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SUMMARY

How cells adapt to varying environmental conditions
is largely unknown. Here, we show that, in budding
yeast, the RNA-binding and stress granule protein
Pub1 has an intrinsic property to form condensates
upon starvation or heat stress and that condensate
formation is associated with cell-cycle arrest.
Release from arrest coincides with condensate
dissolution, which takes minutes (starvation) or
hours (heat shock). In vitro reconstitution reveals
that the different dissolution rates of starvationand heat-induced condensates are due to their
different material properties: starvation-induced
Pub1 condensates form by liquid-liquid demixing
and subsequently convert into reversible gel-like
particles; heat-induced condensates are more
solid-like and require chaperones for disaggregation.
Our data suggest that different physiological
stresses, as well as stress durations and intensities,
induce condensates with distinct physical properties
and thereby define different modes of stress adaptation and rates of recovery.
INTRODUCTION
Cells frequently experience stressful conditions. To survive, they
have evolved stress response pathways that arrest the cell cycle,
readjust the metabolism, and upregulate stress-protective factors. The best understood stress response is the transcriptional
program mediated by heat shock factor 1 (HSF-1). HSF-1 is activated upon heat stress and upregulates molecular chaperones,
which protect the proteome from damage (Vihervaara and Sistonen, 2014). Transcriptional programs such as the one mediated
by HSF-1 and additional stress-activated signaling pathways
have long been considered the key processes that protect cells
from stress.
In recent years, evidence has been accumulating for another
stress-adaptive system that involves changes in the physical
state of the cytoplasm. For example, in energy-depleted budding
yeast and bacteria, stress causes a transition of the cytoplasm

from a fluid to a protective, solid-like state (Parry et al., 2014;
Munder et al., 2016). In budding yeast, this transition is regulated
by changes in cytosolic pH (Peters et al., 2013; Petrovska et al.,
2014; Munder et al., 2016). To maintain a neutral cytosolic pH,
growing cells use ATP to pump protons from the cytosol into
the extracellular space. However, during energy depletion, the
cytosol quickly acidifies because protons that leak into the cell
can no longer be removed (Orij et al., 2011). Acidification of the
cytosol goes along with widespread assembly of proteins into
higher order structures (Munder et al., 2016), providing a potential explanation for the solidification of the cytoplasm seen in energy-depleted cells. Importantly, when the cytoplasm of starved
yeast cells is prevented from solidifying, the cells quickly die
(Munder et al., 2016). This suggests that assembly formation
and cytoplasmic solidification are required for stress survival.
How do these stress-inducible higher order assemblies form,
and what is their function? Beginning in the early nineties, fluorescence microscopy studies showed that stressed eukaryotic
cells form many microscopically visible granules that contain
various RNA-binding proteins and RNAs. These so-called stress
granules (SGs) have been observed under nutrient starvation,
osmotic, oxidative, and thermal stress conditions (Kedersha
et al., 2005; Protter and Parker, 2016). It has been hypothesized
that SGs serve to store mRNAs and thus ensure translational
silencing and/or protection of mRNAs from degradation (Buchan
and Parker, 2009; Anderson and Kedersha, 2009). Despite their
large size, SGs are not delimited by a membrane. It has been
proposed that mammalian SGs form through liquid-liquid phase
separation of proteins and RNAs from the cytoplasm (Kroschwald et al., 2015; Molliex et al., 2015; Patel et al., 2015). This
physical process leads to the formation of two distinct phases:
a dense liquid phase that is highly concentrated for protein and
RNA and a surrounding phase that is depleted of RNA and protein. The term ‘‘biomolecular condensates’’ has recently been
introduced to refer to membrane-less assemblies that form by
phase separation in living cells (Banani et al., 2017).
In mammalian cells, SG formation is under tight control by
diverse signaling pathways, which regulate the solubility of SG
proteins through post-translational modifications (PTMs) (Ohn
and Anderson, 2010; Wippich et al., 2013). For SGs in more simple organisms, such as budding yeast, it is unclear whether
PTMs play a role (Yoon et al., 2010; Shah et al., 2013). There is
also evidence that budding yeast SGs have more solid-like
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properties than mammalian SGs (Kroschwald et al., 2015; Jain
et al., 2016). This raises questions regarding the underlying molecular mechanism of SG formation in yeast.
The process of phase separation is very sensitive to changes
in chemical or physical conditions (Alberti and Hyman, 2016).
Such conditions could be changes in temperature, ionic
strength, or pH. We hypothesized that SG proteins in budding
yeast could directly respond to changes in environmental conditions though protein phase separation.
Focusing on the canonical SG protein Pub1, we show that
physiological stresses such as changes in temperature and/or
pH affect the solubility of Pub1 and lead to the formation of
Pub1 condensates. Importantly, different stresses as well as
stress intensities and durations induce condensates with
different properties: Pub1 condensates induced by acidic pH
behave as reversible gels that readily dissolve when the pH is
neutralized; heat-induced condensates are more solid-like, and
dissolution requires chaperone-catalyzed protein disaggregation. We propose that the solubility of Pub1 is maintained at a
critical level to allow autonomous stress-sensing by phase separation, a property that is likely shared with many other proteins
that form stress-protective condensates.
RESULTS
Pub1 Forms Condensates in Response to Physiological
Stresses
One of the first described SG components in budding yeast is the
poly(U)-binding protein (Pub1) (Buchan et al., 2008). Previous
studies showed that Pub1 accumulates in SGs upon glucose
starvation or heat stress (Buchan et al., 2008; Grousl et al.,
2009). To investigate the mechanism that targets Pub1 to SGs,
we revisited Pub1 assembly into SGs with fluorescence microscopy. Pub1 is diffusely localized in budding yeast expressing
GFP-tagged Pub1. However, it coalesces into microscopically
visible foci starting approximately 20 min after glucose removal
(Figures 1A, upper panel, and 1B).
Glucose starvation inhibits the production of ATP (Dechant
et al., 2010; Orij et al., 2011). We hypothesized that reduced

