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SUMMARY

PUF proteins are post-transcriptional regulators that bind to the 3'UTRs of mRNA transcripts.
Herein, we show how a yeast PUF protein Puf3p responds to glucose availability to switch the fate
of its bound transcripts that encode proteins required for mitochondrial biogenesis. Upon glucose
depletion, Puf3p becomes heavily phosphorylated within its N-terminal region of low complexity,
associates with polysomes, and promotes translation of its target mMRNAs. Such nutrient-
responsive phosphorylation toggles the activity of Puf3p to promote either degradation or
translation of these MRNAs according to the needs of the cell. Moreover, activation of translation
of pre-existing mMRNAs might enable rapid adjustment to environmental changes without the need
for de novo transcription. Strikingly, a Puf3p phosphomutant no longer promotes translation but
also becomes trapped in intracellular foci in an mRNA-dependent manner. Our findings suggest
the inability to properly resolve Puf3p-containing RNA-protein granules via a phosphorylation-
based mechanism might be toxic to a cell.

INTRODUCTION

Mitochondria play critical roles in cellular energy metabolism, signaling, and survival. The
biogenesis of new mitochondria must be properly regulated according to the needs of the
cell. In Saccharomyces cerevisiae, mitochondrial biogenesis is repressed in the presence of
abundant glucose (Gancedo, 1998). Under such conditions, budding yeast cells prefer a
highly glycolytic metabolism. Upon glucose depletion or switch to non-fermentable fuels,
yeast cells induce mitochondrial biogenesis to increase their capacity for oxidative
catabolism of carbon sources.
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However, nuclear-encoded genes required for mitochondrial biogenesis are not
transcriptionally silent under glucose-rich conditions. They are transcribed but then rapidly
degraded (Scheffler et al., 1998). While the HAP2/3/4/5 DNA-binding complex is involved
in the transcriptional activation of genes for respiration (Forsburg and Guarente, 1989), the
RNA-binding protein Puf3p, which is not a canonical transcriptional factor, has also been
implicated in the regulation of such genes (Gerber et al., 2004). Puf3p is a member of the
PUF (PUmilio and FBF) family of RNA-binding proteins (Murata and Wharton, 1995;
Zamore et al., 1997; Zhang et al., 1997) and has been shown to specifically bind to the 3'
untranslated regions (3'UTRs) of mRNAs encoding mitochondrial proteins (Jackson et al.,
2004; Olivas and Parker, 2000; Ulbricht and Olivas, 2008; Zhu et al., 2009). The PUF
proteins share eight a-helical repeats that can recognize and bind to specific sequences of
mRNA (Edwards et al., 2001; Miller and Olivas, 2011; Wang et al., 2002; Wang et al.,
2001). This protein family is conserved from yeast to mammals and has been suggested to
function as post-transcriptional regulators. For example, in Caenorhabditis elegans, the PUF
protein FBF controls germline stem cells (GSCs) self-renewal by binding to the 3'UTR of
genes critical for entry into the meiotic program (Kershner and Kimble, 2010; Merritt and
Seydoux, 2010; Suh et al., 2006).

It remains unclear precisely how PUF family proteins regulate their target transcripts. Most
studies to date suggest PUF proteins repress translation either through decapping or
deadenylation of MRNA (Houshmandi and Olivas, 2005; Kershner and Kimble, 2010;
Merritt and Seydoux, 2010; Van Etten et al., 2012). However, other studies suggest their
function is to promote mMRNA translation perhaps by controlling mRNA localization for the
purpose of local translation (Archer et al., 2009; Deng et al., 2008; Gadir et al., 2011; Kaye
et al., 2009). Collectively, the current data suggest two opposing functions for PUF family
proteins: they paradoxically have been reported to promote both mRNA degradation and
translation.

In this study, we decipher how the yeast PUF protein Puf3p functions to regulate its target
transcripts that are important for mitochondrial biogenesis. We show how nutrient-
responsive phosphorylation of Puf3p within its N-terminal region of low complexity can
modulate its function and switch the fate of its target mitochondrial MRNAs from
degradation to translation. Furthermore, we show that a phosphomutant of Puf3p becomes
trapped within intracellular foci that might be problematic for a cell, suggesting the
importance of resolving dynamic RNA-protein granules in a timely manner via
phosphorylation. Our results offer a general model by which PUF family proteins function
in the post-transcriptional regulation of gene expression.

Demand for mitochondrial biogenesis induces Puf3p phosphorylation

To understand how Puf3p contributes to the regulation of mMRNAS required for
mitochondrial biogenesis, we first investigated how such gene transcripts are regulated in
the context of the yeast metabolic cycle (YMC) (Tu et al., 2005). In the YMC, a highly
synchronized cell population transitions between different metabolic phases that are
accompanied by the concerted expression of different classes of genes. Transcripts encoding
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proteins important for mitochondrial biogenesis, including those encoding all mitochondrial
ribosomal subunits, coordinately accumulate specifically during the Reductive/Building
(R/B) phase when the rate of oxygen consumption begins to decrease. Upon inspection of
the cis-regulatory regions of these mitochondrial ribosomal genes, a conserved motif
(UGUANAUA) was observed in their 3'UTRs as opposed to the upstream promoter regions
(Tu et al., 2005). This motif closely matched a previously determined consensus sequence
element for the RNA-binding protein Puf3p, and had suggested a key role for Puf3p in the
regulation of these transcripts (Olivas and Parker, 2000; Tu et al., 2005).

We harvested cycling cells that expressed a C-terminal FLAG-tagged version of Puf3p at
various time points across the YMC. Following protein extraction, SDS-PAGE and Western
blot analysis with FLAG-antibody, we observed a slower-migrating form of Puf3p
specifically during the R/B phase precisely when levels of mitochondrial transcripts increase
(Figure 1A). We then examined if this slower-migrating form of Puf3p might also be
observed in batch cultures upon shifting the cells from glucose medium (YPD) to “glucose
depletion” medium (YPGE, which contains glycerol and ethanol), as a means of inducing
mitochondrial biogenesis for the utilization of non-fermentable carbon sources (Figure 1B).
We observed the rapid appearance of a slower-migrating form of Puf3p that coincided with
the increase in mitochondrial transcripts upon switch from glucose to glucose depletion
medium. As the slower-migrating form of Puf3p is suggestive of phosphorylation, we then
treated cell extracts with phosphatase and observed that the slower-migrating forms of Puf3p
collapsed to a single band (Figure 1C). We therefore concluded that Puf3p is subject to
phosphorylation modifications that correlate with an increase in transcript levels of nuclear-
encoded mitochondrial genes, both in the YMC and in batch culture (Figure 1C). Such
transcripts harboring a Puf3p binding sequence in their 3'UTR have been shown to have a
shorter half-life in the presence of Puf3p and in glucose medium (Foat et al., 2005; Miller et
al., 2014), which is consistent with the lower steady-state levels of such mRNAs observed
here in glucose medium.

