino acid starvation (Supplementary information,
Fig. S5c). Because there is no known non-histone arginine
demethylation,®® we speculated that the decreased Psp2 methyla-
tion results from the turnover of methylated Psp2, whereas newly
synthesized Psp2 is unmethylated during nitrogen starvation.

Unmethylated arginine in the RGG motif is required for normal
Atg protein expression and autophagy activity during nitrogen
starvation

Because Psp2 promotes ATGT expression during starvation
conditions but has no, or a minor, effect in growing conditions
(Fig. 1a, b), which correlates with the methylation status of Psp2,
we wondered if arginine methylation functions as a molecular
switch that turns off Psp2 function. To this end, because starvation
enhanced Psp2-ATG1 mRNA interaction (Fig. 5c), we first
investigated if methylation of Psp2 alters its binding of ATGT
mMRNA. Psp2-PA RIP and untagged-Psp2 RIP were performed in
both  WT and hmti1A cells. There was significantly higher
enrichment of ATGT mRNA when Psp2 was not methylated
(Fig. 5d), suggesting that arginine methylation of Psp2 impairs its
binding to ATGT mRNA.

Because ATGIT expression is regulated by many factors, and
Hmt1 has broad substrate specificity, phenotypes of the hmt1A
mutant may not be due only to defects in Psp2 methylation.
To avoid off-target downstream effects and determine the
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affinity isolated with anti-MYC-beads from PSP2-MYC (YZY133) and PSP2-MYC hmt1A (YZY149) cells. The samples were analyzed by western blot
with anti-MYC and mono-methyl arginine (MMA)-specific antibody. b The amount of methylated Psp2 markedly decreased upon nitrogen
starvation. PSP2-MYC cells were grown in YPD medium until mid-log phase and then starved for nitrogen for 6 h or 1 day. Protein extracts were
analyzed by western blot with anti-MYC, anti-Pgk1 (loading control) and mono-methyl arginine (MMA)-specific antibodies. PSP2-MYC hmt1A
cells collected during growing conditions (0 h -N) serve as a negative control. ¢ Starvation enhanced the interaction between Psp2 and ATG1
MRNA. WT (SEY6210) and PSP2-PA cells (YZY051) were grown in YPD medium to mid-log phase, then shifted to SD-N medium. Cells were
harvested in both conditions and subjected to RIP as described in Fig. 2a. Mean ratios + SEM of n = 3 independent experiments of ATGT mRNA
relative enrichment in Psp2-PA SD-N RIP (normalized to Psp2-PA growing condition RIP) are shown. PGKT mRNA served as a negative control.
Student’s t-test, *P < 0.05, **P < 0.01. d Deleting HMT1 increased binding of ATGT mRNA with Psp2. WT (non-tag) (SEY6210), PSP2-PA (YZY051),
and PSP2-PA hmt1A (YZY177) cells were grown in YPD medium to mid-log phase and then subjected to RNA immunoprecipitation as
described in Experimental Procedures. gRT-PCR experiments were performed and quantified to show the relative enrichment of different
ATGT mRNA fragments in Psp2-PA:non-tag RIP. Mean ratios + SEM of n =3 independent experiments of ATGT mRNA relative enrichment in
hmt1A Psp2-PA RIP (normalized to WT Psp2-PA RIP) are shown. PGKT mRNA served as a negative control. Student’s t-test, *P < 0.05, **P < 0.01,
***¥P < 0.001; ns not significant. e Unmethylated arginines in RGG3 are important for the function of Psp2. The Atg1 protein level was measured
by western blot in the indicated strains after 1 day of nitrogen starvation. A representative image and quantification are shown. Mean + SEM
of n > 3 independent experiments are indicated. Student’s t-test; *P < 0.05, ****P < 0.0001; ns not significant. f The Pgi1-GFP processing assay
was performed in the indicated strains (WT [YZY213], psp2A [YZY212], 5K [YZY252], 5F [YZY253]). Cells were grown in YPD medium until mid-
log phase and then starved for nitrogen for 3 days. The processing of Pgi1-GFP was quantified as in Fig. 1f. Mean + SEM of n > 3 independent
experiments are indicated. Student’s t-test; **P < 0.01, ***P < 0.001; ns not significant

significance of Psp2 methylation, we generated Psp2-PA con-
structs in which arginines within the RGG3 motif were mutated to

to cells with WT Psp2-PA (Fig. 5e). In contrast, cells expressing a
non-methylatable arginine-mimic variant, Psp27>>1553:57,559,563K_

lysines or phenylalanines. Positively charged lysine residues can
functionally mimic unmethylated arginines and are not recog-
nized by Hmtl for methylation, whereas bulky hydrophobic
phenylalanine residues can mimic constitutive methylated argi-
nines.*”" In line with the RIP experiments, cells expressing an
arginine-methylation-mimetic variant, Psp2R®°1°53:557:359565F pp
(RGG3-5F), showed a significantly lower level of Atg1 compared
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PA (RGG3-5K), did not show any difference from WT, indicating
that unmethylated arginines are required for Psp2 function.
Consistent with changes in ATGT expression level, cells expressing
RGG3-5F, but not RGG3-5K, showed impaired autophagy activity
based on the Pgi1-GFP processing assay (Fig. 5f). It is noteworthy
that the phenotypes in RGG3-5F cells were similar to the ones
observed for RGG3-5A and RGG3-deletion mutants. Taken
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together, these data indicate that arginine methylation in the RGG
motifs (especially RGG3) functions as a switch that regulates Psp2
function, thus regulating ATG gene expression, in response to
nutrient conditions.

DISCUSSION

One of the major topics of focus in the field is how autophagy is
kept at basal level in normal conditions and how it is quickly
switched on upon certain types of stimulation. Cells respond
to environmental stress, including nutrient deprivation, by
promptly and precisely altering gene expression patterns. The
control of mRNA translation in eukaryotes is an essential
mechanism of gene regulation. The translational reprogram-
ming under stress conditions often combines global translation
shutdown and selective translation of stress-response genes.'>
During starvation, the mechanism of how general protein
synthesis is repressed has been described, whereas whether
and how ATG genes are selectively translated remains unclear. In
this study, we carried out a screen for translational regulators
modulating ATG gene expression and identified Psp2 as a
positive regulator of autophagy through promoting Atg protein
synthesis.

During nitrogen starvation, the absence of Psp2 significantly
reduced the expression of Atgl and Atgl13 proteins, whereas
overexpression of Psp2 increased their expression, without
changes in ATGT and ATG13 mRNA levels, suggesting that Psp2
functions in translational control. The decreased autophagy
activity and reduced cell survival in psp2A cells are likely primarily
due to the decreased Atg1 and Atg13 protein levels. However, we
cannot rule out the possibility that some other Atg or regulatory
proteins might be upregulated by Psp2 because our screen was
based on an RNA binding assay and only focused on Atg proteins
that are in the core machinery or known to be upregulated during
starvation. We showed that Psp2 directly bound ATGT and ATG13
transcripts in an RGG motif-dependent manner. In line with this,
the expression of Atg proteins, whose transcripts were not bound
by Psp2, was not affected by PSP2 deletion. Further analysis of
ATGT mRNA by replacing its 3’ or 5 UTR indicated that Psp2
targets the 5 UTR of the ATGIT transcript. Atgl and Atg13
physically interact with each other and are part of the Atgl
complex. Both of these proteins are at the convergence of
multiple signaling pathways including the TOR, AMPK and PKA
pathways,’ and are essential for initiating autophagosome
formation. It is intriguing that the two corresponding genes are
regulated by Psp2; perhaps the selective translation of Atgl
and Atg13 could cause a more robust induction and is important
for the maintenance of autophagy activity during prolonged
starvation.

Recently our lab determined that Dhh1, a DExD/H-box RNA
helicase, is important for driving the translation of Atg1 and Atg13
by recognizing the structured regions of their mRNAs, which form
proximal to the start codons;®* mutants that destabilize this
structured region allow expression independent of Dhhil. To
exclude the possibility that Psp2 and Dhh1 function in the same
pathway, we introduced the structured region-mutated ATGT into
psp2A cells. We found that Psp2 was required for the efficient
translation of both WT and mutated ATGT (Supplementary
information, Fig. S6), indicating that Psp2 and Dhh1 regulate the
expression of Atg1 and Atg13 independently.

Because only two mRNA targets of Psp2 have been found, we
were not able to identify the RNA regulatory sequences or
secondary structures that allow recognition and selective recruit-
ment. RGG motifs have the biochemical properties to bind both
RNA and proteins.?’ Several yeast RGG motif proteins, including
Scd6, Sbp1 and Npl3, bind elF4G through their RGG motifs and
repress translation in vitro.?* This is distinct from the case of Psp2
because this protein bound elF4E in an RGG motif-independent
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manner. We also for the first time showed that an RGG motif
protein in yeast could promote translation.

We found that PSP2 deletion leads to reduced expression of
Atg1 and Atg13 in prolonged nitrogen starvation but has a minor
or no effect in nutrient-rich conditions. Therefore, we speculated
that there is a switch to activate the function of Psp2 upon
starvation. Because the expression level of Psp2 is stable even
after prolonged nitrogen starvation, we considered that post-
translational modifications of Psp2, such as phosphorylation and
methylation, might control its activity and subsequently the
expression of its target mRNAs. The phosphorylation status of
RBPs regulates their RNA- and protein-binding activity as well as
cellular localization.”*”* Previous phosphoproteome analyses have
identified several phosphorylation sites in Psp2 including S236,
$238, S340 and S522, among which phosphorylation by Cdk1 at
$340 is significantly increased upon rapamycin treatment.”>”’”
Indeed, we observed that rapamycin treatment and nitrogen
starvation can induce hyperphosphorylation of Psp2 (Supplemen-
tary information, Fig. S7a). However, neither non-phosphorylatable
nor phosphomimetic mutations of those sites affected
Atg1 synthesis during nitrogen starvation (Supplementary infor-
mation, Fig. S7b), suggesting that the phosphorylation status of
Psp2 may not be involved in its role in regulating translation.

Instead, we found that arginine methylation, in the context of
the RGG motifs, by the PRMT Hmt1 functions as a molecular
switch. Hmt1 is phosphorylated and active in the form of an
oligomer in growing conditions. Starvation or rapamycin treat-
ment leads to Hmt1 dephosphorylation by the PP2A phosphatase
Pph22, disassembly and loss of methyltransferase activity.” Thus,
Hmt1 serves as a sensor for nutrient conditions. Although a subset
of JmjC histone lysine demethylases were shown to be able to
catalyze arginine demethylation,”® the existence of a specific
arginine demethylase and whether arginine methylation is
dynamic remains controversial.® Therefore, we speculated that
it is the newly synthesized unmethylated Psp2 that carries out the
function of promoting ATG mRNA translation. Arginine methyla-
tion deregulation has been implicated in various types of cancers,
and PRMTs have become a popular target for small molecule
inhibition.%® Our finding suggests a possible mechanism of how
PRMTs play a role in cancers through regulating autophagy, and
provides potential therapeutic targets.

Psp2 does not have a conserved homolog in higher eukaryotes.
However, the regulation mechanisms are likely to be conserved.
First, RNA-binding proteins have modular structures, and they are
often conserved or functionally conserved at the level of protein
domain rather than the entire protein sequence. RGG/RG domains
are the second most common RNA-binding domain in the human
genome and numerous translation regulators in mammalian cells
contain RGG domains. When we blasted amino acids 418-449
(including the RGG1 and RGG2 motifs) or amino acids 551-576
(including the RGG3 and RGG4 motifs), we found those regions are
highly conserved in many other multicellular organisms including
Xenopus. Furthermore, if we only looked for the conserved domain
for RGG3 (amino acids 551-564) in the human proteome, more
than 15 RBPs contain a domain that is highly conserved. These
proteins could potentially be involved in similar types of
regulation. Moreover, Psp2 contains many intrinsically disordered
regions (IDRs). IDRs can rapidly evolve and often are not
conserved at the amino acid sequence level. However, despite
near-complete sequence divergence, orthologous IDRs can pre-
serve regulatory functions.>® Therefore, there might be a
functionally conserved homolog for Psp2, but it would be hard
to identify using a protein blast, which is based on amino acid
sequence similarity.

In summary, we identified the RGG motif protein Psp2 as a
novel regulator of autophagy that promotes Atg1l and Atg13-
synthesis during nitrogen starvation (Fig. 6). This information helps
fill the void in our understanding of how Atg proteins are
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Fig. 6 Model for Psp2-mediated translational control of Atg1 and Atg13 synthesis during nitrogen starvation. In nutrient-rich conditions, Psp2
is methylated by Hmt1 at its RGG motif, resulting in a lower binding affinity towards ATG mRNAs. Atg proteins are normally synthesized to
maintain autophagy at a basal level. After nutrient deprivation, global translation is downregulated through both the TOR and general amino
acid control (GAAC) pathways. TOR inhibition results in the loss of Hmt1 methyltransferase activity. Newly synthesized Psp2 remains
unmethylated and binds ATGT and ATG13 mRNA in an RGG motif-dependent manner. Psp2 also interacts with the elF4F complex to promote
the translation of targeted transcripts. As a result, Atg1 and Atg13 bypass the general translation inhibition and become highly expressed to

support the increased demand for autophagy activity

selectively translated. We also revealed a previously unidentified
role for protein arginine methylation in autophagy regulation. In
future studies, it will be interesting to explore the mechanism by
which other ATG genes are translationally regulated.

EXPERIMENTAL PROCEDURES

Yeast strains, media, and growth conditions

Yeast strains used in this study are listed in Supplementary
information, Table S1. Gene deletions and chromosomal tagging
were performed using standard methods.”?™®"

Under growing conditions, yeast cells were grown in YPD
(1% yeast extract, 2% peptone and 2% glucose). To induce
autophagy, cells in mid-log phase were shifted from YPD to
nitrogen starvation medium (SD-N; 0.17% yeast nitrogen base
without ammonium sulfate or amino acids, containing 2%
glucose) or amino acid starvation medium (0.69% yeast nitrogen
base without amino acids, containing 0.02% uracil, 0.03% adenine,
vitamins and 2% glucose) for the indicated times.

Plasmids

The pRS406-ATG1 and pRS406-ATG1-ATG7[3’UTR] plasmids were
described previously.®? The pRS406-ATG7p-ATG1 plasmid was
made via FastCloning as described previously.2* The native ATG1
promoter in pRS406-ATG1 was replaced with the ATG7 promoter
(616 bps upstream of the ATG7 ORF) to make pRS406-ATG7p-
ATG1.
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Plasmid pRS406-PSP2-PA  was constructed by amplifying
the PSP2 promoter region (—550-0), PSP2 ORF and the
sequence encoding two tandem repeats of PA by PCR from
genomic DNA. The PCR product was digested with Xhol and
Spel and ligated into pRS406 digested with the same enzymes.
Plasmids  pRS406-PSP2R#40443447A b (RGG2-3A),  pRS406-
PSP2R®31:553ApA  (RGG3-2A), pRS406-PSP2R>>7/559563ApA - (RRG3-
3A), pRS406-PSP2Ro31-553:557.559.563A pA  (RGG3-5A), pPRS406-PSP2
(A2-51)-PA, pRS406-PSP2(A51-100)-PA, pRS406-PSP2(A224-252)-
PA, pRS406-PSP2(A274-322)-PA,  pRS406-PSP2(A323-418)-PA,
PRS406-PSP2R>51553557.559.563F pp  (RGG3-5F) and  pRS406-
pSp2Ro31,553:357,559,563K pp (RGG3-5K) were made by site-directed
mutagenesis based on plasmid pRS406-PSP2-PA.

