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Abstract
For maintenance of cytoplasmic protein quality control (PQC), cytoplasmic heat shock proteins (HSPs) negatively control 
heat shock transcriptional factor (HSF) in a negative feedback loop. However, how mitochondrial protein quality control 
(mtPQC) is maintained is largely unknown. Here we present evidence that HSF directly monitors mtPQC in the budding yeast 
Saccharomyces cerevisiae. Mitochondrial HSP70 (Ssc1) negatively regulated HSF activity. Importantly, HSF was localized 
not only in the nucleus but also on mitochondria. The mitochondrial localization of HSF was increased by heat shock and 
compromised by SSC1 overexpression. Furthermore, the mitochondrial protein translocation system downregulated HSF 
activity. Finally, mtPQC modulated the mtHSP genes SSC1 and MDJ1 via HSF, and SSC1 overexpression compromised 
mitochondrial function. These findings illustrate a model in which HSF directly monitors mtPQC.

Keywords  Heat shock protein (HSP) · Heat shock transcriptional factor (HSF) · Mitochondria · Protein quality control · 
Ssc1

Introduction

Mitochondria have crucial functions in the cell, including 
ATP generation, iron–sulfur cluster biogenesis, nucleotide 
biosynthesis, lipid and steroid synthesis and amino acid 
metabolism. In addition, mitochondria commit apopto-
sis. Therefore, mitochondrial dysfunction causes a broad 
spectrum of human diseases, such as myopathies, diabetes, 
obesity, and liver and renal dysfunctions, age-related neu-
rodegenerative diseases, and aging (Hill and Van Remmen 
2014; Hu and Liu 2011; Lasserre et al. 2015). Mitochon-
dria are thought to have evolved from free-living eubacte-
rium endosymbionts, but almost all of the genes encoding 
mitochondrial proteins have been transferred to the nuclear 
genome during evolution of eukaryotes (Dyall et al. 2004; 
Gray 2014). Therefore, mitochondria-to-nucleus signaling 

is critical for maintenance of mitochondrial functions and 
thereby cellular homeostasis (Cannino et al. 2007; Eisen-
berg-Bord and Schuldiner 2017).

Mitochondria have dedicated molecular chaperones and 
proteases that promote proper protein folding, complex 
assembly and quality control. In the baker’s yeast Saccha-
romyces cerevisiae there are many nuclear-encoded mito-
chondrial heat shock protein (mtHSP) genes, for example: 
the HSP70/DnaK homolog SSC1, the HSP40/DnaJ homolog 
MDJ1, and the chaperonin pair HSP60 and HSP10. These 
mitochondrial proteins are involved in mitochondrial protein 
import, protein folding and assembly and proteolysis. Loss 
of these functions causes mitochondrial DNA (mtDNA) loss 
and a decrease in mitochondrial-dependent metabolism, and 
SSC1, HSP60 and HSP10 are essential genes (Craig et al. 
1989; Hohfeld and Hartl 1994; Ikeda et al. 1994; Laloraya 
et al. 1994; Reading et al. 1989).

Heat shock causes protein denaturation and HSP has crit-
ical roles in refolding and clearance of denatured protein 
(Saarikangas and Barral 2016). Heat shock transcriptional 
factor (HSF) mediates aspects of the heat shock response 
in all eukaryotic cells. In S. cerevisiae, HSF is encoded by 
a sole HSF1 gene. Upon heat shock, HSF is activated and 
induces the expression of the genes encoding heat shock pro-
teins (HSPs) resident in various intracellular compartments 
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via binding to the heat shock element (HSE). The perfect 
minimum consensus HSE sequence is “nGAAnnTTC-
nnGAA”; where n is any nucleotide (Mager and De Kruijff 
1995; Mager and Ferreira 1993). It is assumed that the HSF/
HSE system is activated by the accumulation of unfolded 
proteins in the cytoplasm (Craig and Gross 1991). The cyto-
plasmic Hsp70 negatively regulates HSF activity (Conn and 
Qian 2011; Richter et al. 2010). In the endoplasmic reticu-
lum (ER), when the secretion is inhibited, unfolded proteins 
accumulated in the ER induce expression of ER HSP genes 
by the different system (Kohno 2007; Schroder and Kauf-
man 2005). Thus, the protein quality controls (PQCs) in the 
cytoplasm and the ER are well documented.

