microbial Research Article

. Cel | www.microbialcell.com

Aeration mitigates endoplasmic reticulum stress in
Saccharomyces cerevisiae even without mitochondrial
respiration

Huong Thi Phuong?, Yuki Ishiwata-Kimata®, Yuki Nishi?, Norie Oguchi?, Hiroshi Takagi® and Yukio Kimata’*

1 Graduate School of Science ahechnology, Nara Institute of Science and Technology,-B9a#kayama, lkoma, Nara, 668092,
Japan

* Corresponding Author:

Yukio KimataGraduate School of Science and Technology, Nara Institute of Science and TechnolegyT &&fytama, Ikoma, Nara,
630-0192, JapayiTel: +8174372-5422 E-mail: kimata@bs.naist.jp

ABSTRACT Saccharomyces cerevisiae is a facultative anaerobic organism that doi: 10.15698/mic2021.04.746

grows well under both aerobic and hypoxic conditions in media containing Received originally:07.12.2020;
abundant fermentable nutrients such as glucose. In order to deeply under- Z]Cg;g'tzzdog)ggggzofzozl

stand the physiological dependence of S. cerevisiae on aeration, we checked Published 31.03.2021
endoplasmic reticulum (ER)-stress status by monitoring the splicing of HAC1

mRNA, which is promoted by the ER stress-sensor protein, Irel. HAC1-mRNA

splicing that was caused by conventional ER-stressing agents, including low Keywords: mitochondria, yeast,
concentrations of dithiothreitol (DTT), was more potent in hypoxic cultures respiration, endoplasmic reticulum,

than in aerated cultures. Moreover, growth retardation was observed by add- stress, unfolded protein response

ing low-dose DTT into hypoxic cultures of irelA cells. Unexpectedly, aeration

mitigated ER stress and DTT-induced impairment of ER oxidative protein fold- Abbreviations:
ing even when mitochondrial respiration was halted by the r ° mutation. An ERg endoplasmic reticulum,
ER-located protein Erol is known to directly consume molecular oxygen to PDIc protein disulfide isomerase,

initiate the ER protein oxidation cascade, which promotes oxidative protein UPRC unfolded protein response.

folding of ER client proteins. Our further study using erol-mutant strains sug-
gested that, in addition to mitochondrial respiration, this Erol-medaited reac-
tion contributes to mitigation of ER stress by molecular oxygen. Taken to-
gether, here we demonstrate a scenario in which aeration acts beneficially on
S. cerevisiae cells even under fermentative conditions.

INTRODUCTION Eukaryotic cells commonly alter their transcripte profile

The endoplasmic reticulum (ER) is a flat or tubskped in response to ER stress. This cellular protective response is
membranous sac, which facilitates the folding and matura- called the unfolded protein response (UPR), and is mediat-
tion of proteins that aresubsequently transported tohe ed, at least in part, by the HBcated transmembrane pro-
cell surface or other organelle®rotein folding in the ER tein Irel, which works as an endoribonuclease [3]tha
frequently accompaniesormation of the disulfidebond budding yeast Saccharomyces cerevisjdeel is activated
between two cysteine residues, and is therefore called strictly in an ER strestependent manner, and facilitates
oxidative protein folding [1]. While protein disuléd the splicing oHACImMRNA, which is then translated into a

isomerases (PDlIs) directly promote the oxidative folding of transcriptionfactor protein that is responsible for the UPR
ER client proteins, Erol mediatise oxidation of PDI [1, 2] [4].

In other words, Erol initiates an ER oxidation cascade that Unlike many other wideljknown eukaryotic species,
contributes to the disulfidebond formation and oxidative S. cerevisia@s a facultative anaerobic organism. In the
folding of ERclient proteins. Moreover, proteins are sub-  presence of abundant fermentable sugars, such as glucose,
jected to the Nlinked glycosylation in the ER. S. cerevisiaguickly produces ATP via glycolysis and per-

Dysfunction of the ER is tightly linked to accumulation forms ethanol fermentation [5]S. cerevisiaeells areusu-
of unfolded proteins in the ER, and is known as ER stress. ally grown underaerobic conditions with shakingn many
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FIGURE 1: HAC1-mRNA splicing is compromised by aerobic agitation. (A) Procedures for culturing and ERess induction of5. cerevisiae
cells under the aerobically shaken condition or untlee static condition. EBtress agents (DTT, tunicamy,adn ethanol) were added tthe
media 4hr after culture start.(B) Optical density of cultures (wiltype BY4742 cells) was monitored under rgtressing conditions(C-E)
Wild-type BY4742 cells we cultured and were ERtressed (or remained nestressed) as shown in panel A, and were checkedHf&aC1
mRNA splicing. n.s. (not significant): p > 0.05, *: p < 0.05, **: p < 0.01, ***: p < 0.001.
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laboratories for basibiology researches, whereas indus-
trial ethanol fermentation is frequently performed under
more hypoxic conditions in batch fermentation tanks. In
order to bridgethe knowledge from these two different
growth conditions, it is important to understand how aer-
obic agitation affectshe physological status ofS. cere-
visiae

In this context, we comparethe cellular response ds.
cerevisiaecells to ERstressing stimuli by culturing with and
without aerobic agitation, and observed the followings: (1)
ER stresss not induced by hypoxic conidihs alone; (2)
meanwhile, ER stress induced by conventional stress stimu-
li is aggravated when cells are cultured without aeration;
(3) this phenomenon is observed even when mitochondrial
respiration is halted. We propose that molecular oxygen
mitigates ERstress via both mitochondrial respiration and
Erotmediated oxidative protein folding.

RESULTS

At the beginning othis study,we examined how aerobic
shaking of cultures affects the spliginof HACImRNA,
which represents ERressing status, it$. cerevisiaeells.
The protocol that was used for culturing is showiFig 1A.

(A)

Aerobic stirring Nitrogen-gas filled

Butyl rubber

Overnight pre-culture
(YPD, 30 °C)

Mitigation of yeast ER stress by aeration

After pre-culturing overnight under aerobic conditions, we
further culturedS. cerevisiaeells either under the aebi-
cally shaken or static conditionsig. 1B shows that the
growth of S. cerevisiaeells was slightly slower under the
static condition. Throughout this study, the splicing of
HAC1mRNA was monitored by APICR analysis of total
RNA samples, and the sjatig efficiency was quantitatively
measured as described in our previous study [6]. The
HACIMRNA splicing was almost negligible in the absence
of ERstress stimuli under both the aerobically shaken con-
dition and the static condition, indicating that aerai
alone does not change the ERessing status irs. cere-
visiae (Fig. 1€ (Nonstress), 1D (time 0), and1E (Non
stress)). A disulfideeducing agent, DTT, and an
N-glycosylation inhibitor tunicamycin are the two most
widely used ER stressors, whictoks potent UPR trough
disrupting protein folding in the ER in a wide variety of
eukaryotic speciesig. 1C also shows that the low splicing
levels of HACIMRNA that was induced by low concentra-
tions of DTT or tunicamycin was substantially amplified
when e@lls were cultured under the static condition. This
was confirmd bya time-course experiment shown iFig.

1D. However, this difference between the aerobically

FIGURE: 2 Hypoxic treatment boosts
HAC1-mRNA splicing even in agitat-
ed cultures. (A) Procedures for cul-
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S. cerevisiaeells under theaerobi-
cally stirred condition or under the
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shaken and static conditions was compressed when cells
were strongly ERtressed by high concemttions of DTT or
tunicamycin Eig. 1C). We and others previously reported
that the UPR is induced by addition of ethanol irBocere-
visiaecultures [7, 8]Fig. 1E demonstrates that the splicing

of HACImRNA that was induced by ethanol was compro-
mised wten the cultures were aerobically shaken.

We subsequently explored the relationship between
the UPR and the aeration statusore deeplyusing DTT as
a model ERstress inducer. In order to ascertain that the
difference in the ERtress status between the static and
shaken cultures shown ifig. 1 is actually due to their aer-
ation status, we employed another culturing procedure,
which is shown irFig. 2A. After being precultured under
the aerobically shaken condition, cells were further cul-
tured aerobically along with agitation by a magneticrsti.

In order to culture cells under a deaerated condition along
with agitation, flasks were filled with nitrogen gas during
stirring. As shown irFig. 2B, the growth rates ofS. cere-
visiae cells under these two conditions were almost the
same. MeanwhileHACImMRNA splicing that was induced
by dilute DTT was boosted by culturing cells under the ni-
trogen gadfilled condition Eig. 2C).

