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The Catalytic Activity of the Ubp3 Deubiquitinating Protease Is
Required for Efficient Stress Granule Assembly in Saccharomyces
cerevisiae

Regina Nostramo, Sapna N. Varia, Bo Zhang, Megan M. Emerson, Paul K. Herman
Department of Molecular Genetics, The Ohio State University, Columbus, Ohio, USA

The interior of the eukaryotic cell is a highly compartmentalized space containing both membrane-bound organelles and the
recently identified nonmembranous ribonucleoprotein (RNP) granules. This study examines in Saccharomyces cerevisiae the
assembly of one conserved type of the latter compartment, known as the stress granule. Stress granules form in response to par-
ticular environmental cues and have been linked to a variety of human diseases, including amyotrophic lateral sclerosis. To fur-
ther our understanding of these structures, a candidate genetic screen was employed to identify regulators of stress granule as-
sembly in quiescent cells. These studies identified a ubiquitin-specific protease, Ubp3, as having an essential role in the assembly
of these RNP granules. This function was not shared by other members of the Ubp protease family and required Ubp3 catalytic
activity as well as its interaction with the cofactor Bre5. Interestingly, the loss of stress granules was correlated with a decrease in

the long-term survival of stationary-phase cells. This phenotype is similar to that observed in mutants defective for the forma-
tion of a related RNP complex, the Processing body. Altogether, these observations raise the interesting possibility of a general
role for these types of cytoplasmic RNP granules in the survival of G,-like resting cells.

he interior of the eukaryotic cell is a highly compartmentalized

space. Organelles harbor distinct sets of proteins that often
possess related functions, serving to organize the cellular milieu
and increase reaction efficiencies. The recent identification of a
family of ribonucleoprotein (RNP) granules suggests that this
complexity may be greater than previously recognized (1, 2).
These RNP granules differ from traditional organelles in that they
lack a limiting membrane and form in response to particular cues,
including cellular stress and developmental signals (3). Interest in
these structures has increased sharply as they have been recently
linked to a number of human diseases, including neurodegenera-
tive disorders like amyotrophic lateral sclerosis and spinocerebel-
lar ataxia type II (4, 5). Although the function of many of these
granules is unknown, their conservation throughout evolution
suggests that they serve an important biological role.

Stress granules are one of the better-characterized instances of
these cytoplasmic RNP complexes. They form in response to var-
ious types of cellular stress and in quiescent or G, cells (3, 6). They
are highly dynamic structures, continuously shuttling compo-
nents between the cytosol and the granule during the stress and
disassembling rapidly following its cessation (7). In mammalian
cells, stress granule formation is initiated by the translation arrest
that occurs upon the stress-triggered phosphorylation of transla-
tion initiation factor 2a (elF2a) (8). Polysomes disassemble, and
48S preinitiation complexes containing naked mRNA accumulate
and are bound by mRNA-binding proteins that contain low-com-
plexity domains (8). These domains are thought to contribute to
the subsequent aggregation of these preinitiation complexes and
thus the formation of stress granules (9-11). These RNP struc-
tures have also been shown to contain various signaling mole-
cules, including protein kinases and phosphatases and their asso-
ciated adaptor and scaffolding partners (12). The sequestration of
signaling molecules is one mechanism by which stress granules
modulate cell function. For example, under certain conditions,
the scaffold protein RACK1 is sequestered in stress granules,
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thereby preventing activation of a mitogen-activated protein
(MAP) kinase, MTK1, required for apoptosis (13). Other studies
have found that the recruitment of Raptor, a key component of
mammalian target of rapamycin complex 1 (mTORC1), to stress
granules limits a TORC1-induced form of programmed cell death
(14). Finally, a recent study in Saccharomyces cerevisiae has indi-
cated that a significant number of protein kinases and phosphata-
ses are associated with cytoplasmic granules in quiescent cells (2).
Collectively, this work has led to the suggestion that these RNP
granules might serve as hubs of signal transduction activity in the
cytoplasm of the eukaryotic cell.

Although stress granules have been conserved through evolu-
tion, the mechanisms that underlie their formation display spe-
cies- and stress-specific differences. In budding and fission yeast,
for example, stress granule formation occurs in an elF2a-inde-
pendent manner in response to heat stress or glucose starvation
(15-18). In Schizosaccharomyces pombe, cyclic AMP (cAMP)-de-
pendent protein kinase (PKA) signaling is required for stress gran-
ule formation following heat stress but not hyperosmotic stress
(17). In contrast, PKA signaling is not required for stress granule
formation in S. cerevisiae under any condition tested thus far (6).

Stress granules are linked spatially, compositionally, and func-
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tionally to another type of RNP complex, known as the processing
body (P-body) (19, 20). P-bodies are dynamic structures that
form during stress and are enriched in nontranslating mRNAs and
proteins involved in mRNA processing (21, 22). Although origi-
nally believed to be sites of mRNA decay, mRNA turnover has
been found to be unaltered in cells lacking P-body foci (23-25).
Recent work has also shown that P-bodies contain many proteins
that do not have an obvious link to mRNA decay, including many
signaling molecules (2). Several components found in stress gran-
ules are also evident in P-bodies, and the docking/fusion of these
two structures has been reported (19).