In contrast, the PQC in mitochondrial (mtPQC) is less 
understood. Unfold protein accumulation within the mito-
chondrial matrix induces nuclear genes encoding mtHSPs 
(Martinus et al. 1996; Zhao et al. 2002). This observation 
suggests the existence of a mitochondrial PQC (mtPQC). We 
previously showed that SSC1 and MDJ1 are regulated by the 
HSF/HSE system in budding yeast (Tachibana et al. 2002). 
Here we show that Ssc1–Mdj1 conversely downregulates 
HSF. Furthermore, we found that HSF is resident on mito-
chondria, suggesting that HSF directly monitors mtPQC.

Results

Ssc1 negatively regulates HSF activity

First, we examined whether the mitochondrial HSP70 Ssc1 
downregulates HSF, like cytoplasmic HSP70. Importantly, 
overexpression of SSC1 drastically compromised heat acti-
vation of HSF (Fig. 1a), suggesting that Ssc1 negatively 
regulates HSF in a negative feedback manner. Consistently, 
SSC1-overexpressing cells were hypersensitive to heat 
shock: SSC1-overexpressing cells were lethal, when trans-
ferred from 20 °C to 37 °C, but not from 30 °C to 37 °C 
(Fig. 1b).

To assess whether SSC1 overexpression-mediated heat 
shock lethality is related to the role of Ssc1 as mitochondrial 
HSP70, we examined effects of deletion of the co-chaperon 
gene MDJ1 cancels on the lethality. Loss of Mdj1 produces 
ρ0 cells without mtDNA (Rowley et al. 1994). SSC1 over-
expression failed to confer heat shock lethality to ρ0 cells 
lacking MDJ1, but it again rendered ρ0 cells heat shock 
hypersensitive when Mdj1 was added back (Fig. 1c). These 
findings indicated that SSC1 overexpression-mediated heat 
shock lethality is dependent on the role of Ssc1 as mitochon-
drial HSP70.

Conversely, co-overexpression of MDJ1 exaggerated 
heat shock hypersensitivity in SSC1-overexpressing cells 
(Fig. 1d), while a sole overexpression of MDJ1 compro-
mised neither HSF activity nor heat shock sensitivity 

(Fig. 1d and data not shown). These indicated that enhance-
ment in a cooperative action of Ssc1 and Mdj1 caused heat 
shock sensitivity. Taken together, after heat shock an exces-
sive mtHSP activity compromised heat shock response via 
HSF activation.

HSF is colocalized with mitochondria

Interestingly, it was reported that HSF was co-purified with 
isolated mitochondria (Sickmann et al. 2003). This suggests 
that HSF is associated to the mitochondrial outer membrane. 
In the case of budding yeast, HSF (monitored by Hsf1–GFP) 
was predominantly localized in the nucleus even in normal 
conditions (Haitani and Takagi 2008) (Fig. 2a). However, we 
found that a small portion of HSF was also colocalized with 
mitochondria (monitored by mitochondrial RFP) (Fig. 2b). 
It is most likely that HSF is peripherally associated to the 
cytoplasmic side of the mitochondrial outer membrane.

Mitochondrial localization of HSF is regulated 
by heat shock and Ssc1

We detected mitochondrial localization of HSF in about 60% 
cells under non-stressed conditions (Fig. 3a, b, vector). Inter-
estingly, heat shock promoted mitochondrial localization of 
HSF. This suggested that mitochondrial HSF is implicated 
in heat shock response. Furthermore, SSC1 overexpression 
reduced mitochondrial localization of HSF in non-stressed 
and heat-treated cells (Fig. 3a, b, SSC1). This demonstrated 
that Ssc1 negatively regulated mitochondrial localization of 
HSF. Collectively, heat shock recruited HSF to mitochon-
dria, but the excessive Ssc1 repressed the recruitment. We 
noted that SSC1 overexpressing caused delocalization of 
mitochondria to plasma membrane-proximal regions and 
increase in cell size (Fig. 3b). These findings suggested that 
the excessive Ssc1 affected mitochondrial functions and cell 
growth.

The mitochondrial protein transporter mediates 
the mtHSP–HSF signaling

Because Ssc1 localized at the inside of mitochondria affect 
HSF located at the outside of mitochondria, Ssc1 should 
regulate HSF indirectly. Ssc1 is involved not only in fold-
ing of unfolded proteins but also in import of mitochondrial 
proteins, and hence the status of Ssc1 function affects mito-
chondrial protein import activity (Herrmann and Neupert 
2000; Voos et al. 1999). We suspected whether the excessive 
Ssc1 repressed HSF by modulating mitochondrial protein 
import. When translocation of mitochondrial preproteins is 
retarded on the mitochondrial outer membranes, where HSF 
might sense this unwanted event.
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To assess this idea, we modulated activity of the mito-
chondrial protein transport. Tom40 is an essential compo-
nent of the mitochondrial protein translocase of the outer 
membrane (TOM) complex and is directly associated with 
mitochondrial preproteins (Endo and Kohda 2002; Pfan-
ner and Chacinska 2002; Shiota et al. 2015). Overexpres-
sion of TOM40 again impaired heat activation of HSF 
(Fig. 4a). Conversely, loss of Tom40 activated HSF even in 

non-stressed conditions (Fig. 4b). These findings indicated 
that Tom40 negatively regulated HSF activity, like Ssc1.

Similarly, Ssc1 dysfunction activated HSF even in non-
stressed conditions (Fig. 4c), like depletion of Tom40. 
This supported that Ssc1 negatively regulates HSF. Fur-
thermore, TOM40 overexpression cancelled this HSF acti-
vation induced by deficient Ssc1 (Fig. 4d). This indicated 
that Ssc1 negatively regulated HSF via the TOM translo-
case and supported the idea that the mitochondrial protein 
transport system mediates the mtHSP–HSF signaling.
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Fig. 1   Ssc1 negatively regulates HSF. a Exponentially growing cells 
of the wild-type strain (KMY1005) harboring a plasmid pSCU69 
(p424GPD-SSC1) or an empty vector pSCU60 (p424GPD) were pre-
incubated at 23 °C (white bars) and then transferred to 39 °C for one 
hour (black bars). Cells possessed a plasmid pSCU23 (pHSE-CYC1-
lacZ) and HSF activity was monitored by β-galactosidase activity. b 
The same cells used in panel (a) were preincubated at 20 °C or 30 °C 
and then incubated on agar plates at 37 °C for 2 days. c Cells of (1) 
the wild-type (W303·), (2) SCU27 (mdj1∆ ρ0), and (3) SCU29 (ρ0) 

harboring pSCU69 (p424GPD-SSC1) were preincubated in the liquid 
media at 20 °C and then incubated on agar plates at 37 °C for 3 days. 
d Cells of the wild-type strain (KMY1005) were preincubated at 
30 °C in the liquid media and then incubated on agar plates at 37 °C 
for 3 days. Cells possess the empty vectors pSCU60 (p424GPD) and 
pSCU66 (p423GPD) (Vector; 1), pSCU69 (p424GPD-SSC1) and 
p423GPD (SSC1; 2), p424GPD and pSCU96 (p423GPD-MDJ1) 
(MDJ1; 3), or p424GPD-SSC1 and p423GPD-MDJ1 (SSC1 MDJ1; 4)



