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Transcription factors Atfl and Styl promote stress tolerance under
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ARTICLE INFO ABSTRACT

Nitric Oxide (NO) and its associated reactive niuogen species (RNS) produce nitrosative stress under various

pathophysiological conditions in eukaryotes. The fission yeast Schizosaccharomycu pomle regulates stress re'

sponse mainly through the Styl-Atf1 MAP Kinase pathway. The present study deals with the role of transcription

factor Atfl and Styl in S. pombe under nitrosative stress. In this study, exposure to an NO donor resulted in S-

phase slowdown with associated mitotic block in S. pombe. Deletion of sryI and atfl in S. pombehad differential

growth sensitivity towards NO donor. Both Styl and Atfl were involved in regulating mitotic slowdown in S.

pomie under nitrosative sffess. Experimental data obtained in this study reveals a novel role of Atfl in initiating

tlre replication slowdown ia S. pombe under nitrosative stress. Both Styl and Atfl were accumulated in the

nucleus in S. ponrbe under nitrosative stress in a concentration and time dependent manner. Atfl is also found to

be nuclear delocalized under longer nitrosative stress.

Keywords:

Nitric 0xide
Nitrosative stress

Schizo saccharomy ces p omb e

Styl
Atfl
Nuclear localization

1, Introduction

Schbosaccharomyces pombe activate a variety of stress responsive

pathways under various stress conditions. The core environmental

stress response (CESR) is mediated by the Sryl MAPK module with
Styl,zSpcl (homologous to mammalian p38) being the key player. Styl
plays a key role in cell cycle regulation with a prolonged G2 phase

being observed under syJ deletion. In presence of stress conditions like

H2O2, glucose deprivation, osmotic stress and heat/cold shock Styl gets

activated by dual phosphorylation at Thr171 and Tyr173 within the

- TGY- motif (P ex|Z, artd Cartsadn. 201.0). Studies showed that activated

Styl translocate to the nucleus and regulates its downstream effector
protein, the bZIP transcription factor Atfl (homologous to mammalian
ATF2). Transcriptional regulation of CESR genes under stress has been

found to be regulated differentially by both Styl and Atfl either singly
or in a concerted mannet (C'htrrr rt. al-, 2$t.13; Chen el ai., 2008)' Atfl is

found to conttol gene regulation either singly or by forming a hetero

dimeric complex with Pcrl (Willdrlsolr cl. a1., 1996; Silnso ct 41., 2008).

Atfl of S. pombe was found to promote sexual differentiation and mi-

totic arrest under adverse conditions ('l'ilk*Ia t:t.rtl., 1.995). Atfl has also

been reported to be involved in conjugation, meiosis and osmotic stress

response in S. pombe (Sblar,aki and thtssell, 199{i). Phosphorylation of
Atfl is however reported not to directly activate the transcription factor
but to modulate its stability either at the RNA level or by modulating its

degradation by the ubiquitin-proteosomal pathway (Larvreace et lrl.,
2t){.}7il.,awrcnce ef ai., 2009). Apart from being a transcriptional reg-

ulator, Atfl is also reported to have a non DNA binding role in con-

trolling cell cycle progression by protein-protein interaction with APC,z

C ubiquitin ligase (Ors et a1., 2009). Aithough the role of MAP kinase

Sry1, and its downstream transcription factor Atfl has been extensively

sttrdied in S. pombe under oxidative stress but their role in sffess tol-

erance against NO and reactive nitrogen species still remains to be

elucidated.
Nitric oxide (NO), a membrane permeable diatomic gaseous mole-

cule has diverse physiological roles in cellular system (T'ousoLrlis el aJ',

2{}1.2; t}t {:r xt a1., 20} 2). 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 (Mrirad, 20t)4; Cttw et. a.1', 19\8:, Via?,.v

eL ai., 2{110). When produced in excess amount, NO forms various re-

active nitrogen species (RNS) which include nitrous oxide (NzO), ni-

trogen dioxide (NOz), di nitrogen tri oxide (NzOs), di nitrosyl iron

complexes (DNIC), peroxynitrite (ONOO-) and S- nitrosoglutathione
(GSNO) (?ittel t:t a1., 1999). These RNS produce many adverse biolo-
gieal effects on cellular lipid, DNA and protein like, lipid peroxidation,

DNA damage, abrogation of ATP synthesis, thiol oxidation, S-ni-

ffosylation of proteins, protein tyrosine nitration etc. which gives rise to
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ARTICLE INFO ABSTRACT

Schizosaccharomyces pombe Pap1, a bZIP transcdption factor, is highly homologous to the mammalian c-

Jun protein that belongs to the AP1 family of transcriptional regulators. The role of transcription factor
papl has been extensively studied under oxidative stress. Two cysteine residues in Paplp namely, C278

and C501 form disulfide linkage under oxidative stress resulting in nuclear accumulation. We first time

showed the involvement of Papl in the protection against nitrosative stress. In the present study we

show that papl deletion makes growth of. S. pombe sensitive to nitrosative stress. papl deletion also

causes delayed recovery in terms of mitotic index under nitrosative stress. Our flow cytometry data

shows that popl deletion causes slower recovery from the slowdown of DNA replication under nitro-

sative stress. This is the first report where we show that Papl transcription factor is localized in the

nucleus under nitrosative stress. From our study it is evident that nuclear localization of Papl under

nitrosative stress was not due to reactive oxygen species formation'
@ 2017 Published bY Elsevier Inc"'
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1. Introduction

lnduction of stress responsive genetic responses helps living
cells to adapt to fluctuations in stressful environment. Schizo-

saccharomyces pombe is an excellent model system to study how
cells adapt to stressful situations ll-{il. There are two distinct
pathways named as Styl/Spc1 and Papl pathways which respond
to various stresses in S. pombe. Diverse forms of stress including
oxidative stress, osmotic stress, genotoxic stress, nutrient depri-
vation, high temperature etc. activate mitogen activated protein
kinase Styl i7-91. S. pombe Pap1, a bZIP transcription factor is

highly homologous to the mammalian c-Jun protein that belongs to
the APl family of transcriptional regulators [01. Papl is known to
activate multiple oxidative stress responsive genes in response to
low concentrations of hydrogen peroxide (Hzoz) [11]. Styl is

absolutely necessary for cell survival following exposure to high
concentrations of HzOz | 121. Papl consists of two clusters of
cysteine residues, one located at the center of the protein and the
other at the carboxy terminal nuclear export signal region. Two
cysteine residues in Papl namely, C278 and C501 form disulfide

* Corresponding author.
E-mail adtlresses: ghoshs71@hotmail.com, sgbioc(p$luniv.ac.in (S. Ghosh)'

I Present Address: Department of Genetics, cