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ABSTRACT Various stress conditions, such as heat stress (HS) and oxidative
stress, can cause biomolecular condensates represented by stress granules
(SGs) via liquid-liquid phase separation. We have previously shown that Hsp90
forms aggregates in response to HS and that Hsp90 aggregates transiently co-
localize with SGs as visualized by Pabp. Here, we showed that arsenite, one of
the well-described SG-inducing stimuli, induces Hsp90 aggregates distinct from
conventional SGs in fission yeast. Arsenite induced Hsp90 granules in a dose-
dependent manner, and these granules were significantly diminished by the co-
treatment with a ROS scavenger N-acetyl cysteine (NAC), indicating that ROS
are required for the formation of Hsp90 granules upon arsenite stress. Notably,
Hsp90 granules induced by arsenite do not overlap with conventional SGs as
represented by eIF4G or Pabp, while HS-induced Hsp90 granules co-localize with
SGs. Nrd1, an RNA-binding protein known as a HS-induced SG component, was
recruited into Hsp90 aggregates but not to the conventional SGs upon arsenite
stress. The non-phosphorylatable eIF2αmutants significantly delayed the Hsp90
granule formation upon arsenite treatment. Importantly, inhibition of Hsp90 by
geldanamycin impaired the Hsp90 granule formation and reduced the arsenite
tolerance. Collectively, arsenite stimulates two types of distinct aggregates,
namely conventional SGs and a novel type of aggregates containing Hsp90 and
Nrd1, wherein Hsp90 plays a role as a center for aggregation, and stress-specific
compartmentalization of biomolecular condensates.
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INTRODUCTION

Stress granules (SGs) are dynamic cytoplasmic non-
membranous condensates that can rapidly assemble and
disassemble in response to environmental stimuli, including
heat, hypoxia, oxidative stress, arsenite, and nutrient
deprivation [1–7]. SGs are composed of 40S ribosomal
subunits, translation initiation factors, poly(A)+ mRNAs, and
various RNA-binding proteins (RBPs), as represented by
G3BP [2, 6, 8]. Besides their role in promoting cell survival
by condensing translationally stalled mRNAs, SGs constitute
signaling hubs and influence multiple signaling pathways by
sequestering and intercepting various signaling components
represented bymTOR and PKC/MAPK signaling [9–12].

Recent advances in SG biology highlighted the
heterogeneity of SGs in their RNA and protein content leading
to the idea that various SG subtypes exist. For example,

proximity labeling proteomic analyses uncovered cell-type-
and stress-specific SG composition [13, 14], thus expanding
our knowledge of the composition of various SGs. However,
the regulatory mechanisms of how each component of SGs is
recruited into specific granules remain poorly understood.

Hsp90 is a highly conserved chaperone protein involved
in various cellular processes such as signal transduction and
stress response [15–17]. We have previously characterized
the spatiotemporal distribution of Hsp90 in fission yeast in
response to heat stress (HS) and demonstrated that Hsp90
is transiently incorporated into SGs as evidenced by the co-
localization with Pabp upon high-HS at 45◦C, whereas Hsp90
forms aggregates under mild HS (at 37◦C), a condition where
no SGs are formed [18]. Thus, Hsp90 forms distinct aggregates
in response to the same stress (HS) at different intensities.
Here, we demonstrated that Hsp90 forms a novel type of
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aggregates in response to arsenite treatment, a well-described
SG inducer. Unexpectedly, arsenite-inducedHsp90 aggregates
do not overlap with conventional SGs as represented by eIF4G
or Pabp, whereas HS-induced Hsp90 aggregates reside in SGs.
Notably, an RNA-binding protein Nrd1, one of the components
of HS-induced SGs [19], was targeted to Hsp90 aggregates
induced by arsenite but not to conventional SGs. These data
demonstrated the existence of a stress-specific mechanism
that differentially compartmentalizes selective molecules to
respective biological condensates. We also demonstrated the
importance of Hsp90 activity in the formation of Hsp90granules
and tolerance to arsenite. Given the conserved role of Hsp90
as a molecular chaperone protein, our findings may suggest a
novel type of arsenite-inducedbiological condensates, wherein
Hsp90 plays a key role in maintaining its integrity.

RESULTS

Arsenite induces cytoplasmic Hsp90 granule formation

In fission yeast, Hsp90 is present diffusively in the cytoplasm
under non-stressed conditions (27◦C) and our previous
findings showed that severe HS (45◦C) induces transient
cytoplasmic Hsp90 granules which overlap with stress
granules (SGs) [18]. On the other hand, under moderate
HS conditions (37◦C), wherein SGs were not formed, Hsp90
formed persistent granules [18]. In the present work, we sought
to investigate whether another SG-inducer arsenite alters the
spatial distribution of Hsp90.

