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Nitric Oxide (NO) and its associated reactive nitrogen species (RNS) produce nitrosative stress under various
pathophysiological conditions in eukaryotes. The ﬁssion yeast Schizosaccharomyces pombe regulates stress response mainly through the Sty1-Atf1 MAP Kinase pathway. The present study deals with the role of transcription
factor Atf1 and Sty1 in S. pombe under nitrosative stress. In this study, exposure to an NO donor resulted in Sphase slowdown with associated mitotic block in S. pombe. Deletion of sty1 and atf1 in S. pombe had diﬀerential
growth sensitivity towards NO donor. Both Sty1 and Atf1 were involved in regulating mitotic slowdown in S.
pombe under nitrosative stress. Experimental data obtained in this study reveals a novel role of Atf1 in initiating
the replication slowdown in S. pombe under nitrosative stress. Both Sty1 and Atf1 were accumulated in the
nucleus in S. pombe under nitrosative stress in a concentration and time dependent manner. Atf1 is also found to
be nuclear delocalized under longer nitrosative stress.

1. Introduction
Schizosaccharomyces pombe activate a variety of stress responsive
pathways under various stress conditions. The core environmental
stress response (CESR) is mediated by the Sty1 MAPK module with
Sty1/Spc1 (homologous to mammalian p38) being the key player. Sty1
plays a key role in cell cycle regulation with a prolonged G2 phase
being observed under sty1 deletion. In presence of stress conditions like
H2O2, glucose deprivation, osmotic stress and heat/cold shock Sty1 gets
activated by dual phosphorylation at Thr171 and Tyr173 within the
−TGY- motif (Perez and Cansado, 2010). Studies showed that activated
Sty1 translocate to the nucleus and regulates its downstream eﬀector
protein, the bZIP transcription factor Atf1 (homologous to mammalian
ATF2). Transcriptional regulation of CESR genes under stress has been
found to be regulated diﬀerentially by both Sty1 and Atf1 either singly
or in a concerted manner (Chen et al., 2003; Chen et al., 2008). Atf1 is
found to control gene regulation either singly or by forming a hetero
dimeric complex with Pcr1 (Wilkinson et al., 1996; Sanso et al., 2008).
Atf1 of S. pombe was found to promote sexual diﬀerentiation and mitotic arrest under adverse conditions (Takeda et al., 1995). Atf1 has also
been reported to be involved in conjugation, meiosis and osmotic stress
response in S. pombe (Shiozaki and Russell, 1996). Phosphorylation of
Atf1 is however reported not to directly activate the transcription factor
but to modulate its stability either at the RNA level or by modulating its
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degradation by the ubiquitin-proteosomal pathway (Lawrence et al.,
2007; Lawrence et al., 2009). Apart from being a transcriptional regulator, Atf1 is also reported to have a non DNA binding role in controlling cell cycle progression by protein–protein interaction with APC/
C ubiquitin ligase (Ors et al., 2009). Although the role of MAP kinase
Sty1, and its downstream transcription factor Atf1 has been extensively
studied in S. pombe under oxidative stress but their role in stress tolerance against NO and reactive nitrogen species still remains to be
elucidated.
Nitric oxide (NO), a membrane permeable diatomic gaseous molecule has diverse physiological roles in cellular system (Tousoulis et al.,
2012; Omer et al., 2012). NO is synthesized by a family of enzymes,
known as Nitric Oxide Synthases (NOSs) (NOSs, EC 1.14.13.39) that
catalyze the conversion of L-Arginine to L-Citrulline and NO. NO
functions as a signaling molecule at low concentration but it create
stress at high concentrations (Murad, 2004; Gow et al., 1998; Nagy
et al., 2010). When produced in excess amount, NO forms various reactive nitrogen species (RNS) which include nitrous oxide (N2O), nitrogen dioxide (NO2), di nitrogen tri oxide (N2O3), di nitrosyl iron
complexes (DNIC), peroxynitrite (ONOO−) and S- nitrosoglutathione
(GSNO) (Patel et al., 1999). These RNS produce many adverse biological eﬀects on cellular lipid, DNA and protein like, lipid peroxidation,
DNA damage, abrogation of ATP synthesis, thiol oxidation, S-nitrosylation of proteins, protein tyrosine nitration etc. which gives rise to
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2.3. Cell viability assay