For overexpression in bacteria, PSP2-Hiss and PSP2A175-Hisg
were cloned into the plasmid pMCSG7 through FastCloning. To
obtain RNA transcripts, ~500 bps upstream of the ATG1 and ATG7
start codon were cloned into pSOS354, a kind gift from Dr. Shu-ou
Shan (Caltech). In this pUC19-based plasmid, transcription of these
genes is regulated under the T7 promoter region. In each
construct, the 3’ end is flanked by a Hindlll restriction site.

mRNA in vitro transcription

pUCT19-ATG1-5'UTR and pUC19-Atg7-5’'UTR were linearized using
Hindlll (New England Biolabs) in 1 x Cut Smart buffer for at least 2
h at 37°C prior to transcription. The digestion reaction was
monitored using agarose gel electrophoresis to ensure that all of
the circular plasmids had been linearized. mRNA transcription was
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carried out using the HiScribe T7 Quick High Yield RNA Synthesis
Kit from New England Biolabs. The resulting RNA was purified
using an RNeasy column from Qiagen.

Purification of Hiss-tagged proteins. Both C-terminally His¢-tagged
Psp2 constructs were overexpressed in BL21-CodonPlus (DE3)-RIL
E. coli cells (Agilent Technologies) using 0.5 mM IPTG for 4h at
37 °C. Cells were lysed by sonication in Buffer A (50 mM Tris, pH
7.5, 500 mM NaCl, 4 mM 2-mercaptoethanol, 2 mM MgCl,, 10%
glycerol, 1 mM PMSF, 1 x protease inhibitor cocktail [Roche]). After
removal of cell debris (12,000 g, 30 min), the supernatant fraction
was purified using Ni-NTA Agarose (Qiagen; 1 ml of resin per
1 liter of cells). Protein was loaded and washed with Buffer
A supplemented with 20 mM imidazole, and eluted with Buffer A
containing 200 mM imidazole. Elution fractions were dialyzed
against Buffer A to remove imidazole prior to further purification
by size exclusion chromatography using a Superdex 200 Increase
10/300 column (GE Healthcare Life Sciences) in Buffer A. Purified
proteins were exchanged into assay buffer (1 x PBS, 5% glycerol, 2
mM MgCl,, 2 mM DTT) using Bio-Gel P-6 desalting columns (Bio-
Rad). All purification steps were carried out at 4°C. The
concentrations of full-length Psp2 and Psp2A175 (Psp2ARGG)
were determined using absorbance at 280 nm and an extinction
coefficient of 41,830 M~ ' cm™" and 26,930 M~ ' cm ™, respectively.

Yeast viability assay

Yeast cells were grown in YPD to mid-log phase and then shifted
to SD-N medium. The attenuance of each culture was adjusted to
0.8 and the cells were starved for the indicated times. At each time
point, the same volume of culture was collected and subjected to
serial dilution. An aliquot (2 pl) of each dilution was spotted on
YPD plates; the cells were grown at 30 °C for 2 days before being
imaged.