ATP levels trigger the assembly of Pub1 into SGs in glucosestarved cells. Indeed, when we treated cells with 2-deoxyglucose (2-DG, an inhibitor of glycolysis) and antimycin A (AntA,
an inhibitor of mitochondrial respiration) to reduce ATP levels
(Serrano, 1977), Pub1 assembled into many particles (Figures
1A, bottom panel, and 1B). Thus, we conclude that Pub1 assembly is linked to the cellular ATP level.
ATPases in the plasma membrane pump protons from the inside to the outside of the cell to maintain a steep pH gradient
across the plasma membrane. Consequently, reduced ATP
levels cause a drop in the cytosolic pH from neutral to acidic
values (Orij et al., 2011; Munder et al., 2016). We measured the
cytosolic pH with a genetically encoded, pH-sensitive fluorophore (pHluorin2). Under energy depletion conditions using
2-deoxyglucose and antimycin A, we observed a decrease in
the cytosolic pH from 7.5 to 5.7 (Figure 1C).
We next tested whether acidification of the cytoplasm is
required to trigger Pub1 particle formation. We hypothesized
that keeping the cytosolic pH in the neutral range inhibits Pub1
assembly in energy-depleted cells. Thus, we depleted energy
in cells in a growth medium adjusted to a pH of 7.5 (normal media
have a pH of around 5.5). Indeed, under these conditions,
Pub1 did no longer coalesce into foci (Figure 1D; compare with
Figure 1A, bottom panel). This suggests that Pub1 particle formation in starved cells is induced by a low cellular ATP level
and a subsequent acidification of the cytosol.
To test whether a low pH can directly trigger Pub1 assembly,
we manipulated the cytosolic pH with different extracellular
buffers containing the membrane-permeabilizing drug 2,4-dinitrophenol (DNP). DNP effectively transports protons across the
plasma membrane and, therefore, equilibrates the cytosolic
and the extracellular pH (Dechant et al., 2010; Petrovska et al.,
2014; Munder et al., 2016). In a DNP-containing buffer with a
pH of 5.7, Pub1 assembled into many small foci, whereas no
Pub1 foci could be observed in a DNP-containing buffer with a
pH of 7.5 (Figures 1E and 1F). Thus, inducing a low cytosolic
pH is sufficient to trigger the formation of Pub1 assemblies.
We wondered whether the principle of pH-induced SG formation could be generalized with other SG proteins. Indeed,