Despite recent efforts, our understanding of the biological
roles and significance of these cytoplasmic RNP complexes is still
incomplete. However, the identification of yeast strains deficient
in the formation of P-bodies has proven to be a useful tool in our
attempts to understand these structures (24, 26). In particular,
this work has identified a role for P-bodies in the long-term sur-
vival of stationary-phase cells (26). We are very interested in the
biology of quiescent cells and whether stress granules might also
have a role in stationary-phase survival. This possibility was raised
as a result of recent work showing that stress granules are induced
specifically upon the entry into this quiescent state (6). Unfortu-
nately, deletion strains that display a defect in stress granule for-
mation in stationary phase have not been identified. Therefore, in
this study we utilized a candidate approach to screen strains in the
yeast knockout collection for regulators of stress granule assem-
bly. We identified one protein, Ubp3, whose absence greatly di-
minished stress granule formation. Ubp3 is a member of the ubig-
uitin-specific protease family of deubiquitinases (27). Interestingly,
its mammalian homologue, USP10, is a constituent and regulator
of stress granules, indicating some evolutionary conservation in
stress granule biology (28). We present evidence that the effects of
Ubp3 on the assembly of these foci require its catalytic activity as
well as its interaction with the cofactor Bre5. Furthermore, we
demonstrate a correlation between the loss of stress granules and
the decreased viability of stationary-phase cells. The latter effect is
similar to what is observed with the loss of P-bodies, and we found
that a mutant defective for the assembly of both of these RNP
granules exhibited a severe synthetic growth defect (26). Alto-
gether, this work identifies a key regulator of stress granule assem-
bly in S. cerevisiae and provides insight into the physiological rel-
evance of these RNP structures.

MATERIALS AND METHODS

Yeast strains and growth conditions. S. cerevisiae strain BY4741 was the
wild-type strain for all experiments described in this report, and the dele-
tion strains used for screening were obtained from the yeast knockout
collection (Open Biosystems). The ubp3A patIA strain was generated by
first transforming a URA3-marked plasmid containing PATI-GFP (where
GFP is green fluorescent protein) into the ubp3A strain. The PATI locus
was subsequently disrupted by replacing its coding sequence with the
LEU2 gene. The resulting strain was then streaked on plates containing
5-fluoroorotic acid to select for yeast that had lost the plasmid. Standard
Escherichia coli and yeast growth conditions were used throughout. The
rich yeast medium yeast extract-peptone-adenine-dextrose (YPAD) and
the minimal media yeast minimal (YM) medium and synthetic complete
(SC) medium have been previously described (29-31). Carbon starvation
experiments were performed by transferring cells to yeast extract-pep-
tone-adenine medium lacking glucose for 20 min. Heat stress experiments
were performed by incubating cultures at 45°C for 40 min. For the sodium
azide experiments, cultures were incubated in 0.5% sodium azide for 30
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min. To assess stationary-phase stress granule or P-body formation, cul-
tures were grown in YPAD or SC medium with dextrose with agitation at
30°C for the indicated number of days.

Plasmid construction. The plasmids encoding the Pbpl-mCh
(pPHY3831), Pbp4-mCh (pPHY4207), and Edc3-mCh (pPHY4085) fu-
sion proteins were constructed in the pRS406 vector and integrated into
the yeast genome. The LEU2-marked, high-copy-number PDE2 plasmid
(pPHY2299, originally pTD40a) was provided by Thomas Fox. The
UBP3-GFP constructs were made by PCR amplification and were subse-
quently cloned into the pRS415 vector. The Ubp3 variants used in this
study were constructed by site-directed mutagenesis using the Geneart
site-directed mutagenesis system (Invitrogen). Additional constructs en-
coding Ubp3- and Ubp3“***A-GFP were generated in the pRS405 vector
to allow for integration into the genome. In all constructs, the encoded
proteins were tagged with the respective fluorescent reporter at the C
terminus.

Fluorescence microscopy. Cells expressing fluorescent protein fusion
constructs were grown as indicated, collected by centrifugation, and spot-
ted onto microscope slides as described previously (32, 33). Cells were
imaged with a 100X/1.45 numerical aperture Plan-Apo objective lens on
an Eclipse Ti inverted microscope (Nikon, Melville, NY) with an Andor
Zyla digital camera and the appropriate Nikon HC filter sets. All data
represent two or more independent experiments. For quantitation of foci,
the data represent a minimum of three replicates with at least 200 cells
examined in each. In many experiments, the foci were placed into three
different categories: large, bright foci with well-delineated edges; dim,
smaller foci but still with well-defined edges; and finally, dim but with a
more amorphous appearance that we refer to as diffuse foci in this report.
Merged images were created with the Image] software package.

