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Abstract
The molecular chaperone Hsp90 is highly conserved from bacteria to mammals. In fission yeast, Hsp90 is essential in
many cellular processes and its expression is known to be increased by heat stress (HS). Here, we describe the distinct
spatiotemporal distribution of Hsp90 under high-heat stress (HHS: 45˚C) and mild-heat stress (MHS: 37˚C). Hsp90 is
largely distributed in the cytoplasm under non-stressed conditions (27˚C). Under HHS, Hsp90 forms several cytoplasmic
granules within 5 minutes, then the granules disappear within 60 minutes. Under MHS, Hsp90 forms fewer granules than
under HHS within 5 minutes and strikingly the granules persist and grow in size. In addition, nuclear enrichment of Hsp90
was observed after 60 minutes under both HS conditions. Our data suggest that assembly/disassembly of Hsp90 granules
is differentially regulated by temperatures.

Figure 1. Spatiotemporal distribution of Hsp90 in fission yeast upon distinct HS conditions: A-F: Representative
images of the cells expressing endogenous Hsp90-GFP (Green) and Pabp-tdTomato (Red) under HHS at 45˚C. The
minutes after shifting from 27˚C to 45˚C are indicated above the images. Arrows and arrowheads indicate representative
Hsp90 granules with or without overlapping with Pabp, respectively. Scale bar: 10 µm. G: Percentage of the cells with
Hsp90 granules per 100 cells. Each value represents mean ± s.d. from two independent experiments. **P<0.01 H: Line
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intensity plot of Hsp90-GFP (Green) and Pabp-tdTomato (Red) for the representative image of the cells incubated at 45˚C
for 10 min. I-N: Representative images of the cells expressing Hsp90-GFP (Green) and Pabp-tdTomato (Red) under MHS
at 37˚C. The minutes after shifting from 27˚C to 37˚C are indicated above the images. Arrowheads indicate representative
Hsp90 granules. Scale bar: 10 µm. O: Diameter 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. The line connecting the box
plots shows the transition of the mean value. **P<0.01 P: Percentage of the cells with nuclear-enriched Hsp90 per 100
cells. Each value represents mean ± s.d. from two independent experiments. *P<0.05 Q: Representative images of the
cells expressing Hsp90-GFP (Green) and Cut11-mCherry (Red) that were incubated at 37˚C for 40 min. Scale bar: 10 µm.

Description
The 90 kDa heat shock protein, Hsp90, is an evolutionarily conserved and highly expressed molecular chaperone,
constituting 1–2% of cellular proteins under non-stressed conditions (Csermely et al. 1998). The abundance of Hsp90 is
further increased by heat stress in virtually all cells (Lindquist and Craig 1988).
In fission yeast, Hsp90 (also known as Swo1 or Git10) is essential and contributes to various cellular processes, including
glucose response (Hoffman and Winston 1991), cell cycle control (Aligue et al. 1994), cytokinesis (Santino et al. 2012),
and heterochromatin assembly (Okazaki et al. 2018). The levels of Hsp90 protein in fission yeast increase upon heat stress
and continuously rise at least for 2 hours (Aligue et al. 1994). A recent study has revealed that Hsp90 accumulates in a
few granules in the cytoplasm under heat stress conditions (Cabrera et al. 2020), yet only limited information on the
spatiotemporal distribution of Hsp90 is currently available.
To visualize the localization of Hsp90, we generated a yeast strain that expresses C-terminally GFP-tagged Hsp90 under
its own promoter at the endogenous genomic locus. At the normal growth temperature (27˚C), Hsp90 was detected largely
in the cytoplasm except for vacuoles and relatively less distributed in the nucleus (Fig. 1A). Under the high-heat stress
condition (HHS: 45˚C), Hsp90 was still mostly localized in the cytoplasm, yet formed several cytoplasmic granules (Fig.
1B-D). The number of Hsp90 granules appeared to increase after 10 minutes of HHS (4~9/cell) as compared to 5 minutes
of HHS (2~5/cell) (Fig.1B and C), although those numbers might be undercounted due to the indistinct nature of granules.
Quantification of the cells harboring the Hsp90 granules revealed that Hsp90 granules are generated in most cells within 5
minutes after HHS and disappeared within 60 minutes upon HHS (Fig. 1G).
To characterize Hsp90 granules, we examined whether they co-localize with the stress-induced membrane-less organelles
termed stress granules (SGs) by co-expressing a representative SG marker Pabp tagged with tdTomato. We found that
Hsp90 granules overlap with Pabp (Fig.1B and C, arrows; Fig. 1H), although some granules do not overlap clearly (Fig.
1B and C, arrowheads). Notably, unlike Hsp90 granules, Pabp granules remain even after 60 minutes of HHS (Fig. 1E and
F), thus the physical overlap between Hsp90 granules and Pabp granules is transient.
We next observed the localization of Hsp90 under a mild-heat stress condition (MHS: 37˚C), below the temperature at
which SGs are generated. We found that MHS also induced the granule formation of Hsp90 in most cells within 5 minutes
(Fig. 1J). In contrast to the HHS condition, Hsp90 granules did not disappear. Rather, both the size and the intensity of the
Hsp90 granule fluorescence continuously increased at MHS (Fig. 1J-O), although the number of Hsp90 granules was less
(2~3/cell). These findings indicate that the localization of Hsp90 is regulated differentially by temperatures.
Finally, our observation also revealed that both mild- and high-heat stress cause the nuclear accumulation of Hsp90 within
60 minutes (Fig. 1E-F, M-N, P). The location of the nucleus was confirmed by the nuclear envelope protein Cut11 tagged
with mCherry (Fig. 1Q). Future studies will elucidate the mechanism and the biological significance of the nuclear
translocation of Hsp90 upon heat stress. Given the involvement of Hsp90 as a part of the platform for building SGs under
severe heat stress (Cabrera et al. 2020) as well as the heterogeneity of SGs upon various temperatures (Kanda et al. 2021),
our findings will serve as a basis for understanding the regulation of thermo-sensitive aggregations.

Methods
Request a detailed protocol
Yeast strains and molecular biology
S. pombe strains used in this study are listed in the Reagents section. C-terminal GFP-tagging of the hsp90 gene at the
normal chromosomal location was performed by the PCR-based approach described in (Bähler et al. 1998).
Heat stress treatment and microscopy
Yeast strains harboring plasmid that contains LEU2 gene were grown in Edinburgh minimal medium (EMM) in conical
tubes at 27°C to mid-log phase and heat-shocked at 37°C or 45°C in the water bath for the indicated time then harvested
by brief centrifugation. Images were acquired using a confocal laser microscope (LSM700; Carl Zeiss) and processed with
ZEN 2012 software (Carl Zeiss) and Image J (NIH). Quantification of granule formation and nuclear translocation were
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carried out for two individual datasets. We analyzed 50 cells for each experiment, which summed up to 100 counted cells.
The diameter of Hsp90 granules was analyzed from 50 granules at each time and temperature condition.

Reagents
Strain

Genotype

Reference

HM123

h– leu1-32

Lab stock

SP3101

h– leu1-32 swo1-GFP::KanMX6 pabp-tdTomato::KanMX6

This study

SP3020

h+ cut11+-mCherry[nat]

Hayashi et al. 2018

SP3033

h– leu1-32 swo1-GFP::KanMX6 cut11+-mCherry[nat]

This study

Acknowledgments: We thank Dr. Mitsuhiro Yanagida for providing the mCherry-tagged Cut11 strain, Professor William
Figoni for critical reading of the manuscript and the members of Sugiura Lab for discussion and technical support.