In order to further ascertain that the static culturing
and the inertgas fill enhance th&elACImRNA splicing for
the samereason, we performed the experiment shown in
Fig. S1. In agreement with the aforementioned observa-
tions, theHACImMRNA splicing in cells treated with 0.5 mM
DTT was almost equally boosted by culturing cells under
the static condition or the inert gafilled conditions. Im-
portantly, the static culturing and the inegas fill did not
seem to act additively to boost thEACIMRNA splicing.
We thus assume that these conditions commonly enhance
the HACImRNA splicing via deaeration.

We subsequently investigatetvhether S. cerevisiae
cells are more severely damaged by ER stress with low
dose DTT under hypoxic conditions than under aerated
conditions. As described in the Introduction section, Irel
triggers the UPR, which then subdues ER stressIRag
gene knockut mutation thus causes hypersensitivity of
S. cerevisiaeells to ER stress [9]. As showrFig 3A and
3B, we monitored culture density 14 hr after DTT imposi-
tion (18 hr after culture start), wherein the cultures had
reached the stationary phas&. erevisiaecells that were
weakly ERstressed by 0.5 mM DTohly poorly grew when
carrying theirelD mutation and cultured under either the
static condition or the nitrogen gefdled condition.

Our observations presented so far demonstrate that
aeration mtigates ER stress 8. cerevisiaeells. We then
investigated whether mitochondrial respiration, which
requires molecular oxygen, is involved in this phenomenon.
S. cerevisiae® mutant does not carry mitochondrial DNA,
and is therefore unable to perforrmitochondrial respira-
tion. In the experiments shown iFig. 4A and 4B, r© cells
and congenic wildype cells were cultured under the aero-
bically shaken condition. Probably because of impairment
of mitochondrial functionsy © cells grew slower than wild
type cells. Meanwhile, theHACImRNA splicing that was
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induced by DTT was not boosted, but was somewhat com-
promised by ther ® mutation. We thus presume that the
HACImRNAsplicing inr © cells is lower than that in equally
ERstressed wiletype cells possiblypecause of the differ-
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FIGURE 3: Hypoxic treatment aggravates ER stress-induced cellular
damage. (A) Wild-type BY4742 cells and the congem&lD mutant
were cultured as shown in Fig. 1A, and optical density of the culti
was measurd 18 hr after culture start. For DTT treatment, we add
DTT (0.5 mM final conc.) into media 4 hr after culture start, ¢
further performed the culturing for 14 h(B) The same strains use:
in panel A were cultured as shown in Fig. 2A, and optical geasi
the cultures was measured 18 hr after culture start. For DTT tr
ment, we added DTT (0.5 mM final conc.) into media 4 hr after
ture start, and further performed the culturing for 14 hr. n.s. (n
significant): p > 0.05, **: p < 0.01, ***: p <0D0
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ence in their growth rates. In other words, when compared
to that of wildtype cellsthe ERstress status of ° cells can
be underestimated by checking thdAC1mRNAsplicing
efficiency.

We next culured r° cells with stirring under the aerat-
ed or nitrogen gadilled condition §ig. 4C). Similar to the
case of wildtype cells Kig. 2C), the HACImRNA splicing
that was induced by lowlose DTT was boosted by cultur-
ing r° cells underthe nitrogen gadilled condition. These
observations indicate that aeration mitigates ER stress, at
least partially, via a mechanism(s) independent of mito-
chondrial respiration. In the experiment shown in Fig. S2, a
similar experiment as donia Fig. 1C was performed using
r0 cells and tunicamycin. As well as the case of -ty
cells, treatment ofr® cells with lowdose tunicamycin
caused highefevel HACIMRNA splicing in the static cul-
ture than in the aerobically shaken culture.