We first measured the temporal dynamics of Hsp90
distribution at multiple time points during the 120-minute
arsenite treatment at various concentrations ranging from 0.2
to 1.0 mM. Induction of Hsp90 granules was observed in the
cells treated with 1.0 mM arsenite for 30 min, which further
increased upon 60 min treatment (Figure 1A). Quantification of
the Hsp90 granule formation as evaluated by the percentage of
the cells harboring the cytoplasmic Hsp90 granules (Figure 1B)
and the number of Hsp90 granules per cell in Hsp90 granule-
positive cells (Figure 1C) confirmed that arsenite-mediated
induction of Hsp90 granules occurred within 30 min (when
treated with 0.5 mM and 1.0 mM arsenite) peaking at 60 min
and persisted for 120min after treatment. Upon 0.2mMarsenite
treatment, the appearance of the Hsp90 granules was slower
(after 60 min) and the induction of Hsp90 aggregates was less
intense than at higher concentrations of arsenite treatment.
Thus, higher concentrations of arsenite treatment induced
faster and stronger induction of Hsp90 granule formation
than lower concentrations of arsenite treatment, showing
dose-dependent effects of arsenite on Hsp90 aggregation.
Quantification of the size of Hsp90 aggregates also showed
that higher concentrations of arsenite treatment induced larger
Hsp90 granules more quickly than did lower concentrations of
arsenite (Figure 1D). The number of Hsp90 granules per cell
reached plateaus at around 30-60 min arsenite exposure and
the size of Hsp90 granules became larger during incubation,
suggesting the existence of the fusion mechanism of Hsp90
dots. It should be noted that even the lowest concentration of
0.2 mM arsenite with minimal impact on cell growth [20] can
induce Hsp90 granule assembly.

Arsenite also stimulates nuclear localization of Hsp90 in a
dose-dependent manner (Figure 1A, arrowheads). The nuclear
fluorescence of Hsp90-GFP was observed in cells treated with

0.5 and 1.0 mM arsenite 60 min after treatment (Figure 1A). 0.2
mMarsenitedidnot induceHsp90nuclear translocation (Figure
1E). To validate the location of the nucleus, we co-expressed
the nuclear envelope protein Cut11 tagged with mCherry with
Hsp90-GFP. The fluorescence intensity plot of Hsp90-GFP and
Cut11-mCherry with or without arsenite treatment confirmed
that Hsp90 was concentrated in the nucleus upon arsenite
treatment (Figure 1F). Thus, arsenite treatment stimulates
cytoplasmic aggregation and nuclear enrichment of Hsp90
in a dose-dependent manner.

To characterize the nature of arsenite that induces
Hsp90 granules, cells were co-treated with arsenite and a
reactive oxygen species (ROS) scavenger n-acetylcysteine
(NAC), and the results showed that arsenite-mediated Hsp90
granule formation was almost abolished by NAC (Figure 1G).
Quantification of the number of Hsp90 granules confirmed
the stimulatory effect of arsenite on the induction of Hsp90
granules and the impact of NAC to diminish arsenite-induced
Hsp90 granules (Figure 1H). The nuclear enrichment of Hsp90
was also reduced by NAC (Figure 1G). Thus, oxidative stress
is responsible for the spatial alteration of Hsp90 in response to
arsenite treatment.

We also investigated the effects of other inducers of
oxidative stress on Hsp90 granules and the results showed that
CuSO4 and CdCl2 , but not ZnSO4 , induced the aggregation
of Hsp90 and co-treatment with NAC markedly reduced the
aggregation of Hsp90 by CuSO4 and CdCl2 (Figure S1).
Thus, some heavy metals, similar to arsenite, can induce the
aggregation of Hsp90 via a ROS-involvingmechanism.

Arsenite-inducedHsp90 granules do not overlapwith
conventional SGs

To further characterize the nature of arsenite-induced Hsp90
granules, we investigated whether Hsp90 resides in SGs
upon arsenite treatment by visualizing endogenous eIF4G,
a representative component of SGs, in cells expressing Hsp90-
GFP. Upon2.0mMarsenite treatment for 180min, eIF4G formed
dot-like structures (Figure 2A, S2). Unexpectedly, none of the
fluorescence of eIF4G dots overlapped with that of Hsp90
granules. Co-localizationofHsp90andeIF4Gwasalsoanalyzed
by the intensity plot. The results showed that the fluorescence
peaks of cytoplasmic Hsp90 granules (arrows) do not overlap
with those of the eIF4G dots (arrowheads). Thus, arsenite
induces two mutually exclusive biological condensates,
namely, eIF4G dots and Hsp90 dots. We further analyzed
whether or not Hsp90 dots co-localize with other components
of representative SGs. These include Nxt3 (G3BP1 homolog),
Pabp (Poly(A)-binding protein), eIF4E (eukaryotic translation
initiation factor 4E), and the RNA helicase Ded1. Similarly to
eIF4G, these representative components of conventional SGs
formed dots upon 2.0 mM arsenite for 180 min (Figure 2A,
S2). However, none of the components of canonical SGs
co-localized with Hsp90 granules under arsenite treatment
(Figure 2A), indicating that arsenite stimulates the induction
of conventional SGs and Hsp90 granules and that these two
biological condensates do not overlap.