Protein analysis. Protein samples were prepared for Western blotting
by a glass bead lysis method, separated on a 10% SDS-polyacrylamide gel,
and transferred to nitrocellulose membranes as described previously (34—
36). The membranes were probed with the appropriate primary and sec-
ondary antibodies, and immunoreactive bands were detected using the
Supersignal chemiluminescent substrate (Pierce).

Stationary-phase viability assays. Cells were grown in YM-glucose
minimal medium for the indicated number of days, collected by centrif-
ugation, and resuspended in water at a concentration of 5 optical density
at 600 nm (ODyg,,) units/ml. Fivefold dilutions of these cultures were
spotted onto plates containing the same medium and incubated at 30°C
for 2 to 3 days.

Thermal resistance assays. Strains grown for 4 days at 30°C in YM-
glucose minimal medium were subjected to a 20-min heat shock at 50°C
as described previously (29). Dilutions of the cultures, taken before and
after the heat shock, were plated on minimal medium and incubated at
30°C for 2 to 3 days to allow colony formation. The relative survival rate
was determined by comparing the numbers of CFU present before and
after the heat shock.

Assessing protein translation rates. Yeast cultures were grown in YM
medium to an OD, of 0.4 to 0.6/ml. One ODy,, equivalent of cells was
resuspended in 300 pl of medium lacking methionine and incubated for
20 min at 30°C. To induce heat stress, the cells were incubated at 45°C for
up to 40 min; 100 wCi of Tran>>S-Label (MP Biomedicals) was added to
the culture for the final 5 min of the heat stress. The incorporation of
[**S]methionine-cysteine was stopped by adding 300 pl of ice-cold 1.2
mg/ml methionine in 20% trichloroacetic acid (TCA) and incubating on
ice for at least 10 min. The protein precipitate was filtered using GF/C
filters and washed once with 10 mlice-cold TCA and twice with 10 m195%
ethanol. Filters were dried and counted in a liquid scintillation counter.

RESULTS

Identifying regulators of stress granule formation in stationary
phase. We recently found that stress granules are induced specif-
ically when S. cerevisiae cells enter into stationary phase (6). To
better understand the significance of this induction, we set out to

January 2016 Volume 36 Number 1


http://mcb.asm.org

Deubiquitinase Required for Stress Granule Assembly

Strain Function SG Phenotype
— )
ubp3A Deubiquitinase / Day 7 Pbp1-
ino2A | Transcription factor - meh
ino4A Transcription factor ++++
WT - ++
20 » Large, bright
. . HIE
3
[ = Small, dim
£ 12
Pbptl- 2
mch 3§ I Diffuse
xX
‘N i e
0
WT

ubp3A

FIG 1 Identification of regulators of stress granule formation in stationary-phase cells. (A) A candidate screen for regulators of stationary-phase stress granule
assembly yielded three strains that exhibited either enhanced or diminished granule formation. The relative effects of each mutation on focus number and/or size
are indicated in the “SG Phenotype” column. (B) Enhanced stress granule formation was observed in the in02A and ino4A strains. Pbp1-mCh foci were analyzed
in the indicated strains after 5 or 6 days of growth in the rich medium YPAD. (C) Strains lacking the Ubp3 protein were defective for stress granule formation.
Wild-type and ubp3A strains were grown for 7 days in rich medium, and the localization of the Pbp1-mCh reporter was assessed by fluorescence microscopy.
Representative fields of cells are shown in the top panels, and the quantitation of these data is presented below. The foci were placed into three categories
depending upon the intensity of the fluorescence signal and the size and density of the focus. Examples of each of the three categories of foci are shown in the inset

images. The data represent the averages for three replicates, where 7 is >300 for each.

identify mutants that were defective for stress granule formation
in these quiescent cells. In particular, we used a candidate ap-
proach to screen strains in the yeast knockout collection for reg-
ulators of this stationary-phase assembly process. Thirty-seven
strains were initially chosen based on reported physical and ge-
netic interactions with the stress granule components Pbp1 and
Pabl. These interactions were obtained either from the Saccharo-
myces Genome Database website or were uncovered in synthetic
genetic array (SGA) screens performed in the laboratory of Char-
lie Boone (37). The latter data were graciously provided before
publication. An additional 22 strains were subsequently examined
based on the findings from this initial screen. For this analysis, the
chromosomally encoded Pbp1 (or Pabl) protein was tagged at its
C terminus with the fluorescent reporter mCherry (mCh). Fluo-
rescence microscopy was then used to assess stress granule forma-
tion in cells that were grown in the rich medium YPAD for 5 to 7
days. We have shown previously that cells are beginning to enter
stationary phase under these conditions and that stress granules
are forming at this time (6). The complete list of strains tested is
shown in Table S1 in the supplemental material.

In total, this analysis identified three deletion strains that dis-
played marked effects on stress granule formation (Fig. 1A). Two
of these, the ino2A and ino4A strains, exhibited a significant in-
crease in stress granule size in stationary-phase cells (Fig. 1B). The
Ino2 and Ino4 proteins form a heteromeric complex that func-
tions as a transcription activator (38). One of the primary targets
of this complex is the INO1 locus that encodes an inositol-3-phos-
phate synthase (38). However, we found that stress granule for-
mation was not enhanced in the inolA strain, suggesting that the
observed effects on these granules are due to other targets of the
Ino2/Ino4 complex (Fig. 1B). Finally, the ubp3A strain displayed a
diminished ability to form stress granules in stationary-phase cells
(Fig. 1C). UBP3 encodes a ubiquitin-specific protease that is part
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of a large family of such enzymes that act to remove ubiquitin
from particular sets of ubiquitinated protein targets (27). The re-
mainder of this report will focus on the role of Ubp3 in promoting
stress granule formation.

A time course analysis showed that Pbp1-mCh foci were evi-
dent in wild-type cells as early as day 4 and were maintained
through day 18 (the latest time point tested). However, in the
ubp3A strain the appearance of Pbp1-mCh foci was delayed, and
once formed, the foci were smaller, less intense, and present in a
smaller percentage of cells than in wild-type cells (Fig. 2A). For
example, on day 7 nearly 16% of wild-type cells contained large,
bright Pbp1-mCh foci compared to 0% of ubp3A cells (Fig. 1C).
Moreover, defined foci (comprising large, bright foci and small,
dim foci) were observed in 25% of wild-type cells but in only 4%
of ubp3A cells. A Western blot analysis indicated that Pbpl-mCh
levels were similar in wild-type and ubp3A cells in both log-phase
and day 5 cultures (Fig. 2B). Thus, the decrease in focus formation
did not appear to be due to reduced levels of Pbp1-mCh expres-
sion. A similar decrease in focus formation was observed when
Pbp1 was tagged with the monomeric enhanced citrine fluores-
cent protein (mECitrine), suggesting that the observed aggrega-
tion was independent of the particular tag used (Fig. 2C). To de-
termine whether the observed effects were specific for Pbpl, the
localization of two additional stress granule proteins, Pbp4 and
Pabl, was assessed in wild-type and ubp3A cells. The resulting foci
for both of these mCh-tagged proteins were diminished in the
ubp3A strain in a manner similar to that observed for Pbp1 (Fig.
2D; data not shown). Finally, the stress granules that did form in
ubp3A mutants exhibited disassembly kinetics similar to those of
the foci present in wild-type cells (Fig. 2E). These results are there-
fore consistent with Ubp3 having a general role in the assembly of
stress granule foci in stationary-phase cells.

To confirm that the defect in stress granule formation was
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FIG 2 Stationary-phase stress granule formation was defective in a ubp3A strain. (A) Stress granule formation was assessed in wild-type (WT) and ubp3A cells
after the indicated days of growth in rich medium. (B) Pbp1-mCh levels were assessed by Western blotting with wild-type and ubp3A cell extracts prepared from
either log-phase or day 5 cultures grown in the rich medium YPAD. Cell lysates were diluted as indicated (1X or 5X). The levels of phosphoglycerate kinase
(PGK) served as a loading control. (C, D) The subcellular localization of the stress granule reporters Pbpl tagged with the monomeric enhanced citrine
fluorescent protein (mECitrine) (C) or Pbp4-mCh (D) was assessed by fluorescence microscopy in wild-type and ubp3A cells grown for 4 to 7 days in rich
medium. The fraction of cells with large, bright foci, as depicted in Fig. 1C, is indicated. (E) Disassembly of stationary-phase stress granules following glucose
readdition. The indicated strains were grown in rich medium for 7 days to allow stress granule formation and were then transferred to fresh medium containing
2% glucose. The Pbpl-mCh foci were analyzed by fluorescence microscopy after a 15-min incubation at 30°C. (F) The stress granule assembly defect was
observed in multiple ubp3 deletion strains. Strains carrying the indicated ubp3 deletion alleles were grown in rich medium, and stress granule formation was
assessed on day 7 of growth. (G) The expression of Ubp3-GFP rescued the stress granule assembly defect associated with the ubp3A mutant. Wild-type and ubp3A
strains were transformed with either the vector control or a single-copy plasmid expressing Ubp3-GFP from its endogenous promoter. Cells were grown for 6
days in minimal medium, and the frequency of Pbp1-mCh foci was assessed by fluorescence microscopy. The fraction of cells with a focus is indicated. In all
experiments, the data shown represent the averages for 3 replicates, where 1 is >200 cells for each.

due to the absence of Ubp3, additional deletions strains in  both of these deletion strains (Fig. 2F). Finally, we found that
which the UBP3 locus was disrupted by replacing its coding the expression of Ubp3 from a plasmid rescued the observed
sequences with either the HIS3 or the LEU2 genes were gener-  defect in Pbpl-mCh focus formation observed in the original
ated. Pbpl-mCh focus formation was similarly diminished in  ubp3A strain (Fig. 2G). Altogether, these data suggested that
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FIG 3 Ubp3, but not other ubiquitin-specific proteases, has a role in the formation of stationary-phase stress granules. Wild-type (WT) or single-deletion strains
of the ubiquitin-specific protease (Ubp) family containing the integrated Pbp1-mCh reporter were grown for 7 days in rich medium and then analyzed by
fluorescence microscopy. Quantitation of the microscopy data is shown in the graph below, in which the percentage values represent the fraction of cells with foci
belonging to any of the categories indicated in Fig. 1C. The data represent the averages for 3 replicates, where 1 is >400 cells for each.

the Ubp3 protein plays an important role in the regulation of
stress granule formation.