a stressed condition termed as nitrosative stress (Martinez and
Andriantsitohaina, 2009). Schizosaccharomyces pombe is an excellent
model system to study how cells adapt to stressful conditions (Sahoo
et al., 2006; Tillmann et al., 2011; Majumdar et al., 2012; Biswas and
Ghosh, 2015; Biswas et al., 2015; Biswas et al., 2016). It is important to
note that S. pombe genome does not contain any known NOS sequence
but NOS like activity has been reported (Kig and Temizkan, 2009). To
investigate the role of MAP kinase Sty1 and transcription factor Atf1
under nitrosative stress, in the present study we ﬁrst time discovered a
temporal and/or concentration dependent localization of Sty1 and Atf1
in the nucleus. Atf1 was also found to control cell growth, maintenance
of mitotic delay and replication slowdown under nitrosative stress in S.
pombe.

Control and treated cells grown in YE medium were collected at
every 2 h interval post stress for 8 h by centrifugation at 3000 rpm for
3 min. Cell pellets were washed in PBS (pH 7.4) and were treated with
Trypan Blue solution 0.4% (Sigma Aldrich, Germany). Number of dead
cells having Trypan blue inclusion was counted microscopically at 40X
magniﬁcation. Viability was counted of at least 500 cells.
2.4. Mitotic index analysis
Control and treated S. pombe cells were collected by centrifugation
at 3000 rpm for 3 min. Cell pellets were washed with PBS (pH 7.4) and
ﬁxed in 70% ethanol. Ethanol ﬁxed cells were stained with the nuclear
stain 4′,6-Diamidino-2-phenylindole dihydrochloride, DAPI (Sigma
Aldrich, USA) at a ﬁnal concentration of 1 μg/ml and washed with PBS.
Bi nucleated cells with nucleus giving blue emission were counted
microscopically under UV excitation wavelength using a Fluorescence
microscope (Zeiss Axioscope A1, Germany). Mitotic index for up to 8 h
were represented as percentage of bi nucleated cells out of a total population of at least 500 cells.

2. Materials and methods
2.1. Chemicals
The components of growth media for ﬁssion yeast were purchased
from Becton–Dickinson (USA). Edinburgh Minimal Medium (EMM) was
purchased from HIMEDIA laboratories Pvt. Ltd, (INDIA). Regular laboratory reagents were purchased from Sigma Chemical Co. (USA)
unless otherwise mentioned. detaNONOate was purchased from
Cayman Chemical Co. (USA).

2.5. Cell cycle analysis by ﬂow cytometry
2–3 × 106 ethanol ﬁxed cells (stored at 4 °C) were collected for
analysis. The cells were precipitated by centrifugation at room temperature at 3000 rpm for 3 min and the supernatant was discarded. The
pellets were washed in 0.5 ml of 50 mM Sodium (Na) Citrate buﬀer (pH
8.0) and the cells were collected again by centrifugation. Finally each
pellet was resuspended in 0.5 ml of 50 mM sodium citrate buﬀer (pH
8.0) containing 0.1 mg/ml RNaseA (Thermo Fisher Scientiﬁc, USA) and
incubated at 37 °C for 2 h in water bath. The RNase treated cells were
further treated with propidium iodide at a ﬁnal concentration of 20 μg/
ml to stain the DNA content. Cells were ﬁnally analyzed using the BD
FACS Verse instrument and the data were analyzed with BD FACSuite
software. A sample size of 20,000 cells was taken for each condition.