Figure 1. Physiological Stresses such as Acidification or Heat Regulate SG Formation in Yeast
(A) Pub1-sfGFP expressed from a plasmid localizes to SGs under glucose depletion as well as under energy depletion conditions (see Experimental Procedures
for details).
(B) Quantifications of the experiment shown in (A). More than 250 cells were analyzed for glucose depletion conditions from 2 independent experiments (indep.
exp.), and more than 300 cells were analyzed for energy depletion conditions from 2 indep. exp. Error bars indicate SEM.
(C) Measurement of the cytosolic pH under energy depletion conditions using pHluorin2 (see Experimental Procedures for details). Error bars indicate SD.
(D) Cells expressing Pub1-sfGFP were exposed to energy depletion conditions in media with neutral pH. Note that no Pub1 condensates form.
(E) The cytosolic pH was manipulated with a DNP-containing buffer of acidic or neutral pH (see Experimental Procedures for details). Cells do not form Pub1
condensates at pH 7.5, even though glucose was depleted.
(F) Quantification of SG formation at an acidic pH of 5.7 in the absence of glucose (>520 cells were analyzed for acidic pH condition from 4 indep. exp.). Error bars
indicate SEM.
(G) Yeast cells expressing Pub1-sfGFP were exposed to a 30-min heat shock at 46 C. See also quantification in (J).
(H) For comparison, particle formation is shown after treatment with media without glucose of pH 6.7. See also quantification in (J).
(I) Pub1-sfGFP cells were exposed to heat-shock conditions in buffer of neutral pH. Note that a neutral pH cannot prevent heat-induced Pub1 condensate
formation. See also Figure S1 and quantification in (J).
(J) Quantification of the experiments in (G)–(I); >820 cells were analyzed for heat at 46 C from 5 indep. exp., >490 cells were analyzed for heat at 46 C (pH 7.5) from
3 indep. exp., and >440 cells were analyzed for a pH of 6.7 from 3 indep. exp. Error bars indicate SEM.
(K) Boxplot showing the cytosolic pH in pHluorin2-expressing cells under heat stress at 46 C. Note that the pH drop is less pronounced than under energydepletion conditions (compare to C).
Scale bar, 5 mm. See also Figure S1.
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Pab1 also formed particles in a pH-dependent manner, and
these particles colocalized with Pub1 (Figure S1A). Thus, we
conclude that SG formation in energy-depleted budding yeast
is regulated by simple physicochemical signals, such as a
low cytosolic pH.
Starvation is one stress condition among many others that
yeast cells experience. Another stress that yeast often
encounter is heat stress. To test whether Pub1 also forms particles under heat-stress conditions, we subjected Pub1-GFP
expressing cells to increased temperatures. Indeed, incubation
at 46 C led to the formation of prominent Pub1 particles
approximately after 10 min (Figures 1G, 1J, and S1B). We also
observed Pub1 particles after heat-stress treatment at 42 C
(Figure S1B), but these were smaller and better visualized using
a high-resolution imaging setup (Figure S1C). Interestingly, the
number of Pub1 particles after heat stress at 46 C was much
greater than under glucose or energy depletion conditions
(compare Figures 1G and 1J to Figures 1A and 1B). However,
the cytosolic pH was only decreased to about 6.5–6.7 after
30 min of heat shock at 46 C (Figure 1K). Cells treated with media with a pH of 6.7 in the absence of additional heat stress
showed significantly fewer Pub1 particles (Figures 1H and 1J),
suggesting that a drop in cytosolic pH is not the main cause
of heat-induced Pub1 assembly. To further investigate this,
we heat-shocked cells in medium with a pH of 7.5. In contrast
to energy-depletion conditions, the formation of heat-induced
Pub1 particles was not inhibited at neutral pH (Figure 1I), but
the amount of visible particles was slightly reduced (Figure 1J).
Thus, we conclude that pH changes are not the main driver
of Pub1 assembly under heat-stress conditions. As we will
show later, this points to important differences between Pub1
assemblies formed under energy-depletion and heat-stress
conditions.
Purified Pub1 Phase Separates upon Changes in
Temperature and pH
Our data indicate that Pub1 assembles into SGs in a manner that
depends on fluctuations in temperature or cytosolic pH. To
investigate whether this sensitivity to physiological stresses is
an intrinsic property of Pub1, we reconstituted Pub1 particles
using purified protein.
We purified GFP-tagged Pub1 from insect cells using affinity chromatography (Figure 2A) (see Experimental Procedures
for details of the purification protocol). We obtained a
concentrated solution of Pub1-GFP in which the protein
was soluble. We estimated the Pub1 concentration in the
yeast cytosol to be around 0.9 mM (see Experimental Procedures). We next diluted the concentrated Pub1-GFP solution to
1 mM using a buffer that establishes a neutral pH, physiological salt concentration, and crowding conditions. In this
buffer, Pub1-GFP was diffusely distributed (Figure S2A).
However, when we changed the pH to 6.2, Pub1 coalesced
into small foci (Figure S2A). This indicates that, at physiological concentrations and low pH, purified Pub1 demixes from
solution into condensates.
Our imaging-based phase separation assay was difficult to
perform at physiological Pub1-GFP concentrations, because of
the low number of formed condensates. For practical reasons,
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we conducted our Pub1 assembly assay at a protein concentration of 20 mM. Using these conditions, we observed a similar pH
dependence of Pub1 (Figures 2B, 2C, and S2B). Importantly,
Pub1 assembly was sensitive to salt concentrations (Figures
2B and 2C), suggesting that electrostatic interactions promote
Pub1 assembly at low pH.
In living cells, Pub1 assembly can also be induced by high
temperatures. In agreement, purified Pub1-GFP also formed
condensates in vitro when exposed to 46 C, but these condensates were larger and more irregular when compared to pHinduced condensates. Importantly, temperature-induced assembly of Pub1 was also affected by the solution pH (Figures
2D, 2E, and S2C) and the salt concentration (Figure S2D).
Pub1 assembly in vitro could also be induced by milder heat
stress at 37 C or 42 C (Figure S2E). Condensates induced at
lower temperatures showed a pH dependence similar to that of
condensates induced at 46 C (Figure S2F). This suggests that
Pub1 assembly in heat-stressed cells may be driven by two
different physiological stresses: an increase in temperature
and a concomitant decrease in cytosolic pH.
Pub1 is a RNA-binding protein. Therefore, we next tested
whether RNA influences condensate formation by Pub1. We first
generated a specific target mRNA for Pub1 (Duttagupta et al.,
2005). This mRNA was transcribed in vitro using the first 350 nt
of the 30 UTR of the Sec53 gene as a template (Figure S2G).
This RNA showed specific binding to Pub1 (Figures S2H and
S2I). When we mixed Pub1 with this RNA and induced phase
separation by lowering the pH, we observed that the RNA
reduced the number and size of Pub1 condensates (Figures
S2J and S2L). Similar findings were made for heat-induced
Pub1 assemblies (Figures S2K and S2L). This is consistent
with a recent report on a related SG protein, Pab1, where protein
phase separation was inhibited by RNA and required a release of
RNA from Pab1 (Riback et al., 2017). This suggests that Pub1
condensate formation could serve to inactivate the RNA-binding
function of Pub1 and promote the release of RNA from Pub1, as
has been proposed for Pab1.
Pub1 Phase Separation Is Driven by the Folded RRM
Domains
We next sought to investigate which domains regulate the phase
behavior of Pub1. Pub1 has three RNA recognition motifs
(RRMs) and a low sequence complexity (LC) region that is predicted to be disordered (Figure 2A) (Alberti et al., 2009). First,
we investigated deletion variants of Pub1 in vivo. Under stress
conditions, a construct comprising only the RRM domains
(Pub1RRM) formed particles, slightly faster than the wild-type
protein (Pub1FL) (Figures 3A, 3B, and S3A). At the same time,
dissolution of Pub1RRM condensates after heat stress was delayed (Figure S3A), and heat-induced Pub1RRM particles could
be removed from the supernatant by intense centrifugation (Figure S3B). This suggests that Pub1 becomes more aggregationprone in the absence of the LC domains and that heat-induced
Pub1RRM condensates have more solid-like properties. In
contrast, the LC domain of Pub1 (Pub1LC) was not able to
form particles in heat-stressed cells, although endogenous
SGs still formed (Figures 3A and S3A). Similar observations
were made under energy-depletion conditions (Figure 3B).