Wenext analyzedwhether thecomponents of conventional
SGs co-localize with Hsp90 upon HS as we have previously
shown that Hsp90 transiently co-localizes with Pabp upon HS
at 45◦C. As shown in Figure 2B, all the components of SGs and
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FiGURE 1• Hsp90 aggregates in the cytoplasm and accumulates in the nucleus upon arsenite stress via a ROS-involving mechanism. (A)
Representative fluorescence images of the cells expressing GFP-tagged Hsp90 from its endogenous promoter under arsenite conditions (0.2 mM, 0.5
mM, and 1.0 mM) at 27◦C. The minutes after arsenite addition are indicated above the images. (B) Percentage of the cells with Hsp90 granules. (C) The
number of Hsp90 granules per cell in Hsp90 granule-positive cells. (D) The size of Hsp90 granules. The box signifies the 25-75th percentiles and the
median is represented by a short line within the box. The whiskers show the range of data. (E) Percentage of the cells with Hsp90-enriched nucleus. (F)
Line intensity plot of Hsp90-GFP (green) and Cut11-mcherry (red) for the representative image of the cells incubated with or without 1.0 mM arsenite for
120 min at 27◦C. The dashed arrows in the merged images correspond to those below the intensity plot, and the line and box above the intensity plot
indicate the positions of cytoplasm (C) and nucleus (N), respectively. (G) Effect of a ROS scavenger, n-acetylcysteine (NAC), on the arsenite-mediated
Hsp90 granule formation. Cells were pre-incubatedwith or without 10mMNAC for 2min and then observed before or after treatmentwith 1.0mMarsenite
for 90 min at 27◦C. (H) Percentage of Hsp90 granule-positive cells from (G). Scale bars: 10 µm. Arrows and arrowheads indicate representative Hsp90
granules and the Hsp90-enriched nuclei, respectively. The graphs showmean± SE (n=3). P***<0.001; significantly different from each sample by paired
Student’s t-test.
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FiGURE 2• Hsp90 granules co-localize with conventional SGs upon heat stress but not upon arsenite stress. Co-localization analysis of Hsp90-GFP
(green) and various SGmarkers taggedwith tdTomato (red) after 2.0mM arsenite treatment for 180min at 27◦C (A) or 42◦CHS for 30min (B). Arrows and
arrowheads indicate representative Hsp90 granules and conventional SGs, respectively. The dashed arrows in the merged images correspond to those
below the intensity plot. Scale bars: 10 µm. Co-localization of eIF4G and Pabp is shown in Fig. S3.

Hsp90 form cytoplasmic dot-like structures upon HS (42◦C)
for 30 min. Importantly, unlike arsenite treatment, HS induced
co-localization of Hsp90 and the representative components
of conventional SGs as evidenced by the fluorescence
microscopy and its analysis by the intensity plot (Figure 2B).
Thus, Hsp90 is a component of canonical SGs induced by HS
but not that of arsenite-induced SGs.

Asmentionedearlier, the formationofHsp90granules upon
arsenite treatment depends on the intensity of the stress. We
then tested whether increased concentrations or incubation
times of arsenite treatment alter the behavior of Hsp90 granules
and their relationship with SGs as visualized by Pabp. As a
first step, we examined the conditions wherein the arsenite-
mediated SGs are formed by varying incubation times and
compound concentrations. The results showed that Pabp
dots were observed 60 min after 2.0 mM or 5.0 mM arsenite
treatment (Figure S4A). ThePabpgranules persistedduring 360
min incubation under both concentrations of arsenite. Next, we
incubated the cells expressing Hsp90-GFP and Pabp-tdTomato
with either 2.0 mM or 5.0 mM arsenite for up to 360 min. The
results showed that 2.0 mM arsenite treatment for a longer
incubation time (360 min) did not induce co-localization of
Hsp90 and Pabp granules as evaluated by the intensity plot
(Figure S4B). Furthermore, 5.0 mM arsenite treatment for 60
min did not induce co-localization of Pabp andHsp90 granules.
Notably, however, when cells were treatedwith 5.0mMarsenite
for 360 min, some cells showed co-localization of Hsp90 and
Pabp granules (Figure S4B #2), although a large number of the
cells exhibited Hsp90 granules and Pabp granules that do not
merge (Figure S4B #1). Thus, even increased concentrations
or incubation times of arsenite treatment rarely induce co-

localization of Hsp90 and Pabp.