2.2. Cell growth and stress treatment
All the strains used for the above study are listed in Table 1. The
strains were a kind gift from Dr. Elena Hidalgo (Universitat Pompeu
Fabra, Barcelona, Spain),M. Kawamukai (Shimane University, Japan)
and Nic Jones (University of Manchester, UK). We have thankfully
acknowledged for that. The S. pombe strains were cultured in YE
medium (0.5% yeast extract, 3% dextrose) and EMM with proper supplements as and when required. For YE medium overnight stationary
phase cells were inoculated in fresh medium with a starting
O.D.600 = 0.08–0.09 and were grown for 8- 9 h until O.D.600 = 0.5
(1 × 107 cells/ml; early exponential phase) was reached. For EMM
medium 48 h grown cultures were used as early inoculum and were
grown from O.D.600 = 0.06-0.08 to O.D.600 = 0.5. At all conditions
strains were grown at 30 °C under shaking condition of 140 rpm. To
arouse nitrosative stress, S. pombe strains with ﬁnal O.D.600 = 0.5 were
treated with the pure nitric oxide donor detaNONOate (Z)-1-[N-(2aminoethyl)-N-(2-ammonioethyl)amino]diazen-1-ium-1,2-diolate,
which was prepared at a stock solution of 100 mM in Phosphate Buffered Saline, PBS (pH 7.4). Treatment was done in respective growth
media at 1 mM and 3 mM of ﬁnal detaNONOate concentration for desired time points. Decomposed detaNONOate was used as corresponding control. Control and treated S. pombe cells were grown in YE
medium and were checked for growth spectrophotometrically at
600 nm wavelength in a JASCO V-530 spectrophotometer. O.D. values
were calculated at every 2 h interval both pre and post stress treatment
for 17 h time period taking into consideration the required dilution
factors.

2.6. Western blot analysis
Control and treated cells of S. pombe strain EHH5 were lysed using
the glass bead lysis method. Cells were harvested by centrifugation at
4 °C and washed once in PBS (pH 7.4). Washed cell pellets (in ice) were
resuspended in lysis buﬀer of 20 mM Tris HCl pH 7.4 containing protease inhibitor cocktail (Sigma Aldrich, USA) and 10 mM Sodium
Fluoride (NaF) as phosphatase inhibitor. Glass beads were added and
vortexed vigorously for 1 min with intermittent 1 min stay in ice. The
cycle was repeated 10–12 times for extensive lysis. The lysate was
centrifuged for 5 min at 5000 rpm followed by a re centrifugation of the
supernatant at 10000 rpm for 10 min both at 4 °C. Finally the supernatant consisting of protein lysate was collected, aliquoted and stored
at −80 °C for future use.
40 μg of total protein was separated on 10% SDS-PAGE and subsequently transferred to Immobilon-P Membrane, PVDF, 0.45 μm (Merck

Table 1
List of strains used in the study.
STRAIN NAME
−

972 h
AV18
AV15
EHH5
MS13
MS48
HKS025
NJ72

DESCRIPTION
Wild Type
sty1 deleted
atf1 deleted
GFP tagged sty1
GFP tagged atf1
atf1pcr1double deleted
pcr1deleted
atf1–11 M mutant