Figure 2. Purified Pub1 Forms Condensates in a pH- and Temperature-Dependent Manner
(A) Left: Coomassie-stained SDS-PAGE gel showing full-length Pub1 with a C-terminal GFP tag purified from insect cells. Right: domain organization of Pub1.
(B) Salt and pH dependence of condensate formation by purified Pub1-GFP (20 mM). Scale bar, 5 mm.
(C) Phase diagram of Pub1-GFP as a function of salt and pH. The green dots indicate droplets. The red ‘‘X’’ indicates conditions where no phase separation was
observed.
(D) Purified Pub1 (20 mM) forms condensates under heat-shock conditions. Please note the additive effect of pH and temperature. Scale bar, 5 mm.
(E) Phase diagram of purified Pub1-GFP as a function of pH and temperature. The green dots indicate droplets. Please note that the largest heat-induced
condensates form only at pH 6.5. The red ‘‘X’’ indicates conditions where no assemblies were observed.
See also Figure S2.

Thus, the ability of Pub1 to phase separate is encoded in the
RNA-binding RRM domains and not in the intrinsically disordered LC region. This is in contrast to previous studies, where
LC domains were found to drive phase separation (Kato et al.,
2012; Burke et al., 2015; Molliex et al., 2015). However, it is in
agreement with a recent report, where yeast Pab1 was found
to phase separate in a manner that depends on its RRM domains
(Riback et al., 2017). This suggests that, in Pab1 and Pub1, the
LC regions function as modifier sequences that modulate the
phase behavior of the RRM domains.

Next, we purified the different Pub1 variants from insect cells
and investigated their phase behavior in vitro (Figure 3C). Similar
to our findings in vivo, the Pub1RRM variant formed condensates
in a pH- and temperature-dependent manner (Figures 3D and
3E). However, the pH sensitivity of Pub1RRM was altered, with
Pub1RRM already forming assemblies at more neutral pH. Moreover, the assemblies formed were not fully reversible upon dilution in a high-salt/high-pH buffer, whereas condensates formed
from wild-type protein could be reversed (Figures S3C and S3D).
This is consistent with our in vivo data showing that Pub1RRM
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Figure 3. The Phase Behavior of Pub1 Is Primarily Determined by the RRM Domains
(A) Yeast strains expressing sfGFP-tagged Pub1FL, Pub1RRM, or Pub1LC were heat shocked at 46 C. Please note the absence of foci for Pub1LC.
(B) The same strains as in (A) were subjected to energy-depletion conditions (see Experimental Procedures for details).
(C) Two sfGFP-tagged deletion variants of Pub1 (Pub1RRM and Pub1LC) were purified from insect cells, and the purified protein was loaded onto an SDSPAGE gel.
(D) Purified GFP-tagged Pub1FL, Pub1LC, and Pub1RRM (20 mM) were assembled into condensates in vitro at the indicated pH.
(E) Same as (D), except that the samples were heat-shocked for 10 min at 46 C in buffer (pH 6.5).
Scale bar, 5 mm. See also Figure S3.

has an increased propensity to form aggregates in living cells
(Figure S3A). It further suggests that self-interactions of the
RRM domains are the main driver for Pub1 phase separation.
In agreement, the LC domain of Pub1 formed fewer assemblies
at low pH or at high temperatures, and these assemblies were
more readily reversible (Figures 3D, 3E, and S3D). Taken
together, we conclude that the folded RRM domains drive phase
separation of Pub1 and that the LC domain is a modifier
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sequence that modulates the phase behavior of the RRM domains and promotes reversibility.
Heat- and pH-Induced Pub1 Condensates Have
Different Material Properties
Our data suggest that pH- and temperature-induced condensates are distinct states that differ with respect to their material
properties. This is because pH-induced Pub1 condensates

Figure 4. pH-Induced Pub1 Condensates Have Different Material Properties than Heat-Induced Condensates
(A) Pub1 condensates were formed at a 30-mM protein concentration in buffer (pH 6.2). The sample was then diluted to 20 mM in a low-salt buffer (pH 6.2) (control)
or a high-salt buffer (pH 7.5) (end concentration, 1 M NaCl).
(B) Pub1 condensate formation was induced at 30 mM in buffer (pH 6.5) at 46 C. The sample was subsequently diluted to 20 mM in a low-salt buffer (pH 6.5)
(control) or a high-salt buffer (pH 7.5) (end concentration, 1 M NaCl).
(C) Fluorescence recovery after photobleaching (FRAP) of Pub1 condensates formed under low-pH or heat-shock conditions. One representative condensate is
shown for each condition in rainbow coloring (red: high intensity; blue: low intensity).
(D) Left: average fluorescence recovery of pH- or heat-induced Pub1-GFP condensates (low pH: 47 condensates from 3 indep. exp.; heat shock: 28 condensates
from 3 indep. exp.). Error bars indicate SEM. Right: boxplots indicate the mobile fraction, which was calculated from 47 (low pH) or 28 (heat shock) photobleached
condensates. The small open ring indicates an outlier.
(E) NativePAGE of Pub1-GFP condensates assembled at pH 6.2 or at 46 C. An unassembled Pub1 control sample is shown in lane 1.
Scale bar, 5 mm. See also Figure S4.

dissolved quickly when exposed to neutral pH and high salt (Figure 4A), whereas heat-induced Pub1 condensates persisted
(Figures 4B and S4A). To further investigate this, we analyzed
pH-induced versus heat-induced Pub1 condensates using fluorescence recovery after photobleaching. Indeed, pH-induced
Pub1 condensates exhibited a much larger mobile fraction of
molecules with a half-life of less than 2 s (Figures 4C, 4D, and
S4B). In contrast, heat-induced condensates exhibited a very
low mobile fraction of molecules and a longer half-life (Figures
4C, 4D, and S4B). Condensates induced under mild heat-stress
conditions of 37 C and 42 C were more dynamic but did not
reach the mobility of condensates induced at low pH (Figures
S4C–S4E). Furthermore, heat-treated Pub1 formed stable
high-molecular-weight structures in a native PAGE gel, whereas
pH-treated Pub1 was soluble (Figure 4E). Taken together, these
data suggest that heat-induced condensates are more solid-like
than pH-induced condensates and that the Pub1 molecules
interact more strongly with each other in heat-induced
condensates.