Nrd1 is a component of arsenite-mediated
Hsp90-positive granules

We further investigated the co-localization of Hsp90 and an
RNA-binding protein Nrd1, which we have previously shown to
localize at SGs upon HS [19]. Nrd1-tdTomato was visualized
in cells expressing Hsp90-GFP. The fluorescence of Nrd1 dots
largely merged with that of Hsp90 granules upon HS and
arsenite treatment, thus indicating that Nrd1 is a component
of Hsp90-positive granules (Figure 3A, S5). We investigated
whether Nrd1 co-localizes with components of conventional
SGs under HS and arsenite treatment. The fluorescence of
Nrd1-tdTomato dots induced by HS was co-localized with that
of canonical SGs as visualized by eIF4G-GFP. In contrast, Nrd1
dots induced by arsenite did not overlap with canonical SGs
(Figure 3B, S5). Thus, although both Hsp90 and Nrd1 localize
at SGs upon HS, these proteins form aggregates different from
conventional SGs induced by arsenite treatment.

To understand the relationship between Nrd1 and Hsp90
in arsenite-specific aggregate formation, a time-course analysis
of intracellular localization of Hsp90 and Nrd1 was performed.
As shown in Figure 3C, Hsp90 granules were observed within
30 min exposure to 2.0 mM arsenite, which persisted for 180
min. The Nrd1 dots were not observed upon 30min incubation
and appeared after 60 min arsenite treatment. Quantification of
the number of cytoplasmic dots of each protein showed that
Hsp90granules showedasteep increase (up to4-fold)within30
min and lasted for 180min incubation (Figure 3D). The number
of Nrd1 dots per cell at 60 min incubation was much smaller
than that of Hsp90 dots. However, during arsenite treatment for
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FiGURE 3• Nrd1 co-localizes with Hsp90 granules, but not with SGs, upon arsenite stress. (A, B) Co-localization analysis of Nrd1-tdTomato (red)
and Hsp90-GFP (green) (A) or eIF4G-GFP (green) (B) after 2.0 mM arsenite treatment for 180 min at 27◦C (A) or 42◦C HS for 30 min. Arrows indicate
representative Hsp90 granules or eIF4G granules, and arrowheads indicate representative Nrd1 granules. The dashed arrows in the merged images
correspond to thosebelow the intensity plot. (C)Nrd1granule formation is slower than that ofHsp90. Representative imagesof the cells expressingHsp90-
GFP (green) and Nrd1-tdTomato (red) from their own promoters upon 2.0 mM arsenite treatment for the indicated times at 27◦C. Arrows and arrowheads
indicate representativeHsp90 granules andNrd1 granules, respectively. Scale bars: 10µm. (D)The number of Hsp90 granules (green) andNrd1 granules
(red) per cell from (C). The graphs showmean± SE (n=3).
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180 min, Nrd1 dots gradually increased and reached a number
similar to that of Hsp90 dots per cell (Figure 3D).

Severe arsenite treatment induces irreversible
Hsp90/Nrd1 aggregates

Next, we tested if arsenite-induced Hsp90/Nrd1 granules are
reversible upon arsenite removal by following their behavior
with fluorescence microscopy (Figure 4). First, 1.0 mM
arsenite treatment for 90 min induced reversible granules as
evidenced by the significantly reduced number of cells with
Hsp90 granules (reduced from 75% to 10%) evaluated 240
min after the arsenite removal from the medium. In contrast,
2.0 mM arsenite treatment for 90 min induced less reversible
Hsp90 granules than did 1.0 mM arsenite treatment, since the
percentages of cells with Hsp90 granules were reduced by
only 20 percentage points, from 85% to 65%, even 4 h after
removing arsenite from the medium. 2.0 mM arsenite treatment
for 180 min induced more irreversible Hsp90 granules than
did 90 min treatment. Upon 1.0 mM arsenite treatment for 90
min, only a limited number of cells showed Nrd1 granules,
which was almost abolished after removing arsenite for 4 h.
2.0 mM arsenite treatment for 90 min induced Nrd1 granules in
65% of cells and the percentages were dropped to 25% after
4 h removal, Notably, 2.0 mM arsenite treatment for 180 min
induced Nrd1 granules in most of the cells and the granules
were irreversible even after 4 h removal of arsenite from the
medium. Furthermore, 2.0 mM arsenite treatment for 180
min induced the most irreversible granules in terms of the
persistence of the aggregation of both Hsp90 and Nrd1 even
after 4 h arsenite removal from themedium. These data suggest
that the longer andmore intense arsenite treatment induces the
more difficult-to-disperse Hsp90/Nrd1 granules. We also tested
cell viability after arsenite treatment, and the results showed that
cells treated with each condition of arsenite treatment did not
showdefects incell viability comparedwithcells treatedwith the
vehicle (Figure S6). Thus, the irreversible Hsp90 aggregation
may not be derived from cell death.