GENOTYPE

SOURCE

−

h
h− sty1::kanMX
h− atf1::kanMX
h− leu1–32 sty1::GFP::kanMX6
h + leu1 atf1::ura4 nmt41x::GFP-HA-atf1:leu1
h+leu1ura4pcr1::ura4+atf1::kanMX6
h− pcr1::kanMX6
h90atf1-11M-2HA6His::LEU2gad7::ura4−ura4-D18leu1-32ade6-M216
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Millipore, USA) using the Mini PROTEAN Tetra System(BIO-RAD,
USA). For phospho-Sty1 detection membrane was blocked with 5% w/v
BSA and incubated overnight with Phospho-p38 MAP Kinase 1° antibody (Cell Signaling, USA) at 1:3000 dilution. Detection was done using
HRP conjugated 2° antibody (Sigma-Aldrich) at 1:2500 dilution in
presence of Pierce ECL Western Blotting Substrate (Thermo, USA). GFP
(D5.1) XP 1° antibody (Cell Signaling, USA) was used to detect total
Sty1 level at 1:1000 dilution. Loading control β-Actin was detected
using anti beta Actin 8224 1° antibody (Abcam, UK).
2.7. Identiﬁcation of reactive oxygen species (ROS) using ﬂuorescence
microscopy
Control and treated S. pombe cells were collected by centrifugation
at 3000 rpm for 3 min. Cell pellets were washed and resuspended in
PBS (pH 7.4) with the ROS sensitive dye 2′,7′ −dichloroﬂuorescin
diacetate, DCFDA (Thermo Fisher Scientiﬁc, USA) at a ﬁnal concentration of 20 μg/ml. Cells were then incubated in dark at 30 °C for
45 min. After incubation cells were washed thoroughly in PBS (pH 7.4)
to remove the excess dye and observed for green ﬂuorescence of DCF
under blue excitation ﬁlter with ﬂuorescence microscope Axioscope
A1(ZEISS, Germany) using 40X objective. For positive control cells
were treated with 100 mM H2O2.
2.8. Determination of protein nuclear localization
S. pombe cells were treated with detaNONOate for 5 min and 15 min
time point. During stress treatment cells were also incubated with the
nuclear stain HOECHST 33342 (Cell Signaling, USA) at a ﬁnal concentration of 20 μg/ml for 5 min. Post treatment cells were harvested
by centrifugation and washed in PBS (pH 7.4). Cells were ﬁnally observed for green ﬂuorescence of GFP (509 nm) under blue ﬁlter
(475 nm) and blue ﬂuorescence of HOECHST (461 nm) under UV ﬁlter
(350 nm) with ﬂuorescence microscope Axioscope A1 (ZEISS,
Germany) at 100X magniﬁcation using oil immersion objective.
3. Results
3.1. Deletion of sty1 and atf1 in S. pombe had diﬀerential growth sensitivity
towards NO donor
We ﬁrst checked the cell growth of S. pombe wild type 972 h− and
its isogenic mutants AV18 (Δsty1 mutant) and AV15 (Δatf1 mutant) for
a long time exposure towards NO donor compound detaNONOate. It
has been previously reported that 3 mM of the NO donor compound
detaNONOate maintains a concentration of 15–18 μM NO in the culture
medium for the ﬁrst 4 h. The concentration then decreases to 10–12 μM
after 6 h and to 3 μM after 12 h (Horan et al., 2006). For that the above
strains were grown in the presence of pure NO donor compound detaNONOate at 1 mM and 3 mM ﬁnal concentrations alongside control
(decomposed detaNONOate). Under nitrosative stress each of the
strains showed signiﬁcant growth inhibition (Fig. 1). Wild type cells
(Fig. 1A) showed increased growth retardation upon 3 mM dosage
compared to the 1 mM dosage over a period of 8 h post treatment with
the NO donor compound.
The Δsty1 cells had a slow growth rate in the control cells itself
when compared to the wild type cells due to the absence of the MAPK
Sty1 (Fig. 1B). The Δsty1 cells also showed growth inhibition upon
treatment with 1 and 3 mM detaNONOate when compared to the wild
type strain. Surprisingly, Δatf1 strain (Fig. 1C) of S. pombe showed
much less sensitivity towards 3 mM concentrations of detaNONOate
compared to wild type and it was able to continue its growth as evidenced by increase in O.D. value at 600 nm. Cell growth studies in the
presence of 3 mM detaNONOate for longer exposure time (18 h) (Fig.
S1) clearly showed that the nitrosative stress induced growth inhibitory
eﬀect is reversible for wild type, sty1 and atf1 deleted strains of S.

Fig. 1. Representation of growth curve of S. pombe strains (A) 972 h− (wild type), (B)
AV18 (Δsty1 mutant) and (C) AV15 (Δatf1 mutant) under nitrosative stress when treated
with decomposed detaNONOate ( ), 1 mM detaNONOate ( ) and 3 mM detaNONOate
( ). Cell growth was sensitive to detaNONOate. 972 h− showed growth retardation at
1 mM detaNONOate treatment with growth arrest at 3 mM treatment. AV18 also showed
growth sensitivity at both the stress treatment. AV15 showed signiﬁcant growth arrest
resistance at 3 mM detaNONOate treatment. Data (mean ± SD) indicative of 3 biological
replicates is represented as O.D. at 600 nm (Y-axis) vs. Time in hours (X-axis).