Phosphorylation of Puf3p is regulated specifically by glucose

Having observed that Puf3p is subject to phosphorylation modifications, we then aimed to
understand how its phosphorylation is regulated. We switched cells to glucose depletion
medium to induce Puf3p phosphorylation, and then tested whether the addition of glucose
itself or other downstream metabolites could inhibit the phosphorylation of Puf3p. Notably,
glucose itself, but not simpler carbon sources such as glycerol, ethanol or acetate, could
inhibit the subsequent phosphorylation of Puf3p (Figures 1C and S1). Budding yeast have
two regulators of glucose transport, Rgt2p and Snf3p, that function as glucose sensors on the
cell surface (Ozcan et al., 1996). We observed phosphorylated Puf3p even in the presence of
glucose, in a rgt2Asnf3A mutant lacking both glucose sensors (Figure 1E). Thus, yeast cells
appear to sense primarily glucose itself to regulate the phosphorylation status of Puf3p.

We next tested several candidate nutrient-responsive kinases and phosphatases for possible
roles in the regulation of Puf3p phosphorylation. Interestingly, the inhibition of either PKA
or Sch9p partially inhibited the phosphorylation of Puf3p upon glucose depletion (Figure
S1). Both PKA and Sch9p are thought to be most active under glucose-replete conditions
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(Rolland et al., 2002). Our results suggest that these kinases might have alternate substrates
(Roosen et al., 2005), such as Puf3p, when glucose becomes depleted. Moreover, the PP2A-
related phosphatase Sit4p contributes to the dephosphorylation of Puf3p in glucose, as sit4A
mutant exhibited phosphorylated Puf3p even in glucose medium (Figure S1). Thus, while
the phosphorylation status of Puf3p is influenced by multiple nutrient-responsive kinases
and phosphatases, the phosphorylation of Puf3p is driven primarily by the lack of glucose.

Phosphorylation of Puf3p is important for mitochondrial biogenesis

We hypothesized that the phosphorylation of Puf3p, triggered by glucose deprivation, could
be a key clue to understanding how the function of this PUF protein is modulated in a
manner dependent on the nutrient environment. In wild type (WT) cells, upon glucose
depletion the increase in Puf3p phosphorylation and mitochondrial transcript abundance is
accompanied by an substantial increase in mitochondrial protein abundance as assessed by
the mitochondrial markers Porlp and Cox2p (Figure 2B). Although puf3A cells reportedly
exhibit a mitochondrial distribution phenotype (Garcia-Rodriguez et al., 2007), Puf3p has
been shown to be dispensable for growth in the presence of non-fermentable carbon sources
(Eliyahu et al., 2010; Gerber et al., 2004). We compared the growth rates of WT and puf3A
cells, and confirmed that the absence of Puf3p caused only a small growth defect and delay
in mitochondrial biogenesis upon switch to glucose depletion medium (Figures 2A and 2B).
It has been proposed that the function of Puf3p may be partially redundant with the
mitochondrial outer membrane translocase complex (Eliyahu et al., 2010). Tom20p, a
component of this complex, recruits Puf3p target mMRNAS to the mitochondrial surface for
translation and a synthetic growth defect was observed in puf3Atom20A double mutants in
non-fermentable carbon sources.

Nonetheless, we assessed whether Puf3p phosphorylation is functionally important for the
translation of transcripts encoding mitochondrial proteins. To this end, we identified 24
potential phosphorylation sites within Puf3p by mass spectrometry analysis with ~95%
sequence coverage (Experimental Procedures). Most of these modified serine and threonine
residues were located in the N-terminal region that has no obvious homology to any known
proteins, while a few were located near or within the PUF domain that mediates mRNA-
binding (Figure 2C). We initially mutated a subset of these serine and threonine residues to
alanine and did not observe substantial decreases in Puf3p phosphorylation or growth
phenotypes (data not shown). We then constructed mutants in which all possible
phosphorylated serine or threonine residues in Puf3p were mutated to alanine (24A) or
aspartate (24D) to mimic either non-phosphorylated or phosphorylated Puf3p (Figure 2C).
Strikingly, unlike puf3A, the Puf3p(24A) mutant could barely grow at all after switch to
glucose depletion medium (Figures 2D and S2). We confirmed that phosphorylation was
largely abolished in the Puf3p(24A) mutant following glucose depletion as assessed by
SDS-PAGE (Figure 2E). Mitochondrial protein accumulation was severely decreased in the
Puf3p(24A) mutant compared to WT, and also substantially lower compared to the puf3A
mutant which lacks Puf3p altogether (Figure 2E). This substantial defect in mitochondrial
biogenesis in the Puf3p(24A) mutant likely explains why it grows very poorly in response to
glucose depletion.

Cell Rep. Author manuscript; available in PMC 2016 June 16.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lee and Tu

Page 5

We then tested whether these severe phenotypes of Puf3p(24A) were dependent on mRNA
binding. The 24 S/T -> A mutations combined did not compromise the ability of
immunoprecipitated full-length protein to bind a target mRNA in a gel-shift assay (Figure
S3). Moreover, Puf3p was able to bind a target mMRNA comparably in both glucose and
glucose depletion conditions as assayed by RIP, suggesting that its phosphorylation does not
significantly impact RNA binding (Figure S3). A previous study suggested that mutation of
one of these sites (S866A) near the end of the PUF domain reduces its binding affinity for
RNA (Zhu et al., 2009). However, a single S866A mutant in the context of the full-length
protein was still able to bind RNA and grew at identical rates compared to WT following
glucose depletion (Figure S3). Moreover, a 23A mutant in which residue 866 was restored to
serine, and a 21A mutant in which the three sites most proximal to the PUF domain (515,
563, 866) were restored to serine, both still exhibited the same severe growth defect as the
24A mutant (Figure S3). However, deletion of the PUF domain (24A PUF domainA)
abolished RNA binding, and relieved the severe phenotype of Puf3p(24A) (Figures 2D, S2,
and S3). Puf3p(24A PUF domainA) behaved similarly to puf3A, exhibiting only a small
defect in growth. Therefore, the severe phenotypes of the Puf3p(24A) mutant are dependent
on the ability of this protein to bind mRNA. In contrast to Puf3p(24A), the Puf3p(24D)
mutant exhibited only a small growth defect following switch to glucose depletion medium,
again similar to puf3A (Figure 2D). The extent of mitochondrial biogenesis in Puf3p(24D)
was not enhanced compared to WT (Figure 2E), suggesting that Puf3p(24D) may not
function as an appropriate mimic of the Puf3p phosphorylated state.

These prominent phenotypes of Puf3p(24A) compared to puf3A suggest that the Puf3p(24A)
mutant protein might be acting in a dominant manner. Indeed, we observed that a diploid
strain expressing one copy of PUF3(24A) exhibited a notable growth defect in glucose
depletion medium compared to a diploid expressing only one copy of PUF3 (Figures 2F and
S2). Accordingly, mitochondrial biogenesis was also compromised in the diploid expressing
one copy of PUF3(24A) (Figure 2G). Thus, the function of the Puf3p(24A) protein is
impaired in a manner that dominantly compromises mitochondrial biogenesis and growth in
glucose depletion medium.

Puf3p promotes translation of its bound mRNAs upon glucose depletion

To directly test whether the phosphorylation of Puf3p functions to promote the translation of
its target mitochondrial transcripts, we performed polysome profiling to assess whether
Puf3p might be associated with actively translating ribosomes upon glucose depletion.
Puf3p sedimented in the bottom fraction and was not distributed to polysome fractions in
glucose medium (Figure 3A). Following glucose depletion, Puf3p then became strongly
associated with the actively translating polysome fractions over time. In contrast,
Puf3p(24A) was constitutively distributed to both translationally active and inactive
fractions in both glucose and glucose depletion medium (Figure 3B), suggesting that the
ability of Puf3p to dynamically associate with translating polysomes is abolished in this
phosphomutant. The Puf3p(24A) mutant did not appear to affect global translation in
glucose medium, as the polysome profile and rRNA distribution were similar to WT
(Figures 3 and S4). However, Puf3p(24A) caused a notable increase in the inactive
monosome fraction following glucose depletion, which is suggestive of defects in polysome
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formation. These data suggest that upon glucose depletion, the phosphorylation of Puf3p
might promote the translation of its target mitochondrial transcripts.

We then developed an assay to determine the extent of translation of an mRNA following
the shutoff of its transcription, thereby enabling us to assess the fate of pre-existing
mitochondrial MRNAS upon glucose depletion (Figure 4A). We constructed reporter genes
consisting of a mitochondrial targeting signal, the GFP coding sequence, and the 3'UTR of a
mitochondrial ribosomal gene (MRP51) which contains a single Puf3p binding element
(P3E) (Figures 4A and S3). Reporter genes were integrated into a strain expressing a
chimeric GAL4ppp-ER-VP16 transcription factor that enables inducible expression by
addition of B-estradiol (Mclsaac et al., 2011). Thus, following a pulse of expression of the
reporter mMRNA, the extent of its translation into GFP protein can be assessed by Western
blot analysis (Figure 4A). Using this method, we could then monitor the subsequent
translation of mMRNAs with or without P3E in their 3'UTRs, and in cells expressing either
WT Puf3p or Puf3p(24A).

We observed that the translation of the mRNA reporter containing a MRP51 3'UTR
increased following switch to glucose depletion medium in cells expressing WT Puf3p, as
can be seen by the increases in both GFP as well as the slightly larger, unprocessed MTS-
GFP (Figure 4B). However, if cells were left in glucose medium, translation of these
reporter mMRNAS decreased over time. In contrast, cells expressing Puf3p(24A) showed
minimal translation of reporter mMRNA into GFP protein upon glucose depletion, consistent
with the severe defects in mitochondrial biogenesis in this mutant (Figure 4B). Importantly,
the enhanced translation of these reporter mMRNASs upon glucose depletion was dependent on
an intact P3E in their 3'UTRs. Mutation of four nucleotides within the P3E largely
eliminated translation of the reporter mRNA (Figure 4B).

In parallel, we performed a pulse-labeling experiment with 35S-methionine followed by
immunoprecipitation to assess translation of the GFP reporter mRNA. In agreement with the
Western blot assay, upon glucose depletion, only mRNA containing an intact P3E was
actively translated over time in cells expressing normal Puf3p (Figure 4C). Moreover,
translation of the reporter mRNA, and translation in general, were substantially reduced in
cells expressing Puf3p(24A) following glucose depletion (Figures 4C and S4). Collectively,
these data show that the phosphorylation of Puf3p functions to promote the translation of
preexisting target MRNAs that contain a P3E in a timely manner. As such, Puf3p responds
to a glucose depletion cue to switch the fate of its target mMRNAS, enabling them to be
translated into protein.

A Puf3p phosphomutant forms punctate foci following glucose depletion

The dominant negative phenotype of the Puf3p(24A) phosphomutant prompted us to further
examine the basis of its strong inhibitory effects on mitochondrial biogenesis and cell
growth. We constructed C-terminal GFP-tagged versions of Puf3p and Puf3p(24A)
expressed at endogenous levels from the native chromosomal locus to assess the subcellular
localization of these proteins before or after glucose depletion. We observed that both the
WT and phosphomutant protein were localized throughout the cytosol in glucose medium
(SCD/YPD) (Figures 5 and S5 and Supplemental Video). However, following switch to
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glucose depletion medium (SCGE/YPGE), remarkably Puf3p(24A)-GFP, but not Puf3p-
GFP, became localized to punctate foci (Figures 5 and S5 and Supplemental Video). These
foci emerged specifically upon glucose depletion, and disappeared following glucose
repletion. Moreover, the Puf3p(24A)-containing foci exhibited partial but not complete co-
localization with the decapping enzyme Dcp2p, a marker of p-bodies, following glucose
depletion (Figure S5). Unlike previous reports, we observed that Dcp2p did not localize to
foci but was instead uniform throughout the cytosol in the presence of continuous glucose
(Figure S5) (Sheth and Parker, 2003; Teixeira et al., 2005).