The impact of non-phosphorylatable eIF2αmutation and
cycloheximide on Hsp90/Nrd1 granule formation

In mammalian cells, phosphorylation of the translation initiation
factor eIF2αplays a key role in SG formation, and the expression
of a non-phosphorylatable version of eIF2α was shown to
block SG formation [1]. In fission yeast, Sunnerhagen’s lab
investigated the effect of the corresponding fission yeast
non-phosphorylatable eIF2α-S52A mutant and showed that
the eIF2α-S52A mutation slowed the appearance of SGs (as
visualized by Pabp) upon KCl stress [21]. As a first step to know
whether the samemechanism also regulates arsenite-mediated
Hsp90 granules formation, we investigated the effect of the
eIF2α-S52A mutation on the arsenite-mediated Hsp90/Nrd1
granules. For this, we co-expressed Hsp90-GFP and Nrd1-
tdTomato in a strain expressing the eIF2α-S52Amutant protein.
As shown in Figures 5A and B, the number of Hsp90 granules
30 min after the 2.0 mM arsenite treatment in the eIF2α-S52A
mutant cells was significantly lower as compared with that of
the wild-type (WT) cells. After 60 min arsenite treatment, the
number of Hsp90 granules in the eIF2α-S52A mutants and
WT cells were indistinguishable, suggesting that the eIF2α-
S52A mutation delayed the formation of Hsp90 granules upon

arsenite treatment. In contrast, the number and the kinetics of
Nrd1 granules upon arsenite treatment were not significantly
affected by the eIF2α-S52Amutation (Figure 5A and B).

As a second step, we examined the effect of cycloheximide
(CHX),which freezes ribosomes inplaceby inhibiting translation
elongation, on the induction of the Hsp90 aggregation.
Cells expressing Hsp90-GFP were simultaneously treated
with CHX and arsenite, and the results showed that CHX
significantly impaired the arsenite-induced aggregation of
Hsp90 (Figure 5C). Similarly, the co-treatment with CHX
significantly diminished Nrd1 granules upon arsenite treatment
(Figure 5C). Quantification of the number of Hsp90 and Nrd1
granules also confirmed the observations (Figure 5D). Thus,
the aggregation of Hsp90 and Nrd1 requires a free mRNA,
a translation event, or a newly translated protein for their
formation. We also examined the expression levels of Hsp90
and Nrd1 upon arsenite treatment using immunoblotting to
complement the immunofluorescence data and confirmed
that CHX did not affect the protein levels of Hsp90 and
Nrd1, indicating that the effect of CHX can be attributed to
condensation and not overall Hsp90 or Nrd1 levels (Figure S7).

The role of Hsp90 in the formation of Hsp90/Nrd1
granules

Next, we investigated the effect of Hsp90 inhibition on Nrd1
recruitment into Hsp90 granules using an Hsp90 inhibitor
geldanamycin (GA). For this, cells expressing Hsp90-GFP
and Nrd1-tdTomato from their endogenous promoters were
pre-treated with 10 µM GA for 20 h, followed by treatment
with 2.0 mM arsenite for 150 min. The results showed that
GA treatment significantly reduced the formation of arsenite-
induced Hsp90/Nrd1 granules (Figure 6A). Quantification of
the percentages of the cells harboring Hsp90 granules or Nrd1
granules showed that both decreased by approximately 50%
(Figure6B). Thus,Hsp90 inhibitionbyGAreduced the formation
of Hsp90 granule assembly and recruitment of Nrd1 to Hsp90
granules, consistent with the hypothesis that Hsp90 might
function as a seeding element recruiting other components as
represented by Nrd1.

Regarding cell viability upon GA treatment, 10.0 µM GA
did not significantly affect the cell viability of the WT cells
(Figure S8A). It should be noted that the cell length became
significantly smaller when treated with GA for 20 h (Figure
S8B, S8C). Notably, however, the growth of the WT cells was
significantly impairedwhenco-treatedwithGAandarsenite. For
example, 0.5mMarsenite did not significantly affect cell growth,
whereas the simultaneous adding10.0µMGAalmost abolished
cell growth (Figure 6C). From these results, we hypothesize that
the induction of arsenite-mediated Hsp90 granule formation
is beneficial for cell survival under arsenite stress, and the
inhibition of Hsp90 by GAmay hamper cell growth by impairing
the cell survival mechanism.