pombe. The recovery of wild type strain of S. pombe was much slower
than the atf1 deleted strain. Thus it can be concluded that atf1 deletion
showed a diﬀerential recovery of growth after an extended period of
time under nitrosative stress at higher stress treatment. The Atf1 protein can form a heterodimer with Pcr1, but the speciﬁc role of this
association is controversial. Studies demonstrated that Atf1 and Pcr1
have similar but not identical roles in S. pombe, since Δpcr1 do not share
all the phenotypes reported for Δatf1 cells (Sanso et al., 2008). To check
whether Atf1-Pcr1 heterodimer association is essential or not under
84
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nitrosative stress in S. pombe, we checked cell growth of Δpcr1 and
Δatf1Δpcr1 strain of S. pombe in presence of 3 mM detaNONOate for
18 h (Fig.S1). Interestingly, the recovery of Δatf1Δpcr1 strain of S.
pombe from the growth inhibitory eﬀect of NO donor compound was
similar like the Δatf1 strain which indicated that Atf1-Pcr1 heterodimer
association is not essential under nitrosative stress. Δpcr1 strain of S.
pombe showed similar proﬁle like the wild type in the presence of 3 mM
detaNONOate.
The Atf1 protein possesses eleven potential MAPK sites, namely a
serine or threonine residue immediately followed by a proline. To directly test whether phosphorylation aﬀects stability of the Atf1 protein
under nitrosative stress, atf1–11 M mutant was used where a mutant
atf1 gene containing single point mutations in all potential MAPK
phosphoacceptor sites (Lawrence et al., 2007). Surprisingly, atf1–11 M
mutant of S. pombe showed similar proﬁle in the presence of 3 mM
detaNONOate like the wild type indicated phosphorylation is not essential to maintain the stability of the Atf1 protein under nitrosative
stress (Fig. S1). It is important to note that nitrosative stress caused
microbiostatic eﬀect to S. pombe and all the strains showed cell viability
more than ≥ 90% upon detaNONOate treatment (Fig. S2). We also
determined ROS production using DCFDA in S. pombe cells treated with
1 mM and 3 mM detaNONOate for 15 min. We did not observe any ROS
production under our experimental conditions compared to the positive
control (Fig. S3).

histogram peak having 2C DNA content up to the 8 h time point studied. Wild type 972 h− cells (Fig. 3A) showed a peak widening at the
2 h time point with a population of cells arising having DNA content
between 1C and 2C upon treatment with 1 mM detaNONOate. At 4 h
time point the peak shifted between 2C and 4C and gradually returned
to 2C at the 8 h time point. In Fig. 3B, the Δsty1 cells had DNA content
between 1C and 2C when treated with 1 mM NO donor, the peaks were
not distinctly separated but had merged to give a broadened peak with
a little hump which was seen at 2 h time point and this eventually
shifted past 2C at 8 h treatment. This peak was distinctly seen in the
3 mM treated cells, at the 2 h time point indicating activation of replication checkpoint which got shifted to the point between 2C and 4C
DNA content at a slower pace in comparison to the wild type. When the
Δatf1 cells of S. pombe (Fig. 3C) were treated with 1 mM detaNONOate,
the peak between 1C and 2C was gradually shifted towards the peak
representing cells with DNA content between 2C and 4C after 2 h. The
peak proﬁle persisted till the 8 h time point studied where the cells
started recovery similar like the wild type cells of S. pombe. When the
Δatf1 cells of S. pombe (Fig. 3C) were treated with 3 mM detaNONOate,
the peak between 1C and 2C was gradually shifted towards the peak
representing cells with DNA content between 2C and 4C after 2 h. The
peak between 2C and 4C persisted till 8 h time point. Thus the cells with
their DNA content between 1C and 2C indicated that their replication
checkpoint activated and replication was slowed down. The population
of cells having DNA greater than 2C but less than 4C were in the early S
phase and the replication of DNA was not stopped completely but there
was slow replication under nitrosative stress. Thus it can be concluded
that Δatf1 cells of S. pombe were able to continue their slow replication
of DNA after 2 h in the presence of 3 mM detaNONOate whereas wild
type cells had still their replication checkpoint activated under similar
experimental conditions.

