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Abstract :  Impaired protein folding in the endoplasmic 

reticulum (ER) evokes the unfolded protein response (UPR),  

which is  tr iggered in budding yeast ,  Saccharomyces cerevisiae,  

by the ER-located transmembrane protein Ire1.  Here,  we 

report  that  ethanol  stress damages protein folding in the ER,  

causing activation of  Ire1 in yeast  cel ls .  The UPR l ikely 

contributes to  the ethanol  tolerance of  yeast  cel ls .  

 

Key words:  stress tolerance,  Saccharomyces cerevisiae,  
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Main text :  

     The endoplasmic reticulum (ER) is  a  cel lular 

compartment where secretory proteins are folded and 

membrane l ipids are synthesized.  ER proteins,  including the 

ER-located molecular chaperone BiP,  are transcriptionally  

induced under ER-stress condit ions in which ER functions are 

impaired.  In Saccharomyces cerevisiae (hereafter  termed 

yeast)  cel ls ,  this  cel lular response is  tr iggered by the 

ER-located type-I  transmembrane RNase Ire1.  During 

condit ions of  ER stress,  Ire1 sel f -associates to  form large 

ol igomers and spl ices  the HAC1-gene transcript  (HAC1u)  to  

yield translatable mRNA (HAC1i)  that  is  translated into a 

transcription-factor  protein.  

     Since this  cel lular response is  evoked by the 

accumulation of  unfolded proteins in the ER,  i t  has been 

termed the unfolded protein response (UPR).  The luminal  

domain of  Ire1 captures unfolded proteins accumulated in the 



 3 

ER,  leading to  the ol igomerization and activation of  Ire1.1 )  In 

laboratory experiments,  such stress st imuli  are often induced 

by culturing cel ls  with the disulf ide-bond cleaving reagent 

dithiothreitol  (DTT).  Ire1 is  also act ivated by the disturbance 

of  membrane l ipid homeostasis .  For example,  Ire1 is  act ivated 

by depletion of  the membrane l ipid component inositol  through 

an unknown mechanism.2 )  Thus,  Ire1 is  act ivated,  and the UPR 

is  induced by dual  and dist inct  processes.  

     The ethanol  tolerance of  yeast  cel ls  is  an industrial ly  

important matter  concerning high productivity during ethanol  

fermentation.  We previously reported that the UPR is  

transiently evoked when cel ls  were exposed to  8% ethanol . 3 )  

Brown et  al . 4 )  recently reported that the UPR is  induced during 

the fermentation process in bioethanol  fermentation strains 

that  are highly tolerant to  ethanol ,  but  not  in the laboratory 

strain S288c,  suggesting UPR involvement in ethanol  

tolerance.  However,  to  date,  no further evidence showing a 

contribution of  the UPR to ethanol  tolerance has been 

presented.  Moreover,  the mechanism by which ethanol  stress 

leads to  evocation of  the UPR remains unclear.  

     In this  study,  laboratory yeast  strains derived from the 

ire1D  haploid strain KMY10153 )  were cultured at  30 °C in 

standard synthetic  dextrose (SD) medium1 )  and sequential ly  

stressed by 8% ethanol  for  4  h and then 16% ethanol .  The 

reason for  the stepwise incremental  increase of  ethanol  

concentration in the medium was to  adapt the yeast  cel ls  to  

potent ethanol  stress.  It  should be also noted that  ethanol  

concentration gradually  increases during industrial  ethanol  
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fermentation.  In the experiment shown in Fig.  1A,  the 

HAC1-mRNA species  were ampli f ied from total  RNA samples 

by RT-PCR as described previously.2 )  The ef f ic iency of  mRNA 

splic ing is  quantitatively presented in Fig.  1B.  We then found 

that stressing cel ls  with 16% ethanol  caused sustained 

HAC1-mRNA splic ing,  unlike the ef fect  of  stressing with only 

8% ethanol ,  where Ire1 was transiently act ivated (peak 

activation was seen 30 min after  the onset  of  ethanol  stress3 ) ) .  

     As mentioned above,  act ivation of  Ire1 is  accompanied by 

its  high-order ol igomerization,1 , 5 )  which can be visualized as 

punctate f luorescent spots  when Ire1 is  tagged with GFP 

(Ire1-GFP).5 , 6 )  Similar to  the observations in previous 

reports , 5 , 6 )  the Ire1-GFP f luorescence exhibited 

double-ring-l ike ER patterns that  are typical  for  non-stressed 

cel ls  (Fig.  1C) ,  indicating that i t  was di f fusively distributed 

over the ER.  However,  as  shown in Fig.  1D, punctate spots  of  

Ire1-GFP were observed in cel ls  stressed by 16% ethanol .  

     These observations indicate that  potent ethanol  stress 

induces the UPR in canonical  fashion,  namely,  the 

ol igomerization and activation of  Ire1,  fo l lowed by spl ic ing of  

the HAC1 mRNA. It  should also be noted that  induction of  the 

UPR by ethanol  stress  is  an issue that  goes beyond the 

industrial  ethanol  fermentation strains.  

     The DIII  mutant of  yeast  Ire1 carries  a partial  delet ion of  

the luminal  domain and is  impaired in capturing unfolded 

proteins.1 , 2 )  We previously reported that  the DIII  mutation 

compromises UPR induced by DTT exposure,  which causes 

accumulation of  unfolded proteins in the ER, but not  by 
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inositol  depletion,  which causes membrane l ipid aberrancy.2 )  

This  observation is  reproduced in Fig .  1E (compare column 4 to  

3  and column 6 to  5) .  We then examined ethanol  stress and,  as  

shown in Fig.  1E (columns 7 and 8) ,  found that Ire1 activation 

was compromised in the DIII  mutant.  This  f inding strongly 

suggests  that  ethanol  stress induces the UPR through 

accumulation of  unfolded proteins in the ER. 

     We then investigated whether ethanol  stress actually  

impairs  protein folding in the ER. Kar2,  the yeast  BiP 

orthologue,  is  known to be often incorporated into aggregates 

of  unfolded proteins accumulated in the ER. In our previous 

studies,  we lysed cel ls  in the presence of  the mild detergent 

Triton X-100 and subsequently fractionated them by 

centri fugation.  We then showed that Kar2 was incorporated 

into the pel let  fractions when cel ls  were stressed by DTT or by 

heterologous expression of  a  model  unfolded protein ,  but  not  

by inositol  depletion.2 , 7 )  By using the same methodology,  we 

showed in this  study that stressing cel ls  with 16% ethanol  

caused incorporation of  Kar2 into the pel let  fraction (Fig.  2A) .  

     We hypothesized that i f  protein aggregates form large 

punctate structures in the ER, then cel lular distribution of  

Kar2 might be visualized as punctate spots .  Indeed,  Kar2 

exhibited a normal ER-l ike distribution pattern in 

non-stressed cel ls  (Fig.  2B) ,  while  ethanol  stress caused a 

punctate distribution of  Kar2 (Fig.  2C) .  This  observation is  

quantitatively presented in Fig.  2D.  It  should be noted that  

punctate distribution of  Kar2 was not  observed when it  carried 

the kar2-1 mutation (Fig.  2E),  which impairs  association 
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between unfolded proteins and Kar27 ) .  This  observation 

indicates that  Kar2 aggregates actually  through its  

association with unfolded proteins.  The f luorescent images of  

the ER-targeted GFP (eroGFP)8 )  indicate that  the broad 

outl ine of  ER morphology (the double r ing)  was not  disturbed 

by ethanol  stress (Fig.  2F and G).  

     Finally,  we evaluated whether or  not  the UPR actually  

contributes to  ethanol  tolerance.  To this  end,  cel ls  carrying or  

not  carrying the IRE1 gene were stressed by ethanol  (8%, 4 h;  

then 16%, 24 h)  before being plated onto normal SD agar plates.  

As quantitatively presented in Fig.  3 ,  we observed that  potent 

ethanol  stress reduced the viabi l i ty  of  ire1D  cel ls  more than 

that of  IRE1+ cel ls .  A similar observation was obtained when 

we compared viabi l i ty  of  hac1D  cel ls  to  that  of  wild-type cel ls .  

     Ethanol  is  known to work as a protein denaturant.  

According to  Trotter  et  al . , 9 )  ethanol  stress denatures nuclear 

and cytosol ic  proteins and triggers the heat  shock response in 

yeast  cel ls .  Here,  we propose that  ethanol  stress in yeast  cel ls  

also damages ER protein folding,  forms protein aggregates in 

the ER, and induces the UPR, which contributes to  ethanol  

tolerance.  Although ethanol  is  known to direct ly  af fect  

membrane properties ,  this  is  unlikely to  be the main cause of  

the ethanol- induced UPR. Considering the strong UPR 

induction in ethanol-tolerant industrial  strains reported by 

Brown et  al . 4 )  a long with our results ,  art i f ic ial  manipulation of  

the UPR pathway might be a useful  strategy to  breed 

industrial ly  valuable yeast  strains.  
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Figure legends 

Fig.1 Ire1 activation upon ethanol  stress.  

A,  IRE1+ cel ls  ( the ire1D  haploid strain transformed with a 

centromeric  IRE1 plasmid,  pRS313-IRE13 ) )  were exponential ly  

grown in SD medium ( lane 1)  and stressed by addit ion of  

ethanol  (8% (v/v)  f inal  concentration)  to  the culture,  which was 

incubated for  another 4 h ( lane 2) .  Ethanol  was then added 

again to  give a f inal  concentration of  16% (v/v) ,  and cel ls  were 

further incubated for  the indicated durations ( lanes 3–8) .  

Total  RNA samples were subjected to  RT-PCR using the 

HAC1-speci f ic  PCR primer set , 2 )  and the products  were run on 

2% agarose.  B,  The same experiment shown in panel  A was 

performed using three independent c lones.  The HAC1-mRNA 

splic ing ef f ic iency was calculated and is  presented as the mean 

plus standard deviation.  C and D,  Ire1-GFP was expressed in 

the ire1D  strain,  and its  GFP f luorescent images were pictured 

as described previously.6 )  E,  IRE1+ cel ls  and DIII-Ire1 cel ls  

( the ire1D  strain transformed with a DIII-mutant version of  

pRS313-IRE11 ) )  were stressed by the indicated st imuli .  

Spl ic ing of  the HAC1 mRNA was monitored as described for  the 

experiments shown in panels  A and B.  

 

Fig.  2  BiP aggregation upon ethanol  stress.  

A,  The IRE1+ cel ls  remained unstressed or  were exposed to  

ethanol  stress.  Total  cel l  lysates were then fractionated by 

centri fugation at  8 ,000 ×  g  for  20 min.  The supernatants 

(equivalent to  0 .1 OD6 0 0  cel ls)  and pel lets  (equivalent to  1 .0 

OD6 0 0  cel ls)  were analyzed by anti -BiP western blott ing.2 )  B 
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and C,  Cel ls  were immunofluorescently stained with anti -Kar2 

antiserum and pictured as described previously.1 )  D,  The 

anti -Kar2 immunofluorescence-stained images were used to  

count cel ls  with “punctate Kar2 distribution”,  in which the 

nuclear ER was not  observed as a  c losed ring.  More than 100 

anti -Kar2 immunofluorescently stained cel ls  per specimen 

were assessed.  Data are presented as the means plus standard 

deviations from multiple  determinations.  E,  kar2-1IRE1+ cel ls  

(KMY817 ) )  were stressed by ethanol  at  the semi-permissive 

temperature of  30 °C and analyzed as done in panels  B and C.  F 

and G,  IRE1+ cel ls  transformed with the eroGFP expression 

plasmid pPM288 )  were observed under a Deltavison microscope 

(Applied Precision) .  

 

Fig.  3  Reduction of  ethanol  tolerance by the ire1D  or  the hac1D  

mutation.  

A,  IRE1+ cel ls  and ire1D  cel ls  ( the ire1D  strain transformed 

with pRS313-IRE1 or  the empty vector  pRS313)  were treated 

with ethanol  ( “8% 4hr only”  or  “8% ethanol  then 16% 24 hr”)  

and plated onto non-stressing SD agar plates.  After  incubation 

for  3  days,  colony numbers on the agar plates were counted to  

calculate “survival  %” using the formula 100X[colony number 

from “8% ethanol  then 16% 24 hr”  sample] / [colony number from 

“8% 4hr only”  sample] .  Data are presented as the means and 

standard deviations from 3 independent tarnsformants.  B,  The 

same experiments were performed using wild-type strain 

KMY1005 and hac1D  strain KMY10451 ) .  Data are presented as 

the means and standard deviations from 3 independent 
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determinations.  
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Figure	2		Miyagawa et	al.
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Figure	3		Miyagawa et	al.
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