DISCUSSION

SG is a conservative mechanism that cells have developed to
adapt to various stresses and the list of SG-promoting stimuli
continues togrow [22]. SGshavebeengenerally assumed tobe
uniform despite different stressors. However, some evidence
shows that their composition varies according to the stress,
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FiGURE 4• Reversibility of Hsp90/Nrd1 granules upon arsenite removal. (A) Representative fluorescence images of Hsp90/Nrd1 granules in the cells
released from arsenite stress. Cells expressing Hsp90-GFP (green) and Nrd1-tdTomato (red) were treated with 1.0 mMor 2.0 mM arsenite for 90min or 2.0
mMArsenite for 180min at 27◦C and then recovered in the freshmediumwithout arsenite for 120min or 240min at 27 ◦C. (B) Percentage of the cells with
Hsp90 granules or Nrd1 granules. The graphs showmean± SE (n=3).

suggesting the existence of stress-specific SG subtypes [1].
Therefore, SGs can assemble differently at least in terms of
components in response to specific cellular stresses [23].
However, no clear evidence has been reported as to whether a
regulatory mechanism that differentially compartmentalizes
specific cellular components into different biomolecular
condensates may exist.

Here, we have characterized the stress-specific
spatiotemporal distribution of Hsp90 and provided evidence
that HS and arsenite differentially compartmentalize Hsp90
in and out of the SGs, respectively. Firstly, arsenite treatment
induced cytoplasmic Hsp90 aggregates in a dose-dependent
manner (Figure 1). Secondly, we have demonstrated that
Hsp90 resides in conventional SGs upon HS but not upon
arsenite by visualizing the co-localization of Hsp90 and each
component of SGs (Figure 2). The absence of the Hsp90 co-

localization with representative components of conventional
SGs demonstrated that Hsp90 forms aggregates distinct from
conventional SGs upon arsenite treatment. Thirdly, HS, but
not arsenite, targets Hsp90 and an RNA-binding protein Nrd1
in conventional SGs (Figure 3), suggesting the existence of a
stress-specific mechanism that compartmentalizes selective
molecules. Finally, inhibition of Hsp90 by geldanamycin
impaired the Hsp90/Nrd1 aggregates and reduced the arsenite
tolerance (Figure 6), suggesting that Hsp90 plays a key role
as a center for aggregation of this novel type of biological
condensates.

Thus far, the fate of each client protein to be sequestered
into SGs has been considered to be triggered by each stimulus
above a certain threshold. For example, severeHS (at 42◦C) but
not modest HS (at 37◦C) can induce conventional SGs [18].
These results suggest that environmental stresses above
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FiGURE5• Hsp90/Nrd1granule formation is delayedby non-phosphorylatable eIF2αmutation and inhibited by cycloheximide. (A)Representative
fluorescence imagesofHsp90-GFPandNrd1-tdTomato in thewild-typecells (WT) andnon-phosphorylatable eIF2α-S52Amutant cells (eIF2α-S52A)upon
2.0 mM arsenite treatment for the indicated times at 27◦C. (B) The number of Hsp90 granules and Nrd1 granules in WT cells (blue) and eIF2α-S52A cells
(orange) per cell. (C)Effect of cycloheximide (CHX) on the arsenite-mediatedHsp90/Nrd1granule formation. Cellswere pre-incubatedwith orwithout 100
µg/ml CHX for 10 min and then observed after 2.0 mM arsenite treatment for 120 min at 27◦C. (D) The number of Hsp90 granules and Nrd1 granules per
cell. The graphs showmean± SE (n=3). P*<0.05, P**<0.01, P***<0.001; n. s., not significant; significantly different from each sample by paired Student’s
t-test. Scale bars: 10 µm.
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FiGURE 6• Geldanamycin decreases Hsp90/Nrd1 granules and increases the arsenite sensitivity. (A)Cells expressingHsp90-GFP (green) andNrd1-
tdTomato (red) were pre-incubated with or without 10.0 µM GA for 20 hr and then treated with 2.0 mM arsenite for 150 min at 27◦C. Scale bar: 10 µm.
(B) Percentage of Hsp90 or Nrd1 granule positive cells. The graphs show mean± SE (n=3). GA; geldanamycin. P*<0.05, P**<0.01; n. s., not significant;
significantly different fromeach sample by paired Student’s t-test. (C)Effect of GAon the arsenite sensitivity. Cellswere grown in the EMM tomid-log phase
with 0.56% DMSO or 10.0 µMGA and adjusted to OD660 = 0.5. The cells were then diluted 300-fold with the fresh EMM containing DMSO or 10.0 µMGA
and incubated in a 96-well plate with the indicated final concentrations of arsenite for 4 days at 27◦C.