Disulfidebond formation is an importanstep in pro-
tein folding in the ER, which is thus referred to as oxidative
protein folding. As described later, it is highly likely that
molecular oxygen is directly involved in this cellular event.
In order to determinethe cellular ability to form cystae
disulfide bondsin the ER, we used the eroGFP reporter,
which is an Efbcated GFP variant and changes its fluores-
cence excitation spectrum dependent on the formation of
an intramolecular cysteine disulfide bond [10]. In the ex-
periments shown irFig. 5, S. cerevisiaeells expressing the
eroGFP reporter were observed under a fluorescence mi-
croscope with two different excitation lights. Cells emit
bright fluorescence only upon excitation with blue light
(high eroGFP ratio) when the disulfidend formatian in
eroGFP is inhibited, whereas oxdatively folded ero@~P
efficiently excited by UV/violet light. For this assay, cells
were aerobically cultured in order to allow maturation of
the eroGFPfluorophore, and were set into the aerobic
shaking condition othe argon gadilled static condition
immediately after the ERtress onsetThe treatment of
wild-type r* cells with dilutel DTT significantly increased
the eroGFP value only under the argon -fjisd hypoxic
condition fig. 5). Moreover, a similar resuwas obtained
when cells carried the® mutation Fig. 5). We therefore
postulate a mitochondrial respiratieimdependent role(s)
of molecular oxygen to mitigate ER stress and to promote
oxidative protein folding. Nevertheless, we do not intend
to arguethat mitochondrial respiration does not contrib-
ute to the mitigation of ER stress by aeration, because, as
described later, it is possible that ER stress is mitigated by
aeration both dependently and independently of mito-
chondrial respiration.

We next measred molecularoxygen consumption of
yeast cultures using a dissolved oxygen meter. As shown in
Fig. 6, oxygen consumption of nestressed yeast cultures
wasnearly completely abolished by tH& mutation (com-
pare the third column to the leftmost column). This obser-
vation is consistent with the commonly accepted idea that
molecular oxygen is mainly consumed by mitochondrial
respiration in eukaryotic cells. According to a previous re-
port by othes [11], ER stress stimulates oxygen consump-
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FIGURE 4: Hypoxic treatment boosts HAC1-mRNA splicing even in r°
mutant cells. (A) and (B) Wild-type BY4742 cells and the congenfc
mutant were cultured (or ERtressed by the indicated concentratior
of DTT for 30 min) under the aerobically shaken condition at 30°
YPD and werechecked for optial culture density andHACImRNA
splicing.(C) Ther° mutant cells used in panels A and B were cultur
and ERstressed as shown in Fig. 2A, and were checkeHAZImRNA
splicing. n.s. (not significant): p > 0.05, *: p < 0.05, **: p < 0.01.
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FIGURE 5: Hypoxic treatment potentiates ER stress-induced
impairment of the cysteine disulfide bond-formation in the ER
of both wild-type and r ° mutant cells. At 30°C in YPD, wilype
BY4742 cells and the congenmi¢ mutant carrying the pPM2¢€
eroGFPRexpression plasmid were aerobically grown, and we
stressed by 0.5 mM DTT (or remained rstressed (NS)) unde
the aerobic shaking or argon ghked conditionfor 30 min.The
cells were then fluorescenemicroscopically observed using tw
different excitation lights for measurement of the eroGFP valu
the calculation method of which is described in the Materials ¢
Methods section.

tion of yeast culture. However, in our hands, the oxygen
consumption of wiletype r* cells was decelerate by DTT
exposure Kig. 6; compare the second column to the left-
most column). In contrast, DTT acceleratdge oxygen
consumption ofr © cells fig. 6; compare the rightmost col-
umn to the third column).

How do aeration and oxygeroesumption lead to the
mitigation of ER stress independently of mitochondrial
respiration? For ergosterol biogenesis, lipidic intermediates
are subjected to multstep oxidization, in which molecular
oxygen is involved, on the ER membraneSofcerevisiae
cells [12]. Moreover, membrane lipigtlated abnormalities
are likely to activate Irel directly [6, 13]. One possible sce-
nario hypothesized from these insights is that hypoxia
causes ergosterol deficiency, leading to induction or aggra-
vation of ER stressdowever, theHACIMRNA splicing in-
duced by cellular treatment with losdose DTT under the
anaerobic condition was not mitigated, but was slightly
enhanced by addition of ergosterol into culturing medium
(Fig. S3).

According to anin vitro investigation usig purified
Erolprotein samples [14], molecular oxygen works to di-
rectly oxidize Erol and to start the ER oxidation cascade. If
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the mitochondrial respiratiofindependent mitigation of ER
stress by aeration is due to this Erotediated reaction, it
may notbe observed when Erol is deactivat&RO1s an
essential gene, and cells carrying the temperatseasitive
erol-1 allele suffer from ER stress when cultured at high
temperatures even without external stress stimuli [15].
This observation was reproduceth our experiments
shown inFig. 7, in whicherol-1 cells were cultured at the
permissive temperature of 25°C or at the sgmrmissive
temperature of 30°C. As shown Fig. 7A, respiration
capable {*) erol-1 cells being cultured under the shaking
condition at 30°C exhibited a modddACIMRNA splicing,
which was boosted by culturing cells less aerobically under
the static condition. In contrast, thelACIMRNA splicing
was not boosted but was slighitsuppressed by the static
culturing, when theerol-1 cells carried ther ® mutation
(Fig. 78B).