Ubp3, but not other ubiquitin-specific proteases, was re-
quired for stationary-phase stress granule formation. In S.
cerevisiae, there are 16 members of the ubiquitin-specific protease
(Ubp) family, none of which are essential for viability (39). The
homology among these Ubp proteins is limited to the catalytic
core domain with each containing rather distinct N- and C-termi-
nal extensions of this core. To determine whether any of these
other Ubp members might influence stress granule assembly,
strains lacking each of these proteins were assessed for Pbp1-mCh
foci formation in stationary phase. In each case, we found that
these ubp deletion strains contained Pbp1 foci that were indistin-
guishable from those found in the wild-type strain (Fig. 3). These
data therefore suggested a specific role for Ubp3 in stress granule
formation.

The catalytic activity of Ubp3 and its interaction with Bre5
were needed for stationary-phase stress granule formation.
Ubp3 and the other Ubp enzymes act primarily as deubiquitinat-
ing cysteine proteases in the cell. Their main function is to remove
either mono- or polyubiquitin modifications from particular sets
of target proteins (39). To test whether the catalytic activity of
Ubp3 was important for stress granule formation, we examined
the localization of the Pbp1-mCh reporter in three strains known
to possess diminished levels of Ubp3 activity. The first of these
expresses a variant protein, Ubp3****, where a cysteine residue
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critical for catalytic activity has been replaced with an alanine (40).
In this strain, we observed an almost complete lack of the bright
foci that were found in 14% of the wild-type cells (Fig. 4A). The
number of total foci (including dim, diffuse, and intense puncta)
was also lower by approximately one-third than the number in
wild-type control. A similar result was seen with the second strain,
the bre5A strain, which lacks a key protein cofactor, Bre5, impor-
tant for Ubp3 activity (40). This interaction between Ubp3 and
Bre5 has been conserved through evolution (41). Essentially no
bright or intense Pbp1-mCh foci were observed in this strain after
5 days of growth in the rich medium YPAD (Fig. 4B). Finally, the
third strain encodes a Ubp3 variant in which four residues in the
Bre5 interaction domain (L,,gFIN,;;) have been replaced with
alanines. The resulting protein, Ubp3-"™N-444 is yunable to inter-
act efficiently with Bre5 and thus exhibits decreased levels of cat-
alytic activity (42). For the last experiment, we introduced single-
copy plasmids that encoded either the wild-type Ubp3 or the
Ubp3©*94 or Ubp3"™ 4444 variants into a ubp3A strain. These
strains were grown for 6 days in SC-glucose minimal medium, and
the numbers of bright Pbp1-mCh foci were determined by fluo-
rescence microscopy. Consistent with the above results, we found
that the number of foci was diminished to a similar degree in the
strains expressing either Ubp3“**** or Ubp3™ ™ 4444 (Fig 4C).
As reported previously, the fraction of cells that possessed stress
granules in minimal media was substantially lower than that ob-
served in rich growth media (6). The expression levels of both of
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FIG 4 Ubp3 catalytic activity and the interaction with Bre5 were needed for efficient stationary-phase stress granule assembly. (A, B) Pbp1-mCh focus formation
was assessed by fluorescence microscopy in cultures grown for 5 or 6 days in rich medium. The cells either expressed the catalytically inactive variant Ubp3<*¢**
(A) or were lacking the Ubp3 cofactor Bre5 (B). Ubp3 and Ubp3“**** were tagged with GFP in order to confirm expression by Western blotting (not shown). The
fraction of cells with large bright and total Pbp1-mCh foci is indicated in the graphs to the right of the microscopy images. (C) Expression of a Ubp3 variant
defective for the interaction with Bre5, Ubp3"*!N-4444 a5 unable to rescue the stress granule assembly defect associated with the ubp3A mutant. Wild-type and
ubp3A strains expressing the indicated Ubp3 variants from a single-copy plasmid were grown for 6 days in minimal media. The fraction of cells with Pbp1-mCh
fociis indicated in the accompanying graph. The data shown represent the averages for 3 replicates, where nis >200 cells for each. Cells with a strong, delocalized
fluorescence were dead or dying and were not counted in any of the experiments. (D) The expression levels of the different Ubp3 variants in panel C were assessed
by Western blotting with an anti-GFP antibody. The levels of the Pbp1-mCh reporter were also determined. PGK served as a loading control in these experiments.

these Ubp3 variants were similar to that of the wild-type Ubp3,
and the Pbp1 reporter levels were similar in all strains (Fig. 4D).
Thus, altogether these data indicated that the catalytic activity of
Ubp3 is required for efficient stress granule formation in station-
ary-phase cells.

Ubp3 was required for heat stress- and sodium azide-in-
duced stress granule formation. To test whether Ubp3 hasa more
general role in regulating stress granule assembly, we examined
granule formation in response to two additional conditions
known to induce stress granules: heat stress and sodium azide
treatment (15, 43). For the former condition, wild-type and
ubp3A cells were exposed to 45°C for 40 min and the Pbp4-mCh
foci formed were visualized by fluorescence microscopy. Signifi-
cantly fewer foci were observed in the ubp3A cells and the foci
present tended to be less intense than those observed in the wild-
type cells (Fig. 5A). This assembly defect was not due to a failure to
arrest translation, as the rate of protein synthesis in the ubp3A
mutant declined with kinetics similar to those of the wild type
during the heat stress (Fig. 5B). A similar deficiency in stress gran-
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ule assembly was observed when wild-type and ubp3A cells were
exposed to 0.5% sodium azide for 30 min (Fig. 5C). In the absence
of Ubp3, Pbpl-mCh focus formation was reduced and the foci
formed were more diffuse than those observed in the wild-type
control. Altogether, these data suggested that Ubp3 is generally
required for the efficient assembly of stress granules in S. cerevi-
siae.

The Ubp3 protein was associated with stress granules. Al-
though the above-described data indicated that Ubp3 regulates
stress granule formation, it was not known whether this protein
was associated with these RNP granules in S. cerevisiae. Therefore,
we examined the localization of a Ubp3-GFP fusion protein fol-
lowing both an exposure to heat stress and the entry into station-
ary phase. For the former condition, we found that this Ubp3-GFP
protein was indeed present in stress granules after a 40-min expo-
sure to 45°C (Fig. 5D). However, the situation was more compli-
cated for the latter, as Ubp3-GFP foci were not observed at any of
the times examined during the growth into stationary phase (Fig.
5E). This analysis included day 7, a time when stress granules were
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FIG 5 Ubp3 was associated with stress granules. (A) Ubp3 was required for stress granule formation in response to a heat stress. Wild-type and ubp3A cells were
grown to mid-log phase in rich medium and then incubated at 45°C for 40 min. For the panels in this figure, stress granule formation was monitored by assessing
the subcellular localization of an integrated Pbp1- or Pbp4-mCh reporter, as indicated. (B) ubp3A mutants exhibited a normal decrease in protein translation
rates in response to a heat shock stress. Wild-type and ubp3A cells were grown to mid-log phase and then incubated at 45°C for up to 40 min. The relative rates
of [**S]methionine and [**S]cysteine incorporation into TCA-precipitable material were determined as described in Materials and Methods. The graph shows the
relative rates of incorporation after the indicated times of heat shock. (C) Ubp3 was required for stress granule formation in response to sodium azide. Wild-type
and ubp3A cells were grown to mid-log phase in rich medium and then incubated with 0.5% sodium azide for 30 min. (D) Ubp3 was associated with heat
stress-induced stress granules. Wild-type cells expressing Ubp3-GFP from a chromosomally integrated construct were grown to mid-log phase in rich medium
and then incubated at either 30°C or 45°C for 40 min. (E) The wild-type Ubp3 was not detected in the stress granules formed in stationary-phase cells. Wild-type
cells expressing Ubp3-GFP and Pbp1-mCh were grown for the indicated days in rich medium, and focus formation was assessed by fluorescence microscopy. (F)
The catalytically inactive variant Ubp3“**** was associated with stress granules in stationary phase. (G) A wild-type Ubp3-mCh protein formed dim cytoplasmic
foci in bre5A cells. Wild-type and bre5A cells expressing Ubp3-mCh from a chromosomally integrated construct were grown for 9 days in YPAD rich medium
and then visualized by fluorescence microscopy.

readily apparent in the cells. In contrast, the catalytically inactive
Ubp3©**** protein was found to be associated with stress granules
in stationary-phase cells (Fig. 5F). Moreover, the wild-type Ubp3
was found to be associated with foci in bre5A cells, although these
foci were less defined than those formed by the Ubp3°**** protein
(Fig. 5G). A possible interpretation of these data is that the wild-
type Ubp3 is only transiently associated with stress granules, per-
haps through an interaction with its ubiquitinated target. The re-
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moval of the ubiquitin moiety could then lead to Ubp3
disassociation from the granule. In this model, the catalytically
inactive Ubp3 might be expected to exhibit a more prolonged
association with these granules than the wild-type protein. In any
case, the data here indicate that Ubp3 is found to be associated
with stress granules under at least some stress conditions.
P-body formation was delayed in a ubp3A strain. The P-body
is an RNP complex that has been linked spatially, compositionally,
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FIG 6 The ubp3A mutant exhibited a diminished ability to survive during the stationary phase of growth. (A) P-body formation in response to an acute
starvation for glucose occurred normally in the ubp3A mutant. Wild-type and ubp3A cells were grown to mid-log phase in rich medium and then transferred to
the same medium lacking glucose for 20 min. The formation of Edc3-mCh foci was assessed by fluorescence microscopy. (B, C) P-body assembly was delayed in
aubp3A strain in response to a more gradual depletion of glucose. Wild-type (WT) and ubp3A cells were grown for up to 6 days in rich medium. The subcellular
localization of the P-body marker Edc3-mCh was analyzed by fluorescence microscopy in the absence (B) or presence (C) of Pde2 overexpression. (D) Growth
curves for the wild-type and ubp3A strains in minimal medium are shown. (E) Ubp3 and/or stress granules were required for the long-term survival of
stationary-phase cells. Serial dilutions of the indicated strains were plated following culture growth for up to 14 days in a minimal medium. The plates were then
photographed after 2 to 3 days of incubation at 30°C. (F) The ubp3A patlA double mutant exhibited a severe growth defect. The indicated strains were streaked

onto rich medium and incubated for 2 days at 30°C.