910	 Current Genetics (2018) 64:907–917

1 3

Ssc1 preferentially impacts on SSC1 and MDJ1

Because Ssc1 and Mdj1 are transcriptionally regulated by 
HSF, the fact that the Ssc1–Mdj1 activity controls HSF indi-
cates that Ssc1–Mdj1 activity should be autoregulated via 
HSF. In addition, Ssc1–Mdj1 activity might also affect other 
cellular HSPs via HSF. We assessed this idea. Consistent with 
the fact that HSF activity was repressed by SSC1 overexpres-
sion, heat induction of both mtHSP genes, SSC1 and MDJ1 
were severely compromised by SSC1 overexpression (Fig. 5). 
However, cytoplasmic HSP genes (SSA3 and HSP12) were 
mildly impaired by SSC1 overexpression (Fig. 5). This indi-
cated that the mtPQC signaling preferentially tuned expression 
of mtHSP via HSF. In the budding yeast S. cerevisiae Hsf1 is 
a sole HSF, and therefore, Hsf1 must take care of diverse HSP 
genes. HSF finely tunes each HSP gene according to different 
HSE contexts. SSC1 and MDJ1 might have specific HSEs in 
their promoter regions (see “Discussion”).

SSC1 overexpression compromises mitochondrial 
function

Defects in mtHSP functions cause mtDNA loss and a decrease 
in mitochondrial metabolism (Craig et al. 1989; Hohfeld and 

Hartl 1994; Ikeda et al. 1994; Laloraya et al. 1994; Reading 
et al. 1989). Because SSC1 overexpression perturbed induction 
of mtHSP gene after heat shock (Fig. 5), we suspected whether 
SSC1 overexpression causes mtDNA loss and defects in mito-
chondrial metabolisms at high temperature. After the control 
cells harboring an empty vector were incubated at 30 or 37 °C, 
these cells possessed mtDNA stained by DAPI (Fig. 6a). How-
ever, SSC1-overexpressing showed no clear mtDNA signals, 
if they were precultured at 37 °C (Fig. 6a). Although mtDNA 
signals were still found in SSC1-overexpressing cells, even 
if these cells were precultured at 30 °C (Fig. 6a), these cells 
failed to grow on media containing a non-fermentable carbon 
source glycerol (Fig. 6b). This indicated that SSC1 overex-
pression diminished mitochondrial respiration even at normal 
temperature. We confirmed that SSC1-overexpressing cells 
precultured at 37 °C similarly showed no growth on the glyc-
erol-based media (data not shown). Thus, SSC1 overexpression 
compromises mitochondrial function.

Fig. 2   HSF is colocalized with 
mitochondria. a Cells of strain 
SCU2544 (HSF1–GFP) were 
incubated at 23 °C. Cells were 
fixed with ethanol and stained 
with DAPI. GFP, DAPI and cell 
images were captured. b Cells 
of strain SCU2544 (HSF1–
GFP) harboring a plasmid 
pSUC1355 (p416GPD-mtRFP) 
were incubated at 23 °C. Cells 
were not fixed to prevent reduc-
tion in weak Hsf1–GFP signals. 
GFP, RFP and cell images were 
captured. White arrowheads 
indicate Hsf1–GFP colocalized 
on mitochondria
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Discussion

This study showed that mtHSPs negatively regulates HSF. 
The HSF/HSE system is adopted to maintain mtPQC in 
yeast cells. It might be expected that the mtHSP abnormality 
caused respiration or metabolisms in mitochondria, stimu-
lating HSF activity. However, inhibition of respiration by 
NaN3, and inhibition of mitochondrial ribosome-mediated 

translation by chloramphenicol and streptomycin led to no 
HSF activation (data not shown). In addition, the ρ0 strain 
showed no HSF activation (data not shown). These sug-
gested that mere dysfunction of mitochondrial metabolism 
or respiration did not stimulate HSF activity.

We showed evidence that the mtHSP-translocase axis 
modulated HSF. Based on the results of this study, we 
propose a model as follows. In normal (non-stressed) con-
ditions, Ssc1 is involved both in import of mitochondrial 
proteins and in folding of client proteins in mitochondria 
(Fig. 7a). However, when denatured proteins are increased in 
mitochondria (e.g., upon heat shock), a large portion of Ssc1 
proteins should be recruited to the denatured client proteins 
to refold them (Fig. 7b). Subsequently, preproteins should 
be accumulated on TOM complex on the mitochondrial 
outer membrane, which might be sensed by mitochondria-
associated HSF, causing HSF activation. By contrast, when 
excessive Ssc1 molecules are present, Ssc1-mediated protein 
transport is not impaired even after unfolded proteins accu-
mulation in mitochondria, causing no proper HSF activation 
(Fig. 7c). Proper activities of mtHSP and the translocase 
should be critical for surveillance of mtPQC and accurate 
HSF activation to maintain mtPQC. Our model is differ-
ent from recently proposed one: defective mitochondrial 
protein translocation system causes accumulation of mis-
targeted mitochondrial preproteins in the cytoplasm, evok-
ing the unfolded protein response (Wrobel et al. 2015). It is 
most likely that these two distinct systems cooperatively and 
complementarily sense and maintain mtPQC.

How does HSF on mitochondrial outer membrane senses 
preprotein status, directly or indirectly? We suspected that 
the yeast Hsp90 homolog Hsc82 might be involved in the 
mtPQC signaling to HSF on mitochondrial outer mem-
brane, because HSP90 escorts the mitochondrial protein 
precursor to the TOM complex, in conjunction with cyto-
plasmic HSP70, and Hsc82 is co-purified with mitochon-
dria and represses Hsf1 activity by unknown mechanisms 
(Duina et al. 1998; Sickmann et al. 2003). In mammalian 
cells, HSP90 binds and inactivates monomeric HSF in the 
absence of stress (Fan et al. 2006; Zou et al. 1998). These 
findings suggest a possibility that Hsc82 is located near the 
TOM complex and binds to HSF to transmit the mtPQC 
signal to HSF. However, we found no physical interaction of 
Hsc82 and its homolog Hsp82 with Hsf1 by pull-down assay 
(our unpublished data). In addition, GFP-tagged Hsp82 and 
Hsc82 showed a broad intracellular localization including 
the nucleus, but not a specific mitochondrial location (data 
not shown). Thus, we could not obtain evidence showing 
that Hsp82/Hsc82 directly represses Hsf1 on mitochondria. 
It is an important future work to reveal molecular features 
of mitochondrial HSF.

When unfolded proteins are accumulated specifically in 
mitochondria in some conditions, the mtPQC-HSF signaling 
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Fig. 3   Mitochondrial localization of HSF is regulated by heat shock 
and SSC1 overexpression. a, b Cells of strain SCU2544 (HSF1–GFP) 
harboring a plasmid pSUC1355 (p416GPD-mtRFP) in combina-
tion with the empty vector (pSCU60) or pSCU69 (p424GPD-SSC1) 
were preincubated at 23  °C and then exposed to 39  °C for 10  min. 
The percentage of cells with mitochondria colocalized on mitochon-
dria is shown in (b). More than 100 cells were analyzed, and experi-
ments were repeated at least two times to confirm reproducibility of 
the results. p values (two tailed) were obtained by Fisher’s exact test. 
*p < 0.001. ns not significant
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should induce not only mtHSPs but also HSPs localized 
outside of mitochondria. This may rather be a desirable 
response, because unfolded protein accumulation in mito-
chondria impedes mitochondrial protein import activity, 
leading to accumulation of preproteins in the outside of 
mitochondria. Such accumulated preproteins in the cyto-
plasm may titrate out cytoplasmic HSP70. Thus, mtPQC 
signaling system might be important the cytoplasmic PQC, 
in addition mtPQC.

The excessive Ssc1 severely repressed SSC1 and MDJ1, 
as compared with SSA3 and HSP12 (Fig. 5), suggesting that 
mtPQC preferentially regulates HSF-mediated induction 
of mtHSP genes, although these HSPs are all controlled 
by HSF. We suspect whether SSC1 and MDJ1 might have 
specific HSEs (sequences and/or positions) to respond to 
the mtPQC, although these four genes similarly possess 
step-type HSEs, which contains two gaps (nTTCn(5 bp)
nTTCn(5  bp)nTTCn) (Sakurai and Takemori 2007). 
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Fig. 4   The mitochondrial translocase Tom40 negatively regulates 
HSF. a Cells of the wild-type strain (KMY1005) harboring a plas-
mid pSCU95 (p424GAL1-TOM40) or an empty vector pSCU62 
(p424GAL1) were incubated in the galactose-based medium at 
23  °C and exposed to 39  °C for 40 min. Cells possessed a plasmid 
pSCU23 (pHSE-CYC1-lacZ) and HSF activity was monitored by 
β-galactosidase activity. b Cells of a strain SCU59 (GAL1-TOM40) 
harboring a plasmid pSCU23 (pHSE-CYC1-lacZ) were incubated in 
the glucose-based medium for shutoff of expression of TOM40 for 
24 h. Culture was done at 30 °C throughout. HSF activity was moni-
tored by β-galactosidase activity. Cell growth was arrested after 24 h, 

indicating that Tom40 are efficiently depleted. Cells of the wild-type 
strain (W303·) treated with the same procedures were used as the 
control. c Cells of SCU19 (SSC1) and SCU20 (ssc1-ts) strains har-
boring a plasmid pSCU23 (pHSE-CYC1-lacZ) were cultured at 23 °C 
and 30  °C. HSF activity was monitored by β-galactosidase activity. 
d Cells of strains SCU20 (ssc1-ts) and SCU19 (SSC1) harboring 
pSCU225 (p423GAL1-TOM40) or pSCU67 (p423GAL1) were incu-
bated in the galactose-based medium at 30 °C. Cells possessed a plas-
mid pSCU23 (pHSE-CYC1-lacZ) and HSF activity was monitored by 
β-galactosidase activity
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Alternatively, another unidentified monitoring system 
may cooperatively induce mtHSP genes in response to the 
mtPQC.

It has been reported that unfold protein accumulation 
within the mitochondrial matrix induces mtHSP genes, but 
not HSP genes encoding stress proteins resident in the ER 
in mammalian cells (Martinus et al. 1996; Zhao et al. 2002). 
The bZIP transcription factor CHOP is responsible for the 
mammalian mtPQC (Zhao et al. 2002). In the case of C. 
elegans, mtPQC stress evokes the bZIP transcriptional factor 

ZC376.7-mediated gene induction of mitochondrial Hsp70 
and Hsp60 and requires the transcription factor DVE-1, 
the small ubiquitin-like protein UBL-5, the mitochondrial 
matrix protease ClpP and the mitochondrial matrix peptide 
exporter haf-1 (Haynes et al. 2007; Haynes and Ron 2010). 
The authors presented a model whereby perturbation of the 
protein-folding environment in the mitochondrial matrix 
promotes ClpP-mediated generation of peptides whose haf-
1-dependent export from the matrix contributes to mtPQC 
signaling across the mitochondrial membrane. We cannot 

Fig. 5   SSC1 overexpression 
represses HSF gene expression. 
Cells of the wild-type strain 
(KMY1005) harboring pSCU69 
(p424GPD-SSC1) or the empty 
vector pSCU69 (p424GPD) 
were preincubated at 23 °C 
and then transferred to 37 °C 
for one hour. Cells possessed 
a plasmid pSCU34 (pSSC1-
lacZ), pSCU35 (pMDJ1-lacZ), 
pSCU33 (pSSA3-lacZ) or 
pSCU64 (pHSP12-lacZ), and 
the promoter activity of each 
gene is were monitored by the 
β-galactosidase assay
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exclude a possibility that there is an additional pathway for 
the mtPQC signal in yeast. Computational analyses predict 
that expression of SSC1 may be regulated by stress-respon-
sible transcriptional activators, Gcr1 (required for expres-
sion of glycolytic genes), Rpn4 (required for expression of 
proteasome subunit genes), Yap1 (required for expression of 
antioxidative genes), and Zap1 (required for expression of 

genes involved in zinc uptake) (Qian et al. 2003). This pre-
diction suggests that these transcriptional activators might 
also be involved in the mtPQC. Conversely, it is the most 
likely that higher eukaryotic cells might additionally pos-
sess HSF/HSE-dependent mtPQC signaling system, since 
the molecular mechanisms of the HSF/HSE system and 
mitochondrial protein import are highly conserved among 
eukaryotic cells. We believe that our study could open the 
door to evaluate evolutional conservation and diversity of 
mtPQC sensing systems.

Materials and Methods

Strains, plasmids and culture media

Strains and plasmids used are listed in Tables 1 and 2, 
respectively. For assay of promoter activity, the promoter 
region of HSP12 (− 560 to + 3, translation start site is + 1) 
was amplified by PCR using an Expand High-Fidelity PCR 
System (Roche). The fragment was inserted into a reporter 
plasmid pSEY101 (Mori et al. 1996) to fuse in frame to 
lacZ. Plasmid pHSE2BGY contains an HSE-CYC1-lacZ 
(Sorger and Pelham 1988). For overexpression of SSC1 and 
MDJ1, their open reading frame (ORF) regions were ampli-
fied by PCR. Each fragment was inserted downstream of 
GPD promoter of a plasmid p424GPD and p423GPD (Mum-
berg et al. 1995), or GAL1 promoter of a plasmid p423GAL1 
(Mumberg et al. 1994). Glucose-based synthetic medium 
(SD), and galactose-based synthetic medium (SGalR) were 
prepared as described previously (Tachibana et al. 2002). 
Glucose-containing YPAD medium (YPD containing 0.01% 
adenine) was prepared using a standard method. For assess-
ment of mitochondrial respiratory activity of cells, glycerol 
(5%) was used instead of glucose. YPAGly contained 5% 
glycerol instead of glucose.

Microscopic assay

Exponentially growing cells expressing green fluorescent 
protein (GFP)- and red fluorescent protein (RFP)-tagged 
proteins were used. For staining with 4′,6-diamidino-
2-phenylindole (DAPI; Dojin #D212, Tokyo, Japan), the 
cells were fixed with 70% ethanol for 10 s. After washing 
with distilled water, cells were stained with DAPI at 1 µg/
ml for 10 s. Cells were viewed a Carl Zeiss Axio Imager 
M1 microscope (100× objective) and a cooled CCD camera 
(Carl Zeiss AxioCam MRm, Jena, Germany). For obtain 
Fig. 3b, more than 100 cells were analyzed, and experiments 
were repeated at least two times to confirm reproducibility 
of the results. We used Fisher’s exact test.
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harboring a plasmid pSCU69 (p424GPD-SSC1) or an empty vector 
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medium at 30 °C or 37 °C for two days. Thereafter, cells were incu-
bated in YPAD medium and exponentially growing cells were stained 
with DAPI. DAPI and cell images were captured using a microscope. 
b The 30°C-precultured cells used in panel (a) were incubated in 
YPAD at 30 °C and then serially fivefold diluted cells were spotted 
from left to right on YPAD (glucose) or YPAGly (glycerol) plates. 
YPAD and YPAGly plates were kept at 30 °C for 1 days or 3 days, 
respectively
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β‑Galactosidase assay

Cells at mid-log phase were harvested. Assays of 
β-galactosidase activity in extracts of yeast cells were 

measured and expressed in Miller units as described 
(Tachibana et  al. 2002). Values are expressed as the 
mean ± standard deviation (SD) of duplicate determina-
tions of three independent yeast transformants.

HSP gene

Expression

Nucleus

A

B

Wild type cells in non-stressed conditions

Wild type cells in response to heat shock

HSF

Mitochondria

Tom40

Ssc1

Preprotein

Unfoled
protein

Activated HSF

Expression

C mtHSP-overexpressing cells in response to heat shock

Fig. 7   Model in which HSF activity is regulated by the Ssc1-Tom40 
axis in a negative feedback manner. a Ssc1 is involved in folding of 
unfolded proteins and mitochondrial protein import in normal condi-
tions. Mitochondrial preproteins are properly incorporated into the 
mitochondria in these conditions. b After heat shock, most of Ssc1 
molecules are devoted to refolding of the unfolded proteins accumu-

lated in mitochondria, impairing Ssc1-mediated protein transport. 
Subsequently, preproteins are accumulated on the outside of the mito-
chondrial outer membrane. This is sensed by mitochondria-associated 
HSF, causing HSF activation. c When excessive Ssc1 molecules 
are present in mitochondria, Ssc1-mediated protein transport is not 
impaired after heat shock, causing insufficient activation of HSF
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