As explained more in detail later in the Discussion sec-
tion, our observations presented so far can be explained by
the following scenario. We assume that aeratimitigates
ER stress through both the mitochondrial respiration
dependent way and the Eredependent way. Therefore,
the HACImRNA splicing induced by ledose DTT or tuni-
camycin was compromised by aerobic agitation of cultures
even when cells carried theé® mutation (Fig. 4C and S2).
On the other hand, we deduce that aeration mitigates ER
stress caused by the Erol dysfunction strictly in a mito-
chondriadependent manner, because this phenomenon
was not observed when cells cex the “° mutation Fig.

7).

An observation that is seemingly discrepant with this
scenario is that theHAC1splicing level irerol-1 r© cells
was somehow lower than that ierol-1 cells ¢ *) especially
under anaerobic conditionFig. 7; compare panel B to A).
We do not think that tlis observation indicates thatrol-1
r0 cells experienced a weakeERstress thanerol-1 cells
because, as aforementioned, we may underestimate the
ERstress status of © cells through theHACImRNAsplicing
analysis. In the experiment shown in Fig. &#1-1 cells
and erol-1 r° cells were anaerobically cultured at 30 °C
and further stressed by DTT, which boosted tHAC1
MRNA splicing. This observation indicates that, under the
conditions employed ikig. 7, the HACIMRNA splicing was
fully induced neithein erol-1 cells nor inerol-1r° cells.

We next employed a method other than thdAC1
mRNAsplicing assay to monitor EfRessing status of
yeast cells. BiP is an #Rated molecular chaperone that
captures ERwccumulated unfolded proteins, which are
frequently aggregated together with BiP in the ER. In the
BiRsedimentation assay, which was developed in our pre-
vious studies [6], cells are broken in the presence of the
mild detergent Triton XL0O, and are fractionated by ultra-
centrifugation. When cells dve been ERtressed and
abundantly carry unfolded proteins in the ER, the pellet
fraction apparently contains BiP, which can be detected by
the antiBiP Westerrblot analysis. In the experiments
shown in Fig. S5, wiliype cellserol-1 cells, anderol-1r°
cells were cultured at 30 °C and were subjected to the BiP
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FIGURE 6 Oxygen consumption of wild-type and B° yeast cells
under non-stress and ER stress conditions. After being aerobi-
cally shaken at 30°C, YPD cultures of tyifie BY4742 cells an
those of the congenic ® mutant were subjected to measure
ment of the oxygerconsumption rate in the presence or al
sence of 0.5 mM DTT. The oxygen uptake ratios were the c¢
lated as described in the Materials and Methods sections, :
are normalized against that of nestressed wiletype cells,
which is set at 1.0. *: p < 0.05, **: p < 0.01.

sedimentation assay. Whesrol-1 cells anderol-1r° cells
were anaerobically cultured under the static condition, BiP
was clearly detected in the pellet fractions, indicating ER
accumulation ofunfolded proteins in these cells. Im-
portantly, aerobic agitation abolished the BiP sedimenta-
tion in erol-1 cells but not inerol-1 r° cells. We thus as-
sume that the ERtress status was not largely different
between erol-1 cells anderol-1 r° cells underanaerobic
conditions, and was improved by aeration onlyerol-1
cells. This observation is consistent with our idea that the
ERrelated deficiency caused by therol-1 mutation is
alleviated by mitochondrial respiration.

DISCUSSION

The initial @m of this study was to elucidate the effect of
aerobic agitation on the physiology &. cerevisiaeHere

we focused on ER stressnd monitored theHACImMRNA
splicing efficiency in static cultures and in aerobically shak-
en cultures. According to our reésl shown inFig. 1, static
culturing alone did not induce the splicing lFACIMRNA.
Meanwhile, theHACImRNA splicing that was weakly in-
duced by lowdose DTT, lowlose tunicamycinor ethanol
was boosted when cells were cultured under the static
condition (Fig. 1). This observation implies a benefit of aer-
obic agitation for industrial ethanol fermentation. Never-
theless, when cells were subjected to strong ER stress by
high concentrations of DTT or tunicamycHHACImRNA
was highly spliced both under théatic condition and the
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aerobically shaken conditiofig. 1C). We think that, under
these situations, ER stress was too strong to be mitigated
by aeration. We then continued our study using DTT as the
representative ER stressor. In the experiments shawkigi