Interestingly, the ability of the Puf3p(24A) protein to form foci was dependent on the PUF
domains that bind mMRNA (Figure S6), suggesting that any bound mRNAs become trapped
within these foci as well. Since the Puf3p(24A) mutant acts as a dominant negative, these
foci might contribute to the toxicity of this phosphomutant. We speculate that these
Puf3p(24A)-containing foci might retain mitochondrial mMRNAs too strongly, or
compromise critical components of the translational machinery (Figure S4). Intriguingly,
these localization data suggest that phosphorylation of Puf3p not only promotes translation
of its bound mRNAs, but also functions to resolve its association with RNA-protein granules
that influence mRNA fate. Failure to properly resolve or “unfurl” these granules may be
problematic for the cell (Figures 2D and 5).

Notably, the phosphorylation of Puf3p occurs primarily within its N-terminal region that is
predicted to be disordered and is not conserved among PUF proteins (Olivas and Parker,
2000). To further demonstrate the importance of phosphorylation within this region, we
applied Staggered Extension Process (StEP) (Zhao and Zha, 2006) to generate a library of
Puf3p phosphomutants with random numbers and positions of S/T to A mutations within
this N-terminal region (Figure 6A). We observed a strong correlation between the number of
S/T to A mutations and the severity of the growth defect in glucose depletion medium
(Figure 6B). This allelic series suggests the accumulation of phosphorylation promotes the
“unfurling” of Puf3p from RNA-protein granules and translation of its bound mRNAs.
Interestingly this N-terminal region is still dynamically phosphorylated in response to
glucose depletion in the absence of the PUF domain (Figure S6). Moreover, a deletion of
this N-terminal region abolishes the ability of Puf3p to properly regulate mitochondrial
biogenesis and causes the protein to be localized to the mitochondria independent of glucose
(Figure S6). Taken together, these data strongly suggest the N-terminal low complexity
region of Puf3p confers upon it the ability to dynamically interact with other factors
involved in mRNA degradation or translation, and that phosphorylation of this region
regulates the fate of its bound transcripts and association with RNA-protein granules.

DISCUSSION

A general model to explain the function and regulation of the PUF family of RNA-binding

proteins

Previous studies of PUF proteins have suggested they promote degradation of bound
mMRNAs (Goldstrohm et al., 2007; Kershner and Kimble, 2010; Olivas and Parker, 2000),
promote their translation (Archer et al., 2009; Kaye et al., 2009), or exert dual, opposing
roles on their target transcripts (Suh et al., 2009). For yeast Puf3p, it has been proposed to
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promote degradation of its target mMRNAS in glucose, but not under non-fermentable carbon
sources (Miller and Olivas, 2011; Miller et al., 2014). However this model does not explain
the delayed growth of puf3A cells upon glucose depletion, despite having comparable levels
of mMRNAs compared to WT (Figures 2 and S7). Here, we show that Puf3p can in fact
promote either degradation or translation of its bound transcripts, but in a manner
specifically dependent on the nutrient environment. Thus, a consensus model emerges
whereupon following glucose depletion, pre-existing mitochondrial transcripts are
stabilized, and then activated for translation by Puf3p (Figure 7). The ability of Puf3p to
switch the fate of these MRNASs is regulated by its phosphorylation, which occurs in
response to glucose depletion. In the wild, yeast cells must be readily able to adapt to
fluctuating nutrient environments which may include varying amounts of glucose. As such,
the post-transcriptional regulation of mRNA fate by Puf3p could facilitate the prompt
acclimation to changes in carbon source availability. Activating the translation of a pre-
existing pool of mMRNAs by phosphorylated Puf3p could bypass the need for transcriptional
induction of such genes and provide a fitness advantage (New et al., 2014). Such a
mechanism would enable mRNA transcripts to be rapidly mobilized for translation “on cue”,
without the need for de novo transcription. As such, we propose that PUF family proteins in
general might function as environmental sensors to toggle the fate of bound mMRNAs
between degradation and translation. Consistent with this idea, other PUF proteins have
been shown to act downstream of nutrient or growth factor signaling, in some cases to
regulate cell cycle progression (Archer et al., 2009; Kedde et al., 2010; Souza et al., 1999).
In addition, phosphorylation may emerge as a general mechanism to regulate the function of
PUF proteins (Deng et al., 2008; Kedde et al., 2010). Future studies will reveal whether
other PUF proteins in yeast and other species might function to regulate their target mRNAs
with a similar logic.

General implications for mitochondrial biogenesis

A computational analysis of MRNA transcripts encoding mitochondrial proteins in the
context of the YMC provided insights into the spatiotemporal dynamics of mitochondrial
biogenesis (Lelandais et al., 2009). Interestingly, transcripts encoding mitochondrial
assembly factors and translational machinery tended to increase in abundance earlier than
transcripts encoding other mitochondrial components, such as those encoding respiratory
chain components. Notably, many of these mitochondrial gene transcripts in the “early”
module contain Puf3p binding elements in their 3'UTRs and their asymmetric mMRNA
localization is dependent on Puf3p (Saint-Georges et al., 2008). For example, more than
70% of genes encoding subunits of the mitochondrial ribosomes are Puf3p targets (Gerber et
al., 2004). Such mRNAs with Puf3p-binding elements may therefore function in the earlier
stages of mitochondrial biogenesis, necessitating their timelier activation. These
considerations suggest an exquisite temporal organization of mitochondrial biogenesis that
may be set in motion post-transcriptionally by Puf3p. Activating the translation of Puf3p
targets may “kick-start” the earlier steps of mitochondrial biogenesis in order to facilitate the
subsequent steps of this elaborate process. As one example, COX2 is a mitochondrially-
encoded gene whose translation relies on the translation of nuclear-encoded mitochondrial
ribosomal transcripts, most of which are Puf3p targets. Thus, levels of Cox2p protein can
serve as a proxy for the proper translation of Puf3p targets (Figure 2). Mitochondrial
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mRNAs which do not contain Puf3p elements may be regulated more at the transcriptional
level, for example by the HAP2/3/4/5 transcription factor complex (Buschlen et al., 2003).
Thus, in response to a glucose depletion cue, pre-existing Puf3p target mMRNAS are poised to
be activated for translation to initiate the early steps of mitochondrial biogenesis so that
subsequent steps of this process can ensue.

The inability to properly resolve RNA-protein granules might be toxic to cells

The profound phenotype of the Puf3p phosphomutants (24A, as well as 23A and 21A) may
provide insights into the dynamic nature of RNA-protein granules in the cell. Since this
mutant dominantly inhibits both mitochondrial biogenesis and growth in glucose depletion
medium, we hypothesize the punctate foci, or “PUF-bodies”, formed by the mutant protein
might be toxic to the cell. PUF-bodies exhibit partial co-localization with the p-bodies
marker Dcp2p (Figure S5), but no obvious co-localization with stress granule markers (data
not shown). Under a variety of nutrient conditions, thus far we have observed an increased
propensity to form PUF-bodies only in those cells expressing Puf3p(24A), specifically upon
glucose depletion. Moreover, both the ability of Puf3p(24A) to form foci and inhibit growth
are dependent on its ability to bind mRNA (Figures 2D, S3 and S6), suggesting that these
PUF-bodies also trap mRNA transcripts.

We interpret these observations as follows: upon glucose depletion, phosphorylation of
Puf3p brings the protein and its bound transcripts to an assembly that promotes mMRNA
translation, perhaps in the vicinity of mitochondria (Garcia-Rodriguez et al., 2007; Saint-
Georges et al., 2008). Failure to properly phosphorylate within its N-terminal region not
only compromises mMRNA translation, but also substantially increases its residence time at a
particular RNA-protein assembly, leading to the apparent formation of PUF-bodies (Figure
7). Notably, this N-terminal region lacking any defined domains is critical for regulating its
subcellular localization and ability to associate with RNA-protein granules (Figure S6). The
number of available phosphorylation sites in this region correlates well with the growth rate
in non-fermentable, glucose depletion conditions (Figure 6). Therefore, phosphorylation of
this low-complexity region serves as a mechanism to help resolve its association with
granule components that could include mRNA decay or translation factors, perhaps via the
accumulation of negative charge that functions to unfurl the protein from interacting
partners (Kwon et al., 2013; Kwon et al., 2014). PUF-bodies are not simply dead-end
structures or aggregates, as glucose repletion immediately eliminates PUF-bodies and cells
can begin to grow again (Figure 5). An alternative explanation for the toxicity of the
Puf3p(24A) phosphomutant is that it could exhibit enhanced MRNA decay. However, we
observed little difference in the levels of several endogenous mRNAs containing a Puf3-
binding element in their 3'UTRs between WT and PUF3(24A) strains, even in glucose
(Figure S7). These data suggest the dominant negative phenotype of the phosphomutant in
the absence of glucose is not simply due to enhanced mRNA degradation.

Intriguingly, loss of canonical components of P-bodies or stress granules often has little to
no phenotypic consequence, raising the question of the general importance of such RNA-
protein granules. Here, we have identified a mutant form of a granule-associated RNA-
binding protein that exhibits a profound dominant negative phenotype, in a manner
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specifically dependent on mRNA-binding. As the Puf3p(24A) phosphomutant causes
inactive monosome accumulation and inhibits global translational capacity upon glucose
depletion (Figures 3B and S4), we speculate that mutants which compromise the timely
resolution of RNA-protein granules may be toxic due to sequestration of key mMRNA
transcripts, or critical components of the translational machinery. The toxic phenotype of the
Puf3p(24A) mutant should facilitate the subsequent identification of in vivo modifiers of
PUF-bodies that mediate the formation or dissolution of RNA-protein granules in cells. As
aggregates of a variety of proteins containing RNA-binding domains have been strongly
linked to various forms of neurodegeneration (Kwiatkowski et al., 2009; Ramaswami et al.,
2013; Ross and Poirier, 2004; Vance et al., 2009), future studies of the regulation of mMRNA
fate by PUF proteins may improve our understanding of the etiology of such diseases.

EXPERIMENTAL PROCEDURES

Yeast strains and media

Strains used in this study are listed in Table S1. Gene deletions were carried out using
standard PCR-based strategies to amplify resistance cassettes with appropriate flanking
sequences, and replacing the target gene by homologous recombination (Longtine et al.,
1998). C-terminal tags were similarly made using PCR to amplify resistance cassettes with
flanking sequences. Media used in this study: YPD (1% yeast extract, 2% peptone and 2%
glucose); YPGE (1% yeast extract, 2% peptone, 3% glycerol and 2% ethanol); SCD (yeast
nitrogen base 6.7 g/L, 1X complete supplement mixture, 2% glucose); SCGE (yeast nitrogen
base 6.7 g/L, 1X complete supplement mixture, 3% glycerol and 2% ethanol).

Yeast metabolic cycle

The YMC was established as previously described (Tu, 2010). Briefly, 12.5 mL of an
overnight culture of PUF3-FLAG cells was inoculated into a 1 L fermentor vessel. In
continuous mode, consecutive samples of ~100 OD cells were quickly spun down, flash-
frozen in liquid nitrogen, and stored at —80°C until further processing.

Glucose depletion in batch culture

Cells from overnight cultures were inoculated into fresh YPD to 0.2 OD/mL and grown at
least two generations to log phase. Cells were then spun down, washed, and re-suspended in
same volume of YPGE. Samples were collected at indicated times.

Quantitative RT-PCR

Approximately 1 OD of cells were collected and total RNA was extracted with MasterPure
Yeast RNA Purification Kit following the manufacturer's protocol. gRT-PCR was done with
SYBR green method. MRNA levels were normalized against ACT1 or PGK1 mRNA.
Primers are listed in Supplemental Table S2.

Mapping phosphorylation sites

PUF3-FLAG cells were inoculated to 0.2 OD/mL in fresh YPD. After reaching 1 OD/mL,
cells were spun down, washed with YPGE, and resuspended in the same volume of YPGE.
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The cells were then grown for 4 h to induce maximal Puf3p phosphorylation, then ~100 OD
of cells were harvested and resuspended in 0.5 mL lysis buffer (100 mM Tris-Cl pH 7.5, 50
mM NacCl, 0.1% Tween-20, glycerol 10%, 0.1% B-mercaptoethanol, 1X EDTA-free protease
inhibitor cocktail (Roche), 1 mM EDTA 1mM EGTA, 1 mM PMSF, 5 uM Pepstatin A, 10
UM Leupeptin, 0.2 mM sodium orthovanadate, 10 mM [-glycerolphosphate, 60 mM NaF,
and 10 mM NaN3) and then mixed with 0.5 mL glass beads. The cells were lysed by bead
beating 6 x 20 s. After spinning at 16000xg 1 min at 4°C to collect the supernatant, 0.5 mL
lysis buffer was added to the tube, bead-beated 2 x 20 s, and the supernatant was collected
after centrifugation at 16000xg 1 min at 4°C. The supernatant was then incubated with anti-
FLAG M2 antibody coated Dynabead (Invitrogen) at 4°C for 1 h. After extensive washing,
Puf3p-FLAG was eluted with 3X FLAG peptide (1 mg/mL) (Sigma) and resolved by SDS-
PAGE. The gel was silver stained, then subjected to in-gel digestion by trypsin,
chymotrypsin and elastase, followed by LC-MS/MS analysis (MSBioworks, USA). Data are
included as Supplemental Table S2. In total, 24 phosphorylation sites were identified: Ser21,
Ser55, Ser56, Thr59, Ser65, Ser76, Ser77, Ser86, Thr89, Ser117, Ser166, Serl78, Ser203,
Ser205, Ser210, Thr213, Thr216, Thr252, Thr255, Ser371, Thr427, Ser515, Ser563, Ser866.

N-terminal phosphorylation site mutations were made by gene synthesis (Genewiz, USA).
Other phosphorylation site mutations (Ser371, Thr427, Ser515, Ser563 and Ser866) were
made by fusion PCR with mutation sites introduced in the primer sequence. These two
fragments were fused by another fusion PCR and then cloned into pFA6a-3xFLAG-NatM X6
vector. Then the sequence including PUF3 coding sequence, C-terminal 3XxFLAG and
NatMX6 genes were amplified by PCR and transformed into puf3: :KanMX6. The entire
sequence was introduced to the endogenous PUF3 locus by recombination and verified by
DNA sequencing. PUF3(24A PUF domainA) was made by deleting the sequence of PUF
domain (538-844) in PUF3(24A) backbone.

Phosphatase treatment

Puf3p-FLAG was first immunoprecipitated by Anti-FLAG and eluted with 3X FLAG
peptide, following the same procedure as mapping phosphorylation sites. The samples were
treated with 400 units of Lambda phosphatase (NEB) at 30°C for 30 min.

Western blot

Yeast total extracts were prepared following trichloroacetic acid precipitation method (Knop
et al., 1999). 5 OD of cells were resuspended with 1150 L alkaline lysis buffer (0.24 N
NaOH, 1% B-mercaptoethanol, 1X EDTA-free protease inhibitor cocktail (Roche), 1 mM
EDTA, 1 mM PMSF, 5 uM Pepstatin A, 10 uM Leupeptin, 0.2 mM sodium orthovanadate,
10 mM B-glycerolphosphate, 10 mM NaF and 10 mM NaNgy). After incubation on ice for 15
min, 150 pL of 55% TCA was added to precipitate protein for 10 min and followed by
16000xg centrifugation for 10 min at 4°C. The pellet was resuspended in 250 uL HU buffer
(8 M urea, 5% SDS, 200 mM Tris-HCI pH 6.8, 1 mM EDTA, 5% p-mercaptoethanol and
1% Bromophenol blue) and incubated in 65°C for 10 min, followed by 16000xg
centrifugation for 5 min at RT. The supernatant was subjected to SDS-PAGE for protein
analysis.
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Antibodies: mouse anti-FLAG M2 antibody (Sigma), mouse anti-Porl monoclonal antibody
(Invitrogen), mouse anti-Cox2 monoclonal antibody (Invitrogen), mouse anti-Pgk1
monoclonal antibody (Invitrogen), mouse anti-GFP monoclonal antibody (Roche, clone 7.1
and 13.1), and mouse anti-HA monoclonal antibody (Roche, clone 12CAb).

Polysome analysis

~100 OD of cells were mixed with 100 pg/mL cycloheximide and agitated at 30°C for 15
min. The cells were centrifuged and resuspended in 0.5 mL lysis buffer (10 mM Tris-Cl pH
7.5, 100 mM NacCl, 30 mM MgCly, cycloheximide 200 pg/mL, Heparin 200 pg/mL, 0.1% B-
mercaptoethanol, 1X EDTA-free protease inhibitor cocktail (Roche), 1 mM EDTA, 1 mM
PMSF, 5 uM pepstatin A, 10 UM leupeptin, 0.2 mM Na-orthovanadate, 10 mM f3-
glycerolphosphate, 10 mM NaF, 10m M NaN3 and 23 U/mL RNase inhibitor) and then
mixed with 0.5 mL glass beads. The cells were lysed by bead beating 6 x 20 s. After
16000xg 1min at 4°C to collect the supernatant, 0.5 mL lysis buffer was added to the tube,
bead-beated for 20 s and the supernatant was collected after centrifugation at 16000xg 1min
at 4°C. After another 16000xg centrifugation for 5min at 4°C, 200 uL supernatant was
loaded on top of pre-cooled sucrose gradients (7—47 %). Polysomes were fractionated by
centrifugation after 35000 rpm for 3 h at 4°C with SW41 Ti rotor. The gradient was
continuously collected from the top by densi-flow (Buchler), and the collection line was
connected to UV detector to continuously monitor the 254nm absorbance. 19 fractions (0.6
mL/fraction) were collected by fraction collector (AKTA Frac-900). Protein was
precipitated with 6% TCA and blotted with anti-FLAG antibody. RNA was purified with
Masterpure Yeast RNA Purification kit (Epicentre) according to the protocol and run in
1.5% agarose gel to visualize rRNA.