Autophagic flux assays

The Pgi1-GFP, Fba1l-GFP and Pgkl1-GFP processing assays are
based on the vacuolar delivery of the chimera through non-
selective autophagy; the GFP moiety is relatively resistant to
vacuolar hydrolases, such that the generation of free GFP is a
measure of autophagy. Yeast cells were cultured in YPD to mid-log
phase and then shifted to SD-N medium for the indicated times.
Cells were harvested and subjected to western blot. Monoclonal
anti-YFP antibody was used to recognize GFP. The Pho8A60 assay
was performed as previously described.*'

RNA immunoprecipitation

The RNA immunoprecipitation assay was adapted from a
previously published protocol.*® Psp2-PA, untagged Psp2 and
the indicated mutant strains were cultured in YPD to mid-log
phase and then starved for 2 h in SD-N medium. The cells were
subjected to cross-linking by incubation with 0.8% formaldehyde
for 10 min at room temperature with slow shaking. To stop cross-
linking, glycine was added to a final concentration of 0.2 M and
the cells were incubated for another 5 min. The samples were
collected, washed with ice-cold PBS twice and resuspended in ice-
cold FA lysis buffer (50 mM HEPES, pH 7.5, 150 mM NacCl, 1 mM
EDTA, 1% Triton X-100, 0.1% sodium deoxycholate, 0.1% SDS)
containing 5mM PMSF, 1 tablet of cOmplete™ protease inhibitor
cocktail (Roche) and RNasin® PLUS RNase inhibitor (Promega,
40 units/pl). Samples were subjected to vortex with glass beads at
4°C to lyse the cells. The lysates were collected and sonicated at
4°C with three rounds of 15s pulses of 45% amplitude with a
1-min break in between. After centrifuging the sonicated sample,
the supernatant was collected and divided into input and
immunoprecipitate (IP) fractions. Input fractions were frozen in
liquid nitrogen and kept at —80 °C for later use. IP fractions were
incubated with 1gG Sepharose™ beads (GE healthcare Life
Sciences) overnight at 4°C. After incubation, IgG beads were
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washed with FA lysis buffer 3 times and 1 time with TE buffer
(10 mM Tris-HCI, pH 7.5, 1 mM EDTA). The proteins and RNAs were
eluted from beads in RIP elution buffer (50 mM Tris-HCI, pH 7.5,
10 mM EDTA, 1% SDS) with RNase inhibitor at 70 °C for 10 min. To
remove cross-linked peptides and reverse cross-linking, both input
and IP samples were incubated with proteinase K for 1 h at 42 °C,
followed by 1h at 65°C. Next, the RNA in the samples was
recovered with acid-phenol:chloroform; then 25 ml 3 M sodium
acetate, 20 mg glycogen, and 625 ml ice-cold 100% ethanol were
added to precipitate RNA for 1-2h at —80°C. Samples were
centrifuged and the pellets were washed with 70% ethanol and
dried for 15 min. The precipitated RNA was then treated using a
TURBO DNA-free kit (Thermo Fisher Scientific) to eliminate residual
DNA; RNasin® PLUS RNase inhibitor was also added in this
reaction. After inactivating DNase activity, samples were subjected
to RT-gPCR.

Gel-shift assay

Complex formations between Psp2 and variants with the 5’ UTR of
the ATGT and ATG7 mRNAs were monitored using a gel-shift assay.
In brief, a fixed amount of messenger RNA was titrated with
various amounts of protein in assay buffer at room temperature
for 1h before running the resulting complex on a 4%
(29:1 acrylamide:bisacrylamide) native polyacrylamide gel. Each
reaction contained 40 units of RNasin® PLUS RNase inhibitor. The
unbound and bound mRNAs were separated in 0.8 x TAE buffer
(32 mM Tris-acetate, 16 mM sodium acetate, 0.8 mM EDTA, pH 8)
under 100V at 4 °C. The RNA bands were visualized by incubating
the native gel in a 1 x solution of SYBR Green stain (Invitrogen) for
30 min on an orbital shaker. Prior to imaging, the gel was briefly
washed in water three times. Visualization of the stained RNA
bands was carried out using 300-nm UV transillumination. The
intensities of RNA bands were quantified using the Imagelab
software from Bio-Rad. That data were fit to an allosteric sigmoidal
curve with a Hill coefficient of 2 to obtain the apparent binding
affinities.