3.2. Sty1 and Atf1 were involved in regulating mitotic slowdown in S.
pombe under nitrosative stress
Mitotic index (MI) is the percentage of bi nucleated cells selected
randomly from a population of cells, determining the percentage of
cells which has crossed mitosis. We checked the mitotic status of the
cells to check the occurrence of mitotic slowdown if any. Upon treatment with detaNONOate the wild type and all its corresponding mutants showed signiﬁcant alteration in their mitotic proﬁle (Fig. 2). At
lower concentration of detaNONOate treatment (1 mM), the wild type
972 h− (Fig. 2A) showed a drop in MI at the 2 h time point but recovery
of MI value was observed from the 6 h time point. However, at 3 mM
treatment MI index dropped drastically at the 2 h time point but never
recovered in case of wild type strain of S. pombe. The Δsty1 cells of S.
pombe (Fig. 2B), at 1 mM post treatment recovered the MI at 4 h time
point and maintained the normal MI proﬁle till the 8 h endpoint studied. The MI of Δsty1 cells of S. pombe dropped signiﬁcantly following
3 mM detaNONOate treatment at the 2 h and 4 h time point but fully
recovered at 8 h time point. The Δatf1 cells of S. pombe (Fig. 2C) also
showed a drop in MI at the 2 h time point and recovered at 4 h time
point in presence of 1 mM detaNONOate. On the other hand there was a
similar recovery proﬁle of MI observed in case of Δatf1 cells of S. pombe
at 8 h time point like the Δsty1 cells at 3 mM detaNONOate treatment. It
is important to note that wild type cells of S. pombe could not recover its
MI following 3 mM detaNONOate but Δsty1 and Δatf1 cells of S. pombe
could recover their MI at the 8 h time point studied. Thus it can be
concluded that Sty1 and Atf1 might play important role in regulating
mitotic slowdown upon nitrosative stress in S. pombe.

The two proteins Sty1 and Atf1 are reported to be nuclear localized
in their active state and regulate the expression of various stress responsive genes. So to study nuclear localization of the proteins we used
S. pombe strains having GFP tagged with Sty1 (EHH5) and Atf1 (MS13)
and treated with 1 mM and 3 mM detaNONOate for 5 min and 15 min
respectively (Fig. 4).
Under control conditions Sty1 did not show any nuclear localization
but at 1 mM detaNONOate treatment for 5 min, Sty1 got nuclear localized. However, nuclear localization of Sty1 decreased at 3 mM
detaNONOate treatment for 5 min. Upon 15 min of detaNONOate
treatment Sty1 was not present in the nucleus both at 1 mM and 3 mM
detaNONOate treatment (Fig. 4A).
Transcription factor Atf1 was constitutively nuclear localized under
control conditions. Upon treatment with 1 mM and 3 mM detaNONOate
concentrations for 5 min Atf1 was still found to be nuclear localized,
but when the treatment time was raised to 15 min, Atf1 translocated
out of the nucleus and into the cytoplasm (Fig. 4B).

3.3. Atf1 was involved in initiating the replication slowdown in S. pombe
under nitrosative stress

3.5. Nuclear localization of Sty1 coincides with its phosphorylation status

In rich medium majority of the S. pombe cells are in G2 phase as they
have a rapid G1 and S phases. The G1 cells which are bi nucleated and
thus have a 2C DNA content also contribute to the 2C peak in ﬂow
cytometry. The S phase cells form a shoulder between 2C and 4C, to the
right of the 2C peak. In our study we observed that most of the control
cells grown in the presence of decomposed detaNONOate were in G2
phase with 2C peak. To investigate the eﬀect of nitrosative stress on S.
pombe cell cycle, we used wild type 972 h− cells along with the Δsty1
and Δatf1 cells (Fig. 3). Control S. pombe cells showed a single G2 phase

Under acute stress conditions Sty1 is reported to get nuclear localized by dual phosphorylation and initiate transcriptional regulation.
For determining phospho-Sty1 levels GFP tagged Sty1 strain of S. pombe
(EHH5) was treated with 1 mM and 3 mM detaNONOate for 5 min.
Control set (decomposed detaNONOate) did not show any detectable
phosphorylated Sty1. Phopsho-Sty1 levels increased for 1 mM treatment compared to the 3 mM treatment. There was no signiﬁcant change
in total Sty1 level upon treatment both for 1 mM and 3 mM
detaNONOate (Fig. 5).