and functionally to stress granules (19). Here, we set out to test
whether the loss of Ubp3 had any effect upon P-body formation.
For these experiments, we used an Edc3-mCh protein as a reporter
for P-bodies and examined granule formation in response to both
an acute and a gradual deprivation of glucose, as described previ-
ously (6). For the former, log-phase cells were transferred to a
medium that lacked glucose for 20 min and P-body foci were then
visualized by fluorescence microscopy. Under these conditions,
we observed no significant difference in the Edc3-mCh foci
formed in wild-type and ubp3A cells (Fig. 6A). However, we did
see a difference with the latter regimen as P-body focus formation
was delayed in the ubp3A cells (Fig. 6B). Under the standard
growth conditions used here, the cells would have depleted most
of the glucose in the medium within the first day of growth. This
depletion of glucose is responsible for the P-body induction that is
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observed at this time (6). However, we found here that Edc3-mCh
foci did not form appreciably until after 2 to 3 days of growth in
the ubp3A cultures (Fig. 6B). At later times, the number and in-
tensity of the P-body foci were similar in the wild-type and ubp3A
cells. It is important to point out here that our previous work has
shown that stress granule formation occurs independently of P-
bodies in stationary-phase cultures. In particular, stress granules
formed normally in mutants that had severe defects in P-body
assembly (6).

We have previously shown that the formation of P-bodies is
inhibited by the PKA pathway in S. cerevisiae (26). Since Ubp3 has
been found to act as a negative regulator of PKA signaling (44), the
delay in P-body formation observed in the absence of Ubp3 could
be due to the removal of this inhibitory input. If this is indeed so,
we reasoned that the overexpression of the cAMP phosphodies-
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terase Pde2 might reverse this effect. Therefore, we introduced a
PDE2 high-copy-number plasmid that we have used previously to
lower PKA activity (26, 45, 46). However, the presence of this
plasmid had no effect on P-body assembly in the ubp3A cells (Fig.
6C). Therefore, the Ubp3 effects on P-body formation may be
independent of its effects on the PKA signaling pathway.

The absence of Ubp3 was correlated with a diminished level
of cell survival during the stationary phase of growth. To exam-
ine the physiological significance of stress granules during station-
ary phase, we assessed wild-type and ubp3A cell survival during
this period of quiescence. For these studies, the strains were grown
for the indicated number of days in minimal medium, and serial
dilutions of the cultures were then plated out. The number of days
that the cells remain viable has been referred to as the chronolog-
ical life span (CLS) and has been used as a model for the study of
cellular aging (47). The wild-type and ubp3A strains exhibited
similar growth curves for the culture conditions used here (Fig.
6D). However, we found that the ubp3A strain exhibited a signif-
icantly shorter CLS than the wild-type control, a result consistent
with the presence of Ubp3 and/or stress granules being an impor-
tant factor for stationary-phase survival (Fig. 6E). ubp3 mutants
appeared to enter into stationary phase, as they exhibited the
heightened resistance to heat shock typically associated with this
resting state (29, 48). In particular, wild-type, ubp3A, and
ubp3<**¥4 cells were all found to exhibit a survival rate of greater
than 50% following a 20-min heat shock at 50°C (54%, 73%, and
58%, respectively). In contrast, fewer than 1% of the cells in each
log-phase control culture were resistant to this heat stress. Mu-
tants that fail to enter into a normal stationary phase resemble
log-phase cells and are also sensitive to this heat shock regimen
(29, 48).

The CLS defect in ubp3A cells was less severe than that ob-
served with pat] A mutants, which are defective for P-body forma-
tion (6, 26). To assess the consequences of compromising both
stress granule and P-body assembly, we constructed a ubp3A
patlA double mutant as described in Materials and Methods. In-
terestingly, this strain exhibited a severe growth defect that might
suggest a role for these RNP granules during mitotic growth (Fig.
6F). However, it is important to point out that Ubp3 has multiple
targets and the growth effects observed here could be due to the
failure to deubiquitinate a substrate unrelated to stress granules.
Nonetheless, the data here indicate that the Ubp3 protein and/or
stress granules are required for the long-term survival of station-
ary-phase yeast cells.