2, cells were cultured with agitation either in open flasks or
in nitrogen gadilled flasks. This culturing method con-
firmed our proposal that thtHACIMRNA splicing that is
triggered by weak ER stress is boosted by hypoxic condi-
tions, while hypox alone does not induce ER stress in
S. cerevisiaeells.In accordancewith the cellgrowth assay
shown inFig. 3 and S2, deficient aeration aggravates cellu-
lar damage induced by ER stress.

The mitochondria are the cellular compartments in
which molecula oxygen is highly consumed via respiration.
Some previous reports by others have touched on the in-
volvement of mitochondria and mitochondrial respiration
in cellular responses against ER stress. According to Haynes
et al [16], ER stress induces the pration of reactive
oxygen species (ROS), in which the mitochondria are in-
volved. In agreement with this finding, Knugp al. [11]
proposed that, inS. cerevisigeER stress increases mito-
chondrial oxygen consumption, which contributes to cellu-
lar survivalupon ER stress. It is likely that some intracellu-
lar signaling pathways mediate the mitochondrial response
to ER stress [17]. In mammalian cells, BERmitochondrial
spatial connection is increasel@ading to enhancement of
mitochondrial respiration, irresponse to ER stress [18].
However, at least under our experimental conditions, DTT
severely attenuated the oxygen uptake of wiige S.
cerevisiaecells fig. 6). In agreement with this observation,
the mitochondrial gene expression in wilgpe S. cere-
visiaecells was drastically decreased by cellular treatment
with DTT or tunicamycin [19]. Contrary to the previous
observations by others [11, 18], ER stress may damage
the mitochondria under certain situations. The reason for
this discrepancy shouldebaddressed in future. It should
also be noted that, as aforementioned, we assume that
mitochondrial respiration is partly responsible for the miti-
gation of ER stress by aeration. In other words, although
possibly damaged by ER stress, the mitochondrigpira-
tion alleviates ER stress.

Meanwhile, here we also show that oxygen deprivation
aggravates ER stress not only in wiide r * cells but also
in r® mutant cells Eig. 4). We therefore propose that, in
contrast to the aforementioned previous thoughttl], 17,
18], ER stress is alleviated by aeration, at least partly, in a
manner(s) in which mitochondrial respiration is not in-
volved. Intriguingly, DTT accelerated the oxygen uptake of
r ®mutant cells fig. 6].

In agreement with these observations, the &BP re-
porter assay shown ifiig. 5 indicated that aeration miti-
gates the DT-Ihduced impairment of ER oxidative protein
folding both in wildtype cells and i © cells. Meanwhile,
unlike the case of DTiiduced ER stress, mitochondrial
respiration seemedd be responsible for the mitigation of
erol-1-induced ER stress by aerobic agitati®ig.(7). In
other words, mitochondriandependent mitigation of ER
stress by aerobic agitation was not observed when Erol
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FIGURE 7: ER-stress induced
by the erol-1 mutation is

" - alleviated by aerobic agitation
__ 100 | MAerobically shaken| 45 | BAerobically shaken dependently on mitochondrial
§ @ Static o_f @ Static respiration. After being pre
> > cultured at 23C in YPD
e 80 2 80 TSA203 cells, which carried tt
2 @ erol-1 mutation (A), and the
5“;‘7 -;:—J congenic@® mutant (B) were
o @ cultured at 25C or 30°C unde
@ 60 2 60 the indicated conditions in
© o YPD for 4 hr, and wert
o a checkedfor HACImRNA splic-
@ P ing. n.s. (not significant): p :
< 40 < 40 L L
zZ - =z 0.05, *: p < 0.05, **: p < 0.01
(1 o ***: p < 0.001.
£ M = N
~ ~
S 20 * S 20 M
< ,_‘ < n.s.
T T M l 0
0 0
25°C 30°C 25°C 30°C
ero1-1 ero1-1/p°

was deactivated. We therefore postulate that raoular
oxygen works for mitigation of ER stress in wipe

S. cerevisiaeells through two different ways. First, molec-
ular oxygen is an essential factor for mitochondrial respira-
tion. Second, molecular oxygen is consumed in the ER to
initiate the Erotmediated oxidation cascade. We assume
that this scenario is applicable not only to Biduced ER
stress but also to other ERress stimuli, such as tunicamy-
cin, the primary effects of which are not related tbe
formation of disulfide bonds in ER clieptoteins. This is
because, according to Merksamet al. [10], ERstress
stimuli collectively damage the protein disulfitbend for-
mation directly or indirectly.

As aforementioned, the function of molecular oxygen
in the ER has been initially proposed throughvitro bio-
chemical studies. According to Tu and WeiasriL4], mo-
lecular oxygen directly contributes to oxidization of Erol.
Our results of this study provide an vivo celtbiological
evidence that argues fothe physiological importance of
the direct involvement of molecular oxygen in the oxida-
tive proteinfolding in the ER.

S. cerevisiaés a facultative anaerobic organism, which
grows well under both aerobic and hypoxic conditions in
the presence of fermentable carbon sources. In conclusion,
here we demonstrate a scene in which aeration is benefi-
cial forS. cerevisiaeells even under glucoséh ferment-
ative conditions. It is widely known that oxygen deprivation

MATERIALS AND METHODS

Yeast media

YPD medium contained 1% yeast extract (Bacto), 2% peptone
(Bacto),and 2% glucose. YR@Gdium contained yeast extract
(Bacto), 2% peptone (Bact@nd 3% glycerol. For preparation

of agar plates, the media were solidified with B¥cto agar.

Yeast strains

Throughout this study, we employed the stand&dcerevisiae
strain BY4742MATa his®D1 leuDO lysDO urad0) [22] as

the wildtype strain. TheirelD (irel::kanMX4 derivative of
BY4742 was obtained from EUROSCARF (Y11907;
http://www.euroscarf.de/). BY4741 NIATa his®1 leuDO
metl5D0 urad0) is congenic with BY4742, and #sol-1
derivative (TSA203) was also obtained from EUROSCARF. Yeast
strains were grown at 30°C (or at 25°C for TSA203) in YPD
medium containing 10 pg/mL ethidium bromidetBE for
approximately 15 generations, and the progenies that could
not grow on YPG agar plates were employedr @snutant
strains.

Yeast plasmid and transformation

Yeast plasmid pPM28 (tHéRA3selectable marker) [10] car-
ries the eroGFP genthe expresion of which is controlled by
the constitutive TDH3 promoter, and was obtained from
Addgene (https://www.addgene.org/). The legopy IRE1
plasmid pRS31BRE1 and the empty vector pRS313 were de-
scribed previously [23, 24]. Yeast transformation was per-

causes ER stress and incudes the UPR in mammalian cellsformed as described in Kaiset al. [25].

[20, 21]. This is frequently observed in cancer cells, which
stay under hypoxic condititcs and proliferate independent-

ly of mitochondrial respiration [5, 20]. We anticipate that,
in future, we can address more deeply the mechanism by

which hypoxia induces or aggravates ER stress using

S. cerevisiaas a model organism.

OPEN ACCESS | www.microbialcell.com 84

Yeast culturing conditions

Unless otherwise noted, for preulturing, S. cerevisiastrains
were inoculated into YPD medium, and were incubated over-
night under the aerobically shaken condition at 30°C. The cul-
tures wae subsequently diluted with YPD to §§0.30 (or to
ODy00 0.50 for ther © mutants), and were further incubated at
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30°C for 4 hr before stress imposition and hariregtFor the
aerobically shaken condition, 50 mL polypropylene conical
tubes (Nichiryo) cotaining 5 mL of the cultures were loosely
capped, were kept in a slanting manner, and were shaken in
the recipro shaker Taitech Personalll0f- (40 mm stroke, 160
rpm). Forthe static condition, 15 mL polypropylene conical
tubes (ichiryo) containing 5 mbf the cultures were tightly
capped and were vertically stood without shaking. Alternative-
ly, 5 mL of the cultures were stirred in 100 mL Erlenmeyer
flasks (Iwaki) with magnetic stir bars at approximately 120 rpm.
In order to deaerate the stirring cultuse the Erlenmeyer
flasks were filled with nitrogen gas, and were tightly plugged
with butyl rubber plugs. Therol-1 strains were precultured
at 25°C.

Culture density was monitored using the spectrophotome-
ter Smartspec 3000 (BioRad).