The Dissolution of Heat-Induced, but Not pH-Induced,
Condensates Is Chaperone Dependent
Given the different material properties of pH- versus heatinduced assemblies in vitro, we predicted that dissolution of
heat-induced Pub1 condensates would be more difficult than
the dissolution of pH-induced condensates in living cells. To
test this, we performed a time-resolved analysis of yeast cells
recovering from stress. pH-induced Pub1 condensates dissolved very quickly after about 10 min (Figures 5A, upper panel,
and 5B, Control). In contrast, dissolution of heat-induced assemblies took hours (Figures 5C, upper panel, and 5D, Control).
Our in vitro data show that heat-induced Pub1 assemblies are
solid-like aggregates (Figures 4A and 4B). This suggests that
they may require the assistance of chaperones for dissolution.
To investigate this, we focused on a chaperone that was previously found to play an important role in the dissolution of SGs:
the disaggregase Hsp104 (Cherkasov et al., 2013; Kroschwald
et al., 2015). We inhibited Hsp104 in vivo using low concentrations of guanidinium hydrochloride (GdnHCl), an inhibitor of
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Figure 5. Heat-Induced, but Not pH-Induced, Assemblies Are Dependent on Hsp104 for Dissolution
(A) Upper panels: a Pub1-sfGFP-expressing strain was exposed to glucose starvation in low-pH buffer (see Experimental Procedures for details). The cells in the
lower panels were treated with 3 mM guanidinium hydrochloride (GdnHCl). Afterward, the cells were resupplied with medium and imaged during the recovery phase.
(B) Quantification of the cells shown in (A). Error bars indicate SEM from 3 indep. exp. in each condition.
(C) Same as in the upper panel of (A), except that the cells were stressed at 46 C. GdnHCl-treated cells are shown in the lower panel.
(D) Quantification of the cells shown in (C). Error bars indicate SEM from 3 indep. exp. in each condition.
(E) The dissolution of SGs coincides with cell-cycle reentry after stress. Shown are cells after a 30-min heat shock at 46 C during the recovery phase at 25 C.
Please note that the cells start budding approximately 90 min after stress release.
(F) Quantification of the number of foci (in green) and the cell area (in blue) of the cells shown in (C). Note that when the number of condensates is decreasing, the
cells start to grow again. Error bars indicate SEM from 3 indep. exp.
Scale bar, 5 mm.
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Figure 6. Schematic Summary of the Findings
See Discussion for details.

Hsp104 (Grimminger et al., 2004). Treatment with GdnHCl had
no effect on the dissolution of pH-induced Pub1 assemblies (Figures 5A and 5B). However, Hsp104 was required to dissolve
heat-induced Pub1 assemblies (Figures 5C and 5D). Dissolution
of Pub1 condensates coincided with reentry into the cell cycle
(Figures 5E and 5F). This suggests that the different recovery
rates of heat- and pH-induced yeast may be due to the different
material properties of Pub1 and other condensates that may
form under these conditions. We hypothesize that cells can
only re-enter into the cell cycle after these condensates have
been dissolved and their content has been released.
DISCUSSION
One unanswered question in biology is how cells detect stress
and make their response specific to the stress stimulus. In this
paper, we show that the yeast stress granule protein Pub1
forms two distinct stress condensates with different material
properties. Starvation leads to a drop in cytosolic pH that promotes phase separation of Pub1 into what looks like are
reversible gels, which dissolve quickly when a neutral cytosolic pH is restored (Figure 6). In contrast, heat induces the
formation of amorphous Pub1 aggregates, which require the
assistance of chaperones for dissolution. We hypothesize
that these protein condensates promote stress adaptation
and swift reentry into the cell cycle when the external conditions improve.
To characterize the phase behavior of Pub1, we reconstituted
Pub1 stress condensates in vitro from purified protein. We find

that Pub1 has an intrinsic ability to phase
separate in response to physiological
stresses. This suggests that Pub1 is a
phase-separating bio-sensor that has
been shaped by evolution to detect specific changes in the environment. The
ability to sense environmental changes
requires that the solubility of Pub1 is
tuned to the conditions that exist in
growing cells. At the same time, the solubility has to be close to the critical
threshold for phase separation, so that
Pub1 can form condensates when the
conditions change. This suggests that
there is strong evolutionary pressure to
adjust the solubility of Pub1 to a level
that is favorable for both growth and rapid
stress-sensing.
Our data are consistent with a model in
which the RRM domains drive condensate formation by Pub1, whereas the LC
domain functions as a modifier of RRM
phase behavior. Indeed, removal of the
LC domain makes the Pub1 protein more insoluble and increases its propensity to form condensates (Figures 3D and
3E; Figure S3B). This suggests that the LC domain could have
an important solubilizing function, thus ensuring the responsiveness of Pub1 to changes in the environment. Together, these
findings suggest a general principle where cells harness the criticality of phase separation to detect sudden fluctuations in physical or chemical parameters, as also proposed by others (Riback
et al., 2017).
Given the data presented here, it seems possible that SGs are
composed of many different condensates (Figure 6). This suggests a model wherein each type of SG protein has unique sensitivities to stress: some SG proteins may be marginally soluble
and very sensitive to changes in physical-chemical conditions;
these proteins may phase separate already upon small changes
in temperature or pH. Other proteins may be more soluble and
only phase separate upon extreme temperature or pH fluctuations. We can also envision that some proteins only become
insoluble when two or more stresses coincide, thus allowing
these proteins to integrate different stress signals. These differences in stress-sensing ability could be used by cells to build a
hierarchical stress-adaptive system that is fine-tuned to the
type of stress stimulus, its intensity, or its duration. In other
words, the ability of a cell to adapt to stress and restart growth
could be determined by the type of protein that forms condensates under a given condition. This model implies that condensate formation affects the activity of phase-separating proteins
and that this change in protein activity promotes adaptation to
stress. Pub1 is a known RNA-binding protein that regulates the
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availability of many RNAs, some of which seem to have stressprotective roles (Duttagupta et al., 2005). Pub1 condensates
could, therefore, function to regulate the translation of these
RNAs under stress conditions, but this remains to be
determined.
We hypothesize that Pub1 condensates use different ways of
assembly when exposed to low pH or heat. Acidic pHs most
likely change the charge distribution of the Pub1 RRM domains,
thus affecting primarily electrostatic interactions, whereas temperature-induced condensation may involve additional proteinunfolding events, which promote tight interactions via exposed
hydrophobic regions. This suggests important differences in
the physicochemical properties and structure of heat- versus
pH-induced Pub1 condensates that will be the subject of future
investigations.
What are the material properties of pH- and heat-induced
condensates? We hypothesize that Pub1 condensates have
liquid-like properties initially. However, they quickly harden
into a more gel-like or solid-like state, and this state is
more readily reversible for pH- than for heat-induced condensates. Future detailed biophysical experiments will have
to determine the exact material properties of these stress
condensates and how they are determined by different types
of interactions.
Why do cells form different types of condensates of the
same protein with different material properties? We speculate
that the different material properties of Pub1 condensates are
important for setting the intensity of the stress response and
the length of the recovery phase. For example, severe heat
stress is likely to cause more damage to cells than lower temperatures or starvation conditions, thus necessitating a longer
recovery phase and the production of more stress-protective
factors. This may be achieved by forming more solid Pub1
condensates that are less readily reversible and thus allow
the production of more stress-protective factors. In fact, the
disassembly of severe heat-induced Pub1 condensates is
strongly dependent on the chaperone Hsp104, suggesting
the presence of an autoregulatory loop that ensures that
Pub1 is only resolubilized when the cellular concentration of
Hsp104 has reached a certain critical level. Thus, by tuning
the material properties of these condensates, cells could
make their stress responses specific to the intensity of the
stress stimulus and provide enough time for the production
of stress-protective factors. An alternative explanation was
previously suggested by Cherkasov et al. (2013). The authors
proposed that co-aggregating misfolded proteins serve as a
damage-calibrated timer and that these misfolded proteins
have to be eliminated before cell cycle reentry. Resolubilized
preinitiation complexes would then allow for the restart of
translation and the cell cycle, linking Hsp104 activity and SG
protein dissolution indirectly (Cherkasov et al., 2013).
How transferable are these findings to mammalian cells? As
mentioned in the Introduction, yeast SGs are more solid-like
than mammalian SGs. However, mammalian SGs also contain
solid-like core structures that are surrounded by a liquid-like
shell (Jain et al., 2016). It is possible that these cores are
composed of ancient stress condensates, which have been
conserved from yeast to man, whereas the liquid shell is a
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more recent evolutionary invention, where protein phase separation is regulated by signaling pathways. The evolution of a liquidlike shell may also explain the loss of the Hsp104 disaggregase in
higher eukaryotes, as previously suggested (Kroschwald et al.,
2015). How organisms use their different stress-sensing systems
to explore new and unstable environments will be a fascinating
research direction in the future.
EXPERIMENTAL PROCEDURES
Cloning Procedures
Cloning procedures were performed as described previously using the
Gateway system (Alberti et al., 2007, 2009).
Yeast Genetic Techniques, Strains, and Media
S. cerevisiae cells were cultured in standard synthetic complete, synthetic
dropout, or yeast extract peptone dextrose (YPD) containing 2% D-glucose.
Standard synthetic media is around pH 5.5. The yeast strain background
used was BY4741 (his3D1; leu2D0; met15D0; ura3D0; [rnq-]). For experiments,
yeast cells were grown in cultures of 50–100 mL at 25 C to an optical density
600 (OD600) not higher than 0.5. For a list of strains, see Table S1.
Energy Depletion of Yeast Cells
S. cerevisiae cells were energy-depleted by incubation in synthetic medium
without glucose supplemented with 20 mM 2-deoxyglucose (inhibition of
glycolysis) and 10 mM antimycin A (inhibition of mitochondrial ATP production).
This leads to a reduction of cellular ATP levels by more than 95% (Serrano,
1977).
pH Measurements inside Yeast Cells
The ratiometric fluorescent protein pHluorin2 was integrated into the W303
genome at the phosphoribosylanthranilate isomerase 1 (TRP) locus under
the control of a glyceraldehyde-3-phosphate dehydrogenase (GPD) promoter
(Mahon, 2011; Munder et al., 2016). A calibration curve for pHluorin2 and other
pH measurements were performed as described previously (Munder et al.,
2016), using the DeltaVision setup described later.
Statistical Analysis
Wherever possible, we prepared at least three independent samples in each
experiment, as indicated in the respective figure legends. Quantitative analysis
was done using R software. The resulting SEM and SD were plotted as indicated. For FRAP (fluorescence recovery after photobleaching) data, boxplots
were plotted.
pH Adjustment of Yeast Cells
To adjust the pH of yeast cells, the cells were washed in water for 5 min and
subsequently incubated in phosphate buffers of different pH levels in the presence of 2 mM DNP (added from 0.2 M stock solution in methanol) as described
previously (Dechant et al., 2010; Petrovska et al., 2014). To generate the calibration curves for the pHluorin measurements, yeast cells were treated with
75 mM monensin, 10 mM nigericin, 10 mM 2-deoxyglucose, and 10 mM
NaN3 in buffers (pH 5.0, 5.5, 6.0, 6.5, 7.0, 7.5, and 8.0) containing 50 mM
MES, 50 mM HEPES, 50 mM KCl, 50 mM NaCl, and 0.2 M ammonium acetate,
as described previously (Brett et al., 2005).
Hsp 104 Inhibition Assay
S. cerevisiae cells were incubated in media containing 3 mM GdnHCl 3 hr prior
to imaging. The GdnHCl concentrations kept constant during the imaging are
indicated.
Wide-Field Fluorescence Microscopy of Yeast Cells
For heat-shock experiments, the yeast cells were immobilized on concanavalin-A-coated, precise glass-bottom dishes (MatTek; Ashland, MA, USA).
For energy depletion or pH experiments, the yeast cells were imaged in microfluidic plates (Chromaphore). Microscopy was performed using a Deltavision