DISCUSSION

Stress granules are evolutionarily conserved structures that appear
to have an important role in the cellular response to stress. The
ability to manipulate their formation could yield invaluable in-
sight into precisely how such granules influence cell physiology
under these conditions. In this study, we identified a critical role
for a particular deubiquitinating protease, Ubp3, in stress granule
formation in response to a variety of conditions in S. cerevisiae.
These conditions include the entry into stationary phase and an
exposure to either sodium azide or a heat stress. Both Ubp3 cata-
Iytic activity and the presence of a Ubp3 cofactor, Bre5, were re-
quired for the efficient assembly of these cytoplasmic granules.
Altogether, these results suggest that the deubiquitination of a
particular Ubp3 target is generally important for optimal stress
granule formation. Finally, we found that the absence of Ubp3,
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and thus stress granules, results in a significant decrease in viabil-
ity in stationary-phase cells, much like that observed upon impair-
ment of P-body formation. These studies are therefore consistent
with cytoplasmic RNP granules generally having an important
role in the long-term survival of quiescent cells.

The absence of Ubp3 altered stress granule formation, in terms
of both the number of foci per cell and their physical characteris-
tics. In particular, the majority of stationary-phase foci observed
in Ubp3-deficient cells were relatively diffuse aggregates com-
prised of known stress granule components. These foci are visually
distinct from the highly punctate granules that are found in Ubp3-
expressing cells. Accordingly, fewer and smaller stress granules
have been reported in mouse embryonic fibroblasts lacking the
Ubp3 homologue, USP10, following exposure to arsenite or heat
stress (28). Although these diffuse aggregates contain stress gran-
ule components, it is unclear as to whether they retain any func-
tionality.

Multiple lines of evidence presented here indicate that the cat-
alytic activity of Ubp3 mediates its role in stress granule forma-
tion. One possibility is that a target(s) of Ubp3 exists in a ubiquiti-
nated form under nonstress conditions and that this modified
protein prevents the aggregation required for stress granule as-
sembly. An exposure to an appropriate stress or the entry into
stationary phase could trigger the Ubp3-mediated deubiquitina-
tion of this protein, thereby allowing for granule formation. Al-
though it remains to be determined whether ubiquitination can in
fact inhibit the aggregation necessary for stress granule formation,
several posttranslational modifications are known to regulate sim-
ilar types of protein behavior. For example, a-synuclein aggrega-
tion is modulated by phosphorylation, oxidation, and sumoyla-
tion (49). Identification of this target(s) of Ubp3 is an important
next step toward understanding the mechanisms controlling
stress granule formation. To begin to address this issue, we
screened single-deletion strains lacking known Ubp3 substrates
for effects on stress granule formation. Unfortunately, no defects
were observed in any of these mutants (data not shown; relevant
strains are indicated in Table S1 in the supplemental material).
Therefore, less-directed approaches are likely needed to identify
novel Ubp3 substrates important for the stress granule effects ob-
served here.

In addition to regulating the formation of stress granules,
Ubp3 can also localize to these foci. For example, we found that
Ubp3 colocalizes with the stress granule marker Pbpl in heat-
stressed cells. A similar association has been observed in S. pombe
cells exposed to a heat stress (50). Furthermore, USP10 was ob-
served to localize to stress granules in mammalian cells exposed to
heat or arsenite stress (28). Although the wild-type S. cerevisiae
Ubp3 did not form foci in stationary-phase cells, a catalytically
inactive variant was associated with stress granules at this time.
Thus, Ubp3 may normally associate only transiently with stress
granules in quiescent cells, perhaps as a result of an interaction
with a granule-localized substrate. In this model, the ubiquitina-
tion of this substrate would be inhibitory to stress granule forma-
tion. It is currently unclear how Ubp3 is recruited to these gran-
ules and what, if any, physiological function Ubp3 might have in
this RNP structure. Interestingly, in mammalian cells the localiza-
tion of USP10 to stress granules unleashes its antioxidant activity
by altering its interaction with G3BP1 (the mammalian Bre5)
within the focus (28). It is not yet known whether stress granule-
localized Ubp3 exhibits a similar function in yeast and what role
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this type of activity might have in the survival of stationary-phase
cells.

Finally, this study suggests that stress granules, much like P-
bodies, may be important for the long-term survival of quiescent
cells (26). Specifically, a defect in stress granule formation was
correlated here with diminished cell survival in stationary-phase
cultures. Although this interpretation is complicated somewhat
by the kinetic delay in P-body formation observed in ubp3A cells,
normal P-body numbers were present before these cells began to
show a significant defect in overall survival. As a result, we feel that
the loss of stress granules is a more likely explanation for the di-
minished CLS displayed by this mutant. Clearly, additional work
is needed to confirm this interpretation and to establish that the
Ubp3 effects on this survival are direct consequences of defective
stress granule assembly. Nonetheless, the results here raise the
interesting possibility of a general role for these types of cytoplas-
mic RNP granules in the survival of G,-like resting cells. Deter-
mining how these granules influence this biology could shed light
on both the underlying requirements for survival at this time and
the physiological roles that these RNP structures have in the eu-
karyotic cell. In turn, these observations could provide insight into
the observed link between stress granules and neurodegenerative
disease.
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