some critical intensities facilitate client protein crowding
(through physical interaction or post-translationalmodification),
thus sequestration into SGs. However, our current findings
suggested the presence of an additional layer of the stress-
dependent regulatory mechanism of macromolecular
crowding, which dictates the fate of a specific set of client
proteins to be differentially compartmentalized into selective
biological condensates, including SGs. As Hsp90 is well-known
as a kinase-chaperone with special responsibility for the folding
of protein kinases, HS and arsenitemay stimulate distinct kinase
signaling, which leads to different translational modifications
of Hsp90/client protein and their coalescence in and out of the
conventional SGs.

Relationships between conventional SGs and a novel
type of Hsp90 granules

Although Hsp90 is known to play a key role in the assembly
of biomolecular condensates such as P-bodies and SGs, the
information on the stress-inducedHsp90 aggregation has been
poorly understood. A recent paper by Hidalgo’s group has

reported that upon mild HS wherein SGs do not assemble,
misfolded proteins collapse into protein aggregate centers
(PACs), and many Hsp proteins, including Hsp90, are recruited
into PACs [24]. PACs function to protect thermosensitive
proteins contained in the PACs from degradation, which helps
cells survive environmental insults [24]. Interestingly, the PACs
formed upon mild HS transform into SGs by increasing the
temperature or time of HS treatment, thus suggesting that PACs
seem to be a seed for SGs formation upon more challenging
conditions.

This study prompted us to investigate whether the
arsenite-mediated Hsp90 granules may serve as a seed for
SG formation by following the behavior of Hsp90 and Pabp
under more intense arsenite treatment conditions. However,
even extremely challenging arsenite treatment induced only
a partial overlap of Hsp90 and Pabp (Figure S4B), thus
suggesting that arsenite-induced Hsp90 granules and SGs
seem distinct biomolecular condensates. However, since
distinct biomolecular condensates, represented by SGs and P-
bodies, often interchange their components, future proteomic
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studies will elucidate the shared or distinct components of
Hsp90 granules and conventional SGs.

Regulatorymechanisms of novel Hsp90 granules upon
arsenite treatment

We have shown that Hsp90 granules and conventional
SGs share some common regulatory mechanisms. Firstly,
arsenite is the most commonly used agent to induce oxidative
stress, which leads to stalled translation initiation and the
formation of SGs [2]. It has been reported that arsenite-
induced SG formation is inhibited by elevated levels of reduced
glutathione, an antioxidant that neutralizes ROS, in West Nile
virus-infected cells [25]. We also showed that Hsp90-positive
granule formation was impaired by NAC, indicating that ROS is
responsible for Hsp90-positive granule assembly (Figure 1G,
1H). SGs generally assemble in response to stresses through
stress-induced inhibition of translation initiation [8]. Thus, both
Hsp90granules and conventional SGs coincidewith translation
inhibition mediated by oxidative stress induced by arsenite
treatment.

Secondly, non-phosphorylatable eIF2α mutation
significantly delayed the arsenite-induced aggregation of
Hsp90 (Figure 5A, 5B), similar to the slow appearance of
SGs observed in eIF2α-S52A mutant [21]. Thus, SGs and
Hsp90-positive granules appear to require similar regulatory
mechanisms to induce their formation, at least in part. We
also showed that CHX, a well-known inhibitor of SG formation,
significantly impaired the arsenite-induced Hsp90 aggregation
(Figure 5C, 5D). CHX is a protein synthesis inhibitor that blocks
the progression of 80s ribosomes along mRNA and stabilizes
polysomes, therefore reducing polysome-free mRNAs as well
as newly translated proteins. To clarify the crucial processes for
Hsp90 granule formation upon arsenite treatment, we tried to
inhibit translation through other ways than blocking the release
of polysome from mRNAs. Translation can be impaired due to
decreased translation initiation rates [1], stalling initiation [9],
or blocking elongation [10]. However, other translation
inhibitors, neitherharringtoninenorpuromycineffectively inhibit
translation in our culture conditions and we could not confirm
theeffects of thesedrugsonarsenite-mediatedHsp90granules.
We, therefore, assume that our CHX experiment has limitations.

Role of the nuclear translocation of Hsp90 upon arsenite
treatment

Regarding the nuclear translocation of Hsp90 upon arsenite
treatment, a similar stress-induced Hsp90 nuclear enrichment
was observed with HS, which also induces cytoplasmic Hsp90
aggregates. Despite its primary role as a cytoplasmic protein,
Hsp90 also impacts various functions in the nucleus, including
transcription, chromatin remodeling, and DNA damage-
induced mutation [26]. Thus, arsenite-mediated nuclear
translocation of Hsp90 and its functional significance will be
the issue of future study.

Role of Hsp90 in novel arsenite-mediated granules

Recently, theproperty ofmolecular chaperones, suchasHsp70,
to serve as a nucleation center for biological condensates
has attracted strong attention [24]. We have shown several
data suggesting that Hsp90 aggregates may serve as an
arsenite-specific protein aggregation center. First, even

the low concentration of 0.2 mM arsenite induces Hsp90
aggregation (Figure 1). Second, an RNA-binding protein
Nrd1 is sequestered into Hsp90-positive granules upon
arsenite treatment suggesting the possible role of Hsp90 in
recruiting Nrd1 in Hsp90-positive granules (Figure 3). Finally.
inhibition of Hsp90 by geldanamycin repressed the formation
of Hsp90/Nrd1 granules further supporting the role of Hsp90
as an aggregation center (Figure 6A, 6B). Why and how Hsp90
and Nrd1 form aggregates outside conventional SGs remains
unknown. However, the finding that Hsp90 inhibition by GA
reduced the cells’ tolerance to arsenite (Figure 6C), suggested
the role of Hsp90 for survival under arsenite stress. However,
we cannot rule out the possibility that the combination of GA
and arsenite may induce a synthetic lethal effect regardless of
the formation of Hsp90/Nrd1 granules. Future intensive studies
may reveal the stress-specific condensates’ composition and
biological properties.

In summary, this is the first demonstration that arsenite
stimuli can differentially compartmentalize two biological
condensates with or without Hsp90. Given the conserved
role of Hsp90 and SGs, our findings may shed light on the
underlying mechanisms of various diseases associated with
SGs.

MATERIALS ANDMETHODS

Yeast strain, media, andmolecular biology

Schizosaccharomyces pombe strains and plasmids used in
this study are listed in Table S1. The completed medium
(YeastExtractwithSupplements [YES]) and theminimalmedium
(Edinburgh Minimal Medium [EMM]) have been described
previously [27]. Except where noted, standard yeast culture
and genetic methods were used [27]. GFP and tdTomato were
tagged on the C-terminal side of the respective genes using the
PCR-based genomic taggingmethod [28].

Growth conditions and stress treatment

Before stress treatment, the cells harboring plasmid that
contains the LEU2 gene were grown to mid-log phase at 27◦C
in EMM. After cultivation, Reagents (listed in Table S2) at the
indicated concentrations were added to the culture medium,
or cells were heat-shocked at 42◦C in the water bath for the
stated time. After each stress treatment, the culture medium
was chilled in ice water for a minute. The cells were harvested
by brief centrifugation at 4◦C.

Microscopy and image quantitation

Images were captured by All-in-One Fluorescence Microscope
BZ-X710equippedwith anoptical sectioningmodule (Keyence,
Osaka, Japan). Image processing for haze reduction and
granule quantitation was done with BZ-X Analyzer software
(Keyence, Osaka, Japan). We performed three independent
experiments, imaging more than 100 cells in each experiment
and analyzing the granule counts and nuclear translocation.

Protein extraction (alkaline extraction) and detection

Cell extract preparation was performed as previously
described [29]. The following primary antibodies were used:
anti-GFP (sc-9996, Santa Cruz Biotechnology, USA), anti-RFP
(PM005, Medical, and Biological Laboratories, Japan), and
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anti-α-tubulin (T5168, Sigma-Aldrich, St. Louis, MO, USA.)
As a secondary antibody, anti-rabbit IgG HRP-linked antibody
(#7074,Cell signalingTechnology, USA)orGoat anti-mouse IgG
(H+L) Alexa FluorTM Plus 555 highly cross-adsored (#A32727:
Thermo Fisher Scientific, USA) were used. The proteins were
detected by Chemi-Lumi One L (Nacalai Tesque, Japan) or
excitation light with AmershamTM ImageQuantTM 800 (Cytiva,
Japan). The imaging was performed using AmershamTM

ImageQuantTM 800 (Cytiva, Japan), and the protein bands
were quantified using ImageQuantTM TL (Cytiva, Japan).

Statistical analysis

All results are expressed asmeans± Standard Error of themean
(SE) of three independent experiments. Data were analyzed
using Student’s t-test. Statistical significance was defined as
p*<0.05, p**<0.01, p***<0.001, n. s.; not significant.
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