3.4. Sty1 and Atf1 were accumulated in the nucleus in S. pombe under
nitrosative stress
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Fig. 2. Representation of the percentage of bi nucleated cells as Mitotic Index
(MI) proﬁle of S. pombe strains (A) 972 h− (wild type), (B) AV18 (Δsty1 mutant)
and (C) AV15 (Δatf1 mutant) under nitrosative stress when treated with decomposed detaNONOate –CONTROL ( ), 1 mM detaNONOate ( ) and 3 mM
detaNONOate ( ). At 1 mM treatment MI recovery occurred in all the strains
from 4 – 6 h onwards. At 3 mM treatment 972 h− showed severe drop in MI
whereas AV18 and AV15 showed higher MI than 972 h− with complete recovery at 8 h time point. Data (mean ± SD) indicative of 3 biological replicates
is represented as Mitotic Index percentage (Y- axis) vs. Time in hours with
detaNONOate concentration (X- axis).

ﬂavohemoglobin in both prokaryotes and eukaryotes (Tillmann et al.,
2011; Forrester and Foster, 2012). Yeasts are excellent model for
studying stress signaling pathways. Oxidative stress response pathways
have been well illustrated in S. pombe, S. cerevisiae and even in the
pathogenic yeast C. albicans (Vivancos et al., 2006; Jamieson, 1998;

4. Discussion
NO and its associated RNS are important in respect to cellular pathophysiology, immunology and signal transduction. NO detoxiﬁcation
is an evolutionary conserved function of cell and is mediated by
86
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Fig. 3. Representation of S- phase slowdown in S. pombe strains (A) 972 h−
(wild type), (B) AV18 (Δsty1 mutant) and (C) AV15 (Δatf1 mutant) under nitrosative stress when treated with decomposed (CONTROL), 1 mM and 3 mM
detaNONOate. S. pombe shows a normal 2C DNA content peak under basal
conditions. At 1 mM treatment 972 h− and AV18 showed an initial S- phase
slowdown (peak between 1C and 2C) which gradually shifted towards between
2C and 4C and then towards recovery at 8 h time point in 972 h−. Recovery
was slower in AV18. At 1 mM treatment however AV15 showed the initial peak
between 2C and 4C with gradual recovery. At 3 mM treatment eﬀect was similar but much more severe with greater peak broadening and much slower
recovery rate.

Brown et al., 2009). In the ﬁssion yeast S. pombe, the Sty1-Atf1 pathway
is reported to be essential at intermediate to extreme hydrogen peroxide
doses (0.25–6.0 mM) but possess only a marginal role in mild stress
conditions (0.07–0.25 mM hydrogen peroxide). Upon phosphorylation
and oxidation under hydrogen peroxide induced stress, Sty1 gets nuclear localized and promotes Atf1 activation and stabilization either
transcriptionally or post transcriptionally. The phosphorylated form of
the Sty1 (and Atf1) protein enables transcription initiation from stress
promoters by triggering the recruitment of the RNA polymerase II
(RNAPII), the TATA binding protein (Tbp1) and the Spt-Ada-Gcn5Acetyltransferase (SAGA) complex promoting oxidative stress response
(Papadakis and Workman, 2015; Salat-Canela et al., 2017). However,
little is known about nitrosative stress response pathways in yeast. In
the present study, S. pombe showed a novel role of Atf1 in initiating S
phase slowdown and maintaining mitotic slowdown under nitrosative
stress. A similar phenomenon was reported to be associated with drug
and non-drug induced DNA damage in the same (Brown et al., 2009;
Caspari and Carr, 1999). Overexpression studies in S. pombe have revealed many cell cycle and DNA replication genes to be under Atf1