Live cell imaging

Cells were grown in SCD to log phase before being imaged using the Cellasic microfluidics
platform (Y04C-02). Cells were exposed to continuous flow (2psi) of either SCD or SCGE.
Images were taken with Deltavision microscope with 100X oil immersion objective and
processed by Fiji Is Just ImageJ (FI1JI).

p-Estradiol inducible reporter system

For GFP Western blot analysis, the Paotc1-GEV and Pga 1-YEGFP-3UTR sequences were
cloned into HO-Kan-HO plasmid. The whole sequence was amplified by PCR and then
introduced into the HO locus using homologous recombination. For reporter mMRNA
induction, cells were grown in YPD to log phase and 100 nM of 3-estradiol was added for
45 min to induce transcription. Cells were then spun down and washed twice with YPD or
YPGE to remove residual p-estradiol. Then the cells were grown in either YPD or YPGE for
0, 30, 60, 90, and 180 min to assess the amount of yYEGFP mRNA and protein. To quantitate
reporter mMRNA, total RNA was purified with Masterpure Yeast RNA Purification kit
(Epicentre) according to the protocol. cDNA was made with Superscript 11 reverse
transcriptase (Invitrogen). Gene expression level was analyzed by gRT-PCR with SYBR
Green (Invitrogen).
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For the 35S-Met pulse assay, a similar procedure was used with a few modifications. Cells
were grown in SCD-Met to log phase and 100 nM of B-estradiol was added for 30 min to
induce transcription. Cells were then spun down and washed twice with SCD-Met or SCGE-
Met to remove residual B-estradiol. Then the cells were grown in either SCD-Met or SCGE-
Met for 15 min before adding 35S-Met to 100mCi/ml. Samples were taken in 15 min, 30 min
after adding 3°S-Met. GFP was immunoprecipitated with GFP antibody (Roche) and the
samples were subjected to SDS-PAGE and analyzed by phosphorimaging.

Generation of a library of Puf3p phosphomutants and growth rate measurements

1:9 molar ratio of WT and PUF3(24A) templates were mixed in the PCR reaction to perform
the staggered extension process (StEP) technique. PCR was performed with CloneAmp HiFi
PCR premix and the PCR cycling condition was 94°C 30 s, 48°C 10 s, 94°C 30 s, and 68°C
10 s for 40 cycles. The mixed product was then amplified to transform puf3A cells. After
transformation, cells were plated on YPGE plates. 14 growth-competent colonies and 1
slow-growing colony, as a negative control, were picked and their PUF3 allele was
sequenced to identify the number of S/T to A mutations. Their growth rates in YPGE
compared to PUF3 WT and PUF3(24A) were measured for 9 h. All growth rates were
normalized to PUF3(24A).

Ribonucleoprotein immunoprecipitation (RIP)

Approximately 100 ODs of PUF3-FLAG cells were collected in YPD and after 4 h in
YPGE. Cells were harvested and resuspended in 0.5 mL lysis buffer (100 mM Tris-Cl pH
7.5, 50 mM NacCl, 0.1% Tween-20, 10% glycerol, 0.1% p-mercaptoethanol, 1X EDTA-free
protease inhibitor cocktail (Roche), 1 mM EDTA 1 mM EGTA, 1 mM PMSF, 5 uM
Pepstatin A, 10 uM Leupeptin, 0.2 mM sodium orthovanadate, 10 mM B-glycerolphosphate,
60 mM NaF, 10 mM NaN3, and 10U Riboguard (Epicentre) per milliliter) and lysed by bead
beating. Cell lysate was incubated with non-coated (negative control) or anti-FLAG M2
antibody coated Dynabead (Invitrogen) at 4°C for 1 h. Beads were then washed with 1 ml
lysis buffer for three times. 1/8 amount of beads were treated with sample buffer to elute
bound Puf3p and subjected to SDS-PAGE and Western blot for protein quantification. 7/8 of
beads were subjected to RNA purification with MasterPure Yeast RNA Purification Kit
following the manufacturer's protocol. gRT-PCR was done with SYBR green method. The
sample with non-coated Dynabead was used as a negative control to quantify the nonspecific
RNA binding. The fold of RNA enrichment was the RNA amount bound by Puf3p divided
by the background and normalized with Puf3p level. COX17 is a Puf3p target RNA and
COX12 is non-Puf3p target. Primers are listed in Supplemental Table S2

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Glucose depletion triggers the phosphorylation of Puf3p
(A) Cells expressing PUF3-FLAG were collected at the indicated 12 evenly-spaced time

points across one yeast metabolic cycle (YMC). Puf3p protein amounts were assessed by
Western blot analysis. The YMC mRNA expression data for 4 genes involved in
mitochondrial biogenesis are shown (Tu et al., 2005). Note that a slower-migrating form of
Puf3p emerges in the R/B phase, in tune with the observed increase in mitochondrial
transcripts.

(B) Cells expressing PUF3-FLAG were grown in batch culture, shifted from glucose (YPD)
to glucose depletion (YPGE) medium, and collected at the indicated time points for analysis
of Puf3p by Western blot. The abundance of the indicated transcripts was measured by qRT-
PCR. Note that a slower-migrating form of Puf3p emerges following glucose depletion.

(C) Puf3p is a phosphoprotein. Puf3p-FLAG was immunoprecipitated from the indicated
samples and treated with phosphatase, and then resolved by SDS-PAGE followed by
Western blot. Ox and R/B denote samples collected from those phases of the YMC;
+glucose and —glucose denote samples collected in batch culture before glucose depletion,
or after 4 h glucose depletion.

(D) Glucose inhibits phosphorylation of Puf3p. Cells were grown in YPD, switched to
glucose depletion medium (YPGE), and then the culture was split into two after 1 h. One
culture was supplemented with 2% glucose, while the other was kept in YPGE. Samples
were collected at the indicated time points and Puf3p phosphorylation was assessed by
Western blot.

(E) Puf3p is constitutively phosphorylated in the absence of glucose sensors. Puf3p
phosphorylation was assessed in the indicated mutant strains at the indicated time points
following switch to glucose depletion medium.
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Figure 2. Puf3p phosphorylation is required for proper mitochondrial biogenesis
(A) Growth curves of wild type and puf3A strains following switch to glucose depletion

medium (YPGE).

(B) The abundance of mitochondrial proteins was assessed in WT and puf3A strains at the
indicated time points following switch to glucose depletion medium (YPGE). Western blot
analysis of Porlp (mitochondrial porin) and Cox2p (subunit Il of cytochrome ¢ oxidase)
indicate abundance of mitochondrial proteins; Pgklp (phosphoglycerate kinase) serves as a
loading control.

(C) Schematic representation of the domain structure of Puf3p. “*” indicates identified
phosphorylation sites. “A or D” denote serine or threonine residues that were mutated to
alanine or aspartate. The PUF domain mediates mRNA-binding.

(D) Growth curves of WT and the indicated Puf3p mutants in glucose depletion medium.
(E) Mitochondrial biogenesis is severely compromised in the Puf3p(24A) mutant. Possible
phosphorylation of Puf3p, Puf3p(24A), Puf3p(24D), and Puf3p(24A PUF domainA) at the
indicated times following glucose depletion was assessed by Western blot using FLAG-
tagged versions of these proteins. The 24A PUF domainA protein runs at a smaller size but
the gel was cropped to show the relevant band. The accumulation of mitochondrial proteins
was assessed in the same samples by Western blot. Porlp and Cox2p are mitochondrial
markers, Pgk1p is loading control.

(F) The Puf3p(24A) mutant acts as a dominant negative. Growth curves of the indicated
diploid strains: +/+ (WT), +/puf3A and +/PUF3(24A) following switch to glucose depletion
medium.

(G) Mitochondrial biogenesis following glucose depletion in the indicated strains was
assayed by Western blot.
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Figure 3. Puf3p associates with polysomes following glucose depletion
(A) Puf3p WT polysome profiles in glucose or following glucose depletion for 1 h or 4 h.

(B) Puf3p(24A) polysome profiles in glucose or following glucose depletion for 1 h or 4 h.
Polysomes were fractionated by sucrose gradients (7—-47%, w/v). Samples were subjected to
continuous Ays4 measurements and separated into 19 fractions. Proteins from each fraction
were precipitated by TCA and analyzed by Western blot. Note that Puf3p associates with
polysomes only following glucose depletion, whereas Puf3p(24A) is mislocalized to all

fractions regardless of glucose availability.
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Figure 4. Puf3p promotes the translation of its target mMRNAs following glucose depletion
(A) Schematic representation of RNA-pulse experiment to assay mRNA translation. The

indicated reporter constructs with different 3'UTRs were placed under the control of the
PcaL1 promoter and integrated into strains expressing GAL4pgp-ER-VP16, along with
either Puf3p or Puf3p(24A). After cells were grown in YPD (glucose) to log phase, -
estradiol was added to induce a pulse of transcription of the reporter mMRNA. After 45 min,
cells were washed twice to remove B-estradiol and then split into YPD (glucose) or YPGE
(glucose depletion) medium.

(B) Extent of translation of mMRNA reporters assessed by Western blot. Cells were harvested
at 0, 30, 60, 90, and 180 min for analysis of reporter MRNA levels by gRT-PCR and protein
levels by Western blot. Top panel: reporter mRNA levels assayed by gRT-PCR. Bottom
panel: reporter translation assayed by Western blot using anti-GFP antibody, “*” denotes the
slightly larger, unprocessed MTS-GFP. Pgklp denotes loading control. The increase in
mRNA level observed in PUF3 WT / 3'UTR WT after medium switch is due to an
unavoidable washing step to remove p-estradiol. Note that Puf3p is not absolutely required
for translation of its target MRNAs (Figure 2B).

(C) 35S-Met Pulse assay. After cells were grown in SCD-Met (glucose) to log phase, p-
estradiol was added to induce a pulse of transcription of the reporter mRNA. After 30 min,
cells were washed twice to remove B-estradiol and then split into SCD-Met (glucose) or
SCGE-Met (glucose depletion) medium, and then grown for 15min before adding 3°S-Met
(100mCi/ml). Cells were harvested 15 or 30 min after the pulse. Newly translated GFP was
immunoprecipitated by GFP antibody and analyzed by phosphorimaging.
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Figure 5. Puf3p(24A) phosphomutant forms punctate foci following glucose depletion
Live cell imaging of cells expressing Puf3p-GFP or Puf3p(24A)-GFP using the CellASIC

microfluidics platform, before and after switch to glucose depletion medium for the
indicated times. Puf3p-GFP was uniformly distributed in the cytosol and not specifically
localized to mitochondria regardless of glucose availability. Strikingly, Puf3p(24A) forms
foci only after switch to glucose depletion medium. Approximately 40% of cells expressing
Puf3p(24A)-GFP exhibited foci following glucose depletion, in contrast to 0% of cells
expressing WT Puf3p-GFP. See also Figure S5 and Supplementary Videos. These foci
exhibited partial co-localization with the p-bodies marker Dcp2p (Figure S5). Both
Puf3p(24A) and Dcp2p formed foci only after switch to glucose depletion medium (Figure
S5).
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Figure 6. Correlation between number of phosphosite mutations within the N-terminal region of
Puf3p and severity of the growth defect following glucose depletion

(A) A series of 15 phosphomutants containing anywhere from 10 to 23 S/T -> A mutations
(10A to 23A) within the N-terminal low complexity region were generated as indicated.
(B) Growth rates of the various phosphomutants (black dots) in YPGE were plotted against
the number of phosphosite mutations. Growth rates were normalized against PUF3(24A).
Growth rates of PUF3 WT (blue dot) and PUF3(24A) (red dot) are also shown.
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Figure 7. Model depicting the role of Puf3p in regulating the fate of its bound mRNAs
Many mRNA transcripts important for mitochondrial biogenesis harbor a Puf3p binding

element in their 3'UTRSs. In the presence of glucose, these mRNAs are transcribed, but then
degraded in a Puf3p-dependent manner. Upon glucose depletion, Puf3p becomes
phosphorylated which then enables it to associate with polysomes and promote the
translation of these MRNAs. A mutant of Puf3p that prevents its phosphorylation becomes
trapped within PUF-bodies that might be toxic to the cell. As such, phosphorylation of
Puf3p is not only required to promote translation of its bound mRNAs, but is also important
for proper and timely resolution of its association with RNA-protein granule components.
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