microscope system with softWorx v4.1.2 software (Applied Precision). The
system was based on an Olympus IX71 microscope, which was used with a
UPlanSApo 1003, 1.4 numerical aperture (NA) oil objective. The images
were collected with a Cool SnapHQ camera (Photometrics) and a pixel size
of 0.13 mm. If not indicated otherwise, heat-shock experiments were performed using a Warner heating chamber (Warner Instruments; Hamden, CT,
USA). All images were deconvolved using standard softWorx deconvolution algorithms (enhanced ratio, high noise filtering). Shown images are maximum-intensity projections of 8–14 individual images. Figures show representative
cells. In all comparative experiments, we used four-chamber dishes (MatTek;
Ashland, MA, USA), allowing us to image four different conditions in the same
experiment.
Analysis of the average SG number per cell was performed by counting the
SGs as fluorescent maxima at each time point using Fiji (offset 250). The number of total cells was determined by manually counting cells using the Fiji Cell
Counter plugin.
To reveal the cell area during the recovery phase after stress, the image was
thresholded (Huang method) and converted to binary. Then, we used the Fiji
‘‘Analyze Particle’’ tool by assuming a cell size (in pixels) between 2 and infinity.
High-Resolution Microscopy of Yeast Cells
For structured illumination, yeast cells were grown to exponential phase and
concentrated to an OD of 5. 200 mL cell suspensions expressing Pub1-super
folder GFP (sfGFP) and sfGFP alone under an ADH promoter were then subjected to 10-min heat stress using water baths set to 25 C, 37 C, and 42 C,
respectively. Immediately after the stress treatment, cells were centrifuged
for 1 min at 5,500 rpm, the supernatant was removed, and the cells were resuspended in 100 mL 3.7% formaldehyde in H2O. Samples were incubated at
room temperature (RT) for 10 min. The fixed cells were washed with H2O and
mounted with VECTASHIELD Antifade Mounting Medium (Vector Laboratories) onto concanavalin-A-coated glass coverslips. Cells were imaged
with a Deltavision OMX v4 BLAZE (Applied Precision), using a PlanApo N
603, NA 1.42, oil immersion objective (Olympus). sfGFP excitation was
with a 488-nm laser. Structured illumination sections of 0.125 mm and
512 3 512 pixels were taken at 95 MHz, 10% 488-nm laser intensity, and
10-ms exposure time.
Sample Preparation for Protein Level Detection
Yeast cells grown under different conditions were harvested by centrifugation. Cell pellets were resuspended in lysis buffer (50 mM Tris [pH 7.5],
150 mM NaCl, 2.5 mM EDTA, and 1% Triton-X containing protease inhibitor
mix, 8 nM N-ethylmaleimide (NEM), and 0.4 nM PMSF) and lysed in a
(QIAGEN) Tissue Lyser II using glass beads for 15 min at 25/s. If not indicated
otherwise, samples were centrifuged at 13,000 rpm for 5 min. The supernatant was adjusted after the OD of the starting yeast culture, mixed with 33
sample buffer containing b-mercaptoethanol, and boiled for 10 min.
Pub1FL-sfGFP, Pub1RRM-sfGFP, and Pub1LC-sfGFP were detected by
immunoblotting using a goat anti-GFP antibody and PGK1 with a mouse
anti-PGK antibody.
Protein Purification of Pub1
Recombinant Pub1 was purified using the baculovirus expression system
(Hoell et al., 2011; Schwartz et al., 2012; Patel et al., 2015). The lysis buffer
was composed of 50 mM HEPES, 1 M NaCl, 5 mM DTT, and protease inhibitor
mix (pH 7.8). The protein was captured using nickel-nitrilotriacetic acid (NiNTA) resin (QIAGEN) and eluted with elution buffer composed of 50 mM
HEPES, 1 M NaCl, 5 mM DTT, and 200 mM imidazole (pH 7.8). The His and
MBP tags were cleaved off with histidine-tagged Prescission Protease (in
house) while doing overnight dialysis against 50 mM HEPES, 1 M NaCl,
2 mM EDTA, 5 mM DTT (pH 7.8). This was followed by size exclusion chromatography on a Superdex 16/60 GL column (GE Healthcare Life Sciences) using
an Akta Ettan fast protein liquid chromatography (FPLC) system (GE Healthcare Life Sciences).
In Vitro Assembly Assay
To induce condensate formation in vitro, purified Pub1 protein was diluted to
20 mM (or 1 mM) in 200 mM phosphate buffer (with pH 6.2) or (with pH 5.7) to