control (Bandyopadhyay and Sundaram, 2015). Maintenance of mitotic
slowdown in S. pombe under nitrosative stress however, involve both
Sty1 and Atf1 as both the deletion mutants showed quicker mitotic
recovery than the wild type at higher nitrosative stress treatment. At
the endpoint of 8 h, the sty1 and atf1 deleted S. pombe cells reached the
S phase (bi nucleated cells) of the next cell cycle. Treatment of S. pombe
cells with intermediate hydrogen peroxide doses (0.5 mM) has been
reported to cause an arrest at the G2 phase of the cell cycle (Papadakis
and Workman, 2015). Nitrosative stress causes DNA damages like base
deamination, DNA strand breaks and DNA crosslinks which initiate
DNA damage checkpoints in S. pombe resulting in replication slowdown
as observed. We previously reported that nitrosative stress could induce
a novel intra-S checkpoint pathway in S. pombe which was mediated by
phosphorylation of Cdc2 by Wee1 (Biswas et al., 2015). Our studies
discovered Atf1 to be a key player to initiate this intra S-phase replication checkpoint in S. pombe under nitrosative stress, an observation
similar to its homologue mammalian ATF2, which is reported to initiate
ionizing radiation induced intra S-phase checkpoint in melanoma cell
lines (Bhoumik et al., 2005). atf1 deletion under nitrosative stress
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Fig. 4. Pictorial demonstration of nuclear localization of (A) GFP-Sty1 in EHH5 and (B) GFP-Atf1 in MS13 under nitrosative stress upon treatment with decomposed (CONTROL), 1 mM
and 3 mM detaNONOate for 5 and 15 min respectively. Sty1 got nuclear localized at 5 min with decreased localization on 3 mM detaNONOate treatment. At 15 min Sty1 was nuclear
delocalized. Atf1 is constitutively nuclear localized and remained in the same for 5 min time point but was out of nucleus at 15 min time point upon stress. HOECHST staining was done to
visualize the nucleus. Bar = 10 μm, BF = Bright ﬁeld.

Huberman, 2004). Nuclear localization of Sty1 and Atf1 further supported their involvement in nitrosative stress response in S. pombe. Sty1
upon phosphorylation got nuclear localized under lower stress treatment with concomitant Atf1 nuclear localization under similar conditions. Here Sty1 may either act in stabilizing Atf1 through phosphorylation under stress or both Sty1 and Atf1 can act separately in
transcriptional regulation under nitrosative stress. Further studies are
needed to determine the exact mechanism.
Atf1 is constitutively nuclear localized in the absence of stressed
conditions in S. pombe but surprisingly it was found to be localized in
the cytosol upon nitrosative stress treatment for longer time point.
What role is played by Atf1 in the cytosol has not yet been established
in S. pombe in the present study but this translocation of Atf1 from
nucleus to cytosol might have physiological signiﬁcance under nitrosative stress. This is further supported by the fact that its mammalian
homologous partner ATF2 has been reported to translocate to the cytosol under severe genotoxic stress and impair mitochondrial membrane potential resulting in mitochondria based cell death in squamous
carcinoma cells. Oncogenic and tumor suppressor activities are shown
to be regulated by ATF2 depending upon its localization in cells (Lau
and Ronai, 2012). Although based on the present data it is not possible
to dissect this dual role of Atf1 under nitrosative stress in S. pombe, but
the present study has generated new avenue for further research involving exclusively Atf1. From our experimental ﬁndings, we propose a
schematic model for Sty1 and Atf1 under nitrosative stress in S. pombe
(Fig. 6). Further studies are required to establish the pathways involving Sty1 and Atf1 under nitrosative stress in S. pombe.

Fig. 5. Demonstration of phosphorylation status of Sty1 and total Sty1 in EHH5 (GFPSty1) S. pombe strain upon treatment with decomposed (C), 1 mM and 3 mM
detaNONOate for 5 min. Phospho-Sty1 level decreased on 3 mM treatment as compared
to 1 mM treatment. Control (C) did not show any signiﬁcant Phospho-Sty1. β-Actin was
used as loading control.

abrogates replication slowdown with persistent cellular DNA content
between 2C and 4C. With initiation of mitotic slowdown under nitrosative stress, wild type S. pombe cells undergo cytokinesis at the end
of S phase and stalls at G2 phase (single nucleated). DNA replication
continues at a slower rate and the nuclear content gradually shifts towards 4C in case of wild type strain of S. pombe. sty1 deleted S. pombe
cells also showed similar replication slowdown to the wild type but the
cells moved slowly through the G2 phase of the cell cycle (mostly mono
nucleated cells). In atf1 deleted strain of S. pombe, replication continued
at its pace but as the majority of cells moved slowly through the G2
phase cellular DNA content persisted between 2C and 4C. In S. pombe,
cytokinesis occurs independent of DNA replication and starts at a ﬁxed
time after mitosis regardless of the length of S phase (Kumar and
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Fig. 6. Proposed model showing the involvement of
Sty1 and Atf1 under nitrosative stress in S. pombe.
MAP Kinase Sty1 and Transcription factor Atf1 have
signiﬁcant roles in controlling cellular processes
under nitrosative stress.
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