RNA and RT-qPCR

Yeast cells were grown in YPD to mid-log phase and then shifted
to SD-N medium for the indicated time. Total RNA was extracted
using the NucleoSpin RNA kit (Takara). An additional DNase
treatment was performed to eliminate genomic DNA contamina-
tion. One microgram of total RNA was reverse-transcribed in a
20-pl reaction system using the High-capacity cDNA Reverse
Transcription kit (Applied Biosystems). The cDNA levels were then
analyzed by real-time PCR using the Power SYBR Green PCR
Master Mix (Applied Biosystems). The transcript abundance in
samples was determined using the CFX Manager Software
regression method as previously described.” The primers used
for the RT-qPCR analysis are listed in Supplementary information,
Table S2.

Polysome profiling and qRT-PCR
Yeast cells were grown to mid-log phase in YPD before shifting
them for 6 h to SD-N for nitrogen starvation. Cells were harvested
and prepared for sucrose-gradient fractionation as previously
described.®* Clarified lysate from 7,500 OD units of cells (~100 pl)
were loaded onto a freshly prepared 25-50% sucrose gradient and
centrifuged for 3 h at 40,000 rpm in an SW-41Ti rotor (Beckman).
Gradients were fractionated, and the following samples were
collected: unbound RNAs, free subunits, 80S monosomes, and one
each for mRNAs bound to two, three, four, etc. ribosomes. Peaks
were resolved for up to 7 bound ribosomes.

gRT-PCR was carried out essentially as described previously.®®
After the addition of 1 ng of Fluc mRNA (TriLink, L-7202) to each
sample, which was used for normalization, RNA was isolated by
phenol-chloroform extraction from a fixed percentage of each
sample’s total volume, and reverse transcription was carried out
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per the manufacturer’s instructions using the Protoscript Il Kit
(New England Biolabs). gPCR was performed with Excella 2 x SYBR
master mix (Worldwide Life Sciences) per the manufacturer’s
instructions on a BioRad 1Q2, using the primers listed in
Supplementary information, Table S2. Each gene was normalized
first to Fluc mRNA to account for differences in capture and
precipitation of each sample. Next, the abundance of each mRNA
in each fraction was normalized to the total amount of that mRNA
on the gradient. The translation units (TU) were calculated from
these data by multiplying the percentage of mRNA in each
fraction with the number of ribosomes bound in that sample, and
summing these over all gradient fractions. The ATU value was
obtained by subtracting the TU of each gene in WT cells from the
TU in psp2A cells.

Native protein immunoprecipitation

Protein A and MYC-epitope affinity isolations were performed
essentially as previously described.®® IgG Sepharose™ 6 fast flow
beads (GE Healthcare Life Sciences) and anti-MYC magnetic beads
(Thermo Scientific) were used, respectively.

Western blot

Antisera were from the following sources: Atg1,%” Pgkl (a
generous gift from Dr. Jeremy Thorner, University of California,
Berkeley), Atg9,%8 monoclonal YFP (Clontech, 632381), antibody to
PA (Jackson ImmunoResearch, 323-005-024), anti-MYC antibody
(Sigma, M4439), and mono-methyl arginine (MMA)-specific anti-
body (Cell Signaling Technology, 8711). The blot was imaged
using either a ChemiDoc Touch imaging system (Bio-Rad) or
photographic film; images were quantified using either Bio-Rad
Image Lab software or ImageJ software, respectively.

Structure prediction
The Psp2 structure prediction was conducted using the webserver
at http://bioinf.cs.ucl.ac.uk/psipred/.

Statistical analyses

The two-tailed Student’s t-test was used to determine statistical
significance. For all figures, P value <0.05 were considered
significant. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001; ns
not statistically significant.
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