183 mM NaCl, 1 mM TCEP and 20% Ficoll (if not indicated differently). To
generate heat-induced Pub1 condensates, purified Pub1 was diluted to
20 mM in 200 mM phosphate buffer (with pH 7.5, 7.0, or 6.5) or (with pH 6.0)
to 183 mM NaCl, 1 mM TCEP, and 20% Ficoll (if not indicated differently).
Heat shock was performed for the indicated times at 37 C, 42 C, or 46 C in
a water bath. Where shown, the samples were separated on a NativePAGE
gel, as described by the manufacturer (Invitrogen).
Calculation of Endogenous Pub1 Protein Concentration
The number of Pub1 molecules per cell was taken from Kulak et al. (2014). The
volume of the cytosol of haploid yeast cells was determined as 22 mm3, according to Uchida et al. (2011).
In Vitro RNA Experiments
To generate RNA for in vitro experiments, the Sec53 gene, an mRNA target of
Pub1 harboring the consensus sequence for Pub1 binding was used (Duttagupta et al., 2005). First, DNA from the first 350 nt of the 30 UTR of Sec53
was amplified by PCR. Subsequently, an in vitro transcription reaction was
performed using 1 mg of the amplified DNA, 13 transcription buffer,
100 mM DTT, RNaseOut, 1 mM ATP, 1 mM cytidine triphosphate (CTP),
1 mM guanosine triphosphate (GTP), 0.825 mM uridine triphosphate (UTP),
0.175 mM Cy5-labeled UTP (Jena Biosciences), and T7 RNA polymerase (in
house) followed by an DNase I digest. The RNA was precipitated using ethanol
and purified using the RNA Cleanup Kit (QIAGEN), and successful in vitro transcription was verified on an agarose gel. For the microscopy experiments, we
mixed Pub1 with different RNA concentrations before adding Ficoll.
Electrophoretic Mobility Shift Assay
Protocol was adapted from Ream et al. (2016). 850 ng Cy5-labeled Pub1-specific RNA was incubated with 0 to 0.9 mM of purified Pub1 in binding buffer
(2 mM DTT, 2 mM MgCl2,100 mM KCl, 10 mM Tris buffer [pH 7.4]) for
30 min at room temperature, after which the sample was mixed with 1/3 volume of loading buffer (50% glycerol, 2.53 TBE) and loaded on a 2% agarose
gel. The running buffer was composed of 0.53 Tris, acetic acid, EDTA buffer
(TAE): 20 mM Tris, 10 mM acetic acid, 0.5 mM EDTA. The RNA was electrophoresed at 10 V/cm of the inter-electrode distance at 4 C and on ice for
100 min. The Cy5 fluorescence was detected using a Typhoon laser scanner
(GE Healthcare).
In Vitro Reversibility Assays
To test for the reversibility in vitro, condensates were formed at a 30-mM Pub1
concentration in 200 mM phosphate buffer (pH 6.2 or 5.7) containing 183 mM
NaCl, 1 mM tris(2-carboxyethyl)phosphine (TCEP), and 20% Ficoll. The formed
condensates were diluted in the same buffer (control), in buffer (pH 7.5) and
183 mM NaCl, or in buffer (pH 7.5) and high salt (final salt concentration,
1 M NaCl).
Fluorescence Microscopy of In Vitro Assemblies
In vitro assemblies were analyzed on polyethylene glycol (PEG)-coated
glass slides (FRAP experiments) or in low binding plates. Images were acquired using a Nikon TiE spinning disc microscope with iQ3.4.1 software.
The system had an Olympus IX81 inverted stand microscope with a spinning disc scan head Yokogawa CSU-X1 (5,000 rpm). The system was
used with an Olympus UPlanSAPO 1003 1.4 oil objective. Acquired images
had pixel sizes of 0.07 mm. The images were collected with an Andor iXon
EM+ DU-897 BV back-illuminated electron microscopy charge-coupled device (EMCCD).
Analysis of the images was done by using Fiji. The area occupied by assembled protein was calculated using the ‘‘Analyze Particle’’ tool by assuming a
focus size (in pixels) between 30–40 and infinity and a circularity of 0.1–1.
FRAP Measurement
In vitro assemblies were acquired as described earlier. Images before and after
photoconversion were acquired at a time interval of 0.1 s. The assemblies
were bleached by using the 405-nm diode laser at 5% intensity in 1 repeat
for 500 ms. Fiji was used for image analysis. The signal from three areas was
obtained for each time point: the photoconverted/bleached focus (IF), a
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reference focus (IR), and an area in the background (IB). The fluorescence
signal in the foci was normalized as follows (Carisey et al., 2011):
tbleach
X1

IF ðtÞ  IB ðtÞ

t=0

IFpre =

fprebleach
tbleach
X1

IRpre =

IR ðtÞ  IB ðtÞ

t=0

fprebleach

IR ðtÞ  IB ðtÞ
IFpre
IF norm ðtÞ =
IR ðtÞ  IB ðtÞ
IRpre

To reveal the half-time of recovery, we fitted the values of IF_norm with:
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