References
Aligue R, Akhavan-Niak H, Russell P. 1994. A role for Hsp90 in cell cycle control: Wee1 tyrosine kinase activity requires
interaction with Hsp90. EMBO J 13: 6099-106. PMID: 7813446.
Bähler J, Wu JQ, Longtine MS, Shah NG, McKenzie A 3rd, Steever AB, Wach A, Philippsen P, Pringle JR. 1998.
Heterologous modules for efficient and versatile PCR-based gene targeting in Schizosaccharomyces pombe. Yeast 14:
943-51. PMID: 9717240.
Cabrera M, Boronat S, Marte L, Vega M, Pérez P, Ayté J, Hidalgo E. 2020. Chaperone-Facilitated Aggregation of
Thermo-Sensitive Proteins Shields Them from Degradation during Heat Stress. Cell Rep 30: 2430-2443.e4. PMID:
32075773.
Csermely P, Schnaider T, Soti C, Prohászka Z, Nardai G. 1998. The 90-kDa molecular chaperone family: structure,
function, and clinical applications. A comprehensive review. Pharmacol Ther 79: 129-68. PMID: 9749880.
Hayashi T, Teruya T, Chaleckis R, Morigasaki S, Yanagida M. 2018. S-Adenosylmethionine Synthetase Is Required for
Cell Growth, Maintenance of G0 Phase, and Termination of Quiescence in Fission Yeast. iScience 5: 38-51. PMID:
30240645.
Hoffman CS, Winston F. 1991. Glucose repression of transcription of the Schizosaccharomyces pombe fbp1 gene occurs
by a cAMP signaling pathway. Genes Dev 5: 561-71. PMID: 1849107.
Kanda Y, Satoh R, Takasaki T, Tomimoto N, Tsuchiya K, Tsai CA, Tanaka T, Kyomoto S, Hamada K, Fujiwara T, Sugiura
R. Sequestration of the PKC ortholog Pck2 in stress granules as a feedback mechanism of MAPK signaling in fission
yeast. J Cell Sci. 2021 Jan 26;134(2):jcs250191. DOI: 10.1242/jcs.250191 | PMID: 33277379.
Lindquist S, Craig EA. 1988. The heat-shock proteins. Annu Rev Genet 22: 631-77. PMID: 2853609.
Okazaki K, Kato H, Iida T, Shinmyozu K, Nakayama JI, Murakami Y, Urano T. 2018. RNAi-dependent heterochromatin
assembly in fission yeast Schizosaccharomyces pombe requires heat-shock molecular chaperones Hsp90 and Mas5.
Epigenetics Chromatin 11: 26. PMID: 29866182.
Santino A, Tallada VA, Jimenez J, Garzón A. 2012. Hsp90 interaction with Cdc2 and Plo1 kinases contributes to
actomyosin ring condensation in fission yeast. Curr Genet 58: 191-203. PMID: 22543982.
Funding: This study was supported by the MEXT‐Supported Program for the Strategic Research Foundation at Private
Universities, 2014–2018 (S1411037), and by JSPS KAKENHI Grant Numbers JP20K07058 and JP20K06494. This work
was also supported by Japan Agency for Medical Research and Development (AMED).
Author Contributions: Teruaki Takasaki: Conceptualization, Investigation, Writing - original draft, Visualization,
Supervision. Naofumi Tomimoto: Investigation, Formal analysis. Takumi Ikehata: Investigation. Ryosuke Satoh:
Investigation. Reiko Sugiura: Writing - review and editing, Supervision.
Reviewed By: Anonymous
History: Received March 23, 2021 Accepted April 21, 2021 Published
Copyright: © 2021 by the authors. This is an open-access article distributed under the terms of the Creative Commons
Attribution 4.0 International (CC BY 4.0) License, which permits unrestricted use, distribution, and reproduction in any
medium, provided the original author and source are credited.

5/8/2021 - Open Access
Citation: Takasaki, T; Tomimoto, N; Ikehata, T; Satoh, R; Sugiura, R (2021). Distinct spatiotemporal distribution of
Hsp90 under high-heat and mild-heat stress conditions in fission yeast. microPublication Biology.
https://doi.org/10.17912/micropub.biology.000388