Stress imposition

Dithiothreitol (DTT; Nakarai Tesque; 1 M stock solution in wa-
ter), tunicamycin (SigmaAldrich; 2 mg/mL stock solution in
dimethylsulfoxide) and ethanol were added into the medium
4 hr after culture start, and the culturing was continued with-
out changing theaeration status. When ER stresslucing
agents were added into the static cultures, the conical tubes
were immediately and gently invertdile times for mixing.

RNA analysis
Total RNA samples were extracted froBn cerevisiaeells
usingthe hot-phenolmethod, and were subjected to reverse
transcription (RFPCR analysis using the poly(dT) RT primer
and theHAC1specific PCR primers [6, 25]. BecauseH#eC1
specific PCR primers interposes thAClintron sequence, the
unspliced and spliced variants BFACImRNA vyielded differ-
ent-sized RPPCR products, which were separated by electro-
phoresison 2% agarose gel. Fluorescent images of the-EtBr
stained gels were analyzed by the Image J im@geessing
software (https://imagej.nih.gov/ij/) for calculating &
HACIYwb! &aLX AOAYy3a STFFAOASyOes
la:

HAC1mRNAsplicing efficiency = 100X(Band intensity of
the spliced species)/{(Band intensity of the spliced spe-
cies)+(Band intensity of the unspliced species)}.

Fluorescence microscopy

Celk carrying the eroGF&pression plasmid pPM28 were
grown in YPD medium at 30°C under the aerobic shaking con-
dition, and DTT (0.5 mM final) was added (or not added) into
cultures. Subsequently, the shaking incubation was additional-
ly continued at 30°C foBO min, or the cultures were set into
argon gadilled glassbottom dishes and statically incubated at
30°C for 30 min. The eroGHBorescent images 0S. cere-
visiaecells were then observed under the laser scanning mi-
croscopy SP8 FALCON (Leica) witl6$1.40 HC PL APO CS2
objective lens. For excitation, the 405 nm diode laser
(UV/violetlight excitation, 25% output) and the 487 nm white
light laser (bludight excitation, 70% output) were employed.
For detection, the hybrid detector (gating 4827 nn) was

employed. The pinhole size was 1.00 AU. Fluorescence intensi-

ties of a cell iluminated by these two lights were respectively
quantified using the Image J software (50 cells were analyzed
FTNRY SIFOK &l YLX SO0 IyR 6SNB
valug i KNER dz3 K
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eroGPF value = (Fluorescence intensity with Hilyiet ex-
citation)/(Fluorescence intensity with UV/violdght excita-
tion)

Oxygen consumption assay

YPD cultures were aerobically agitated until their 6D
reached approxirately 2.0. Then, 10 mL of the cultures were
transferred to 50 mL polypropylene conical tubes, which were
subsequently filled with argon gas and were set in a 30 °C
water bath. Dissolved oxygen concentration of the cultures
was monitored for 3 min by inséng a dissolved oxygen elec-
trode (Dissolved Oxygen Meter AR8210 (Smart Sensor)) into
the conical tubes. For DTT exposure, DTT (0.5 mM final) was
added into the cultures 3@nin before the measurement. The
G2E&3ISy dzLJdil 1S NI GSé¢ @lodltezs
optical density (OE).

BiP sedimentation assay

Cells equivalent to 1.0 Q8 were broken by beadbeating in
100 pL of the lysis buffer containing 50 mM Tis(pH 7.9),

5 mM ethylenediaminetetraacetic acid, 1% Tritorl00 and
protease inhitfiors (2 mM phenylmethylsulfonyl fluoride, 100
>3kYt €Sdz2ASLIiAYE wmnn >3IkYE |
and Calbiochem Protease Inhibitor cetkil Set Il (100x dilu-
tion)). The crude cell lysates were clarified by centrifugation at
8,000xg for 10 min, ral were used as the total cell lysate
samples, which were further centrifuged at 87,000xg for 30
min (ultracentrifugation). The total cell lysate samples and
the ultra-centrifugation pellet samples were run on 8% SDS
PAGE, which was followed by aBfP Wstern blotting [26].

Statistics

The culture optical density, thd ACIMRNAsplicing efficiency,
and the oxygen uptake rate were determined from triplicate
cultures, and are subjected to calculation of averages and
standard deviations, which are presentéa the figures. In
order to obtainp values, we performed twaail unpaired t

Tedt dsgirfickosoft ExBel. T2 f £ 2 g Ay 3 T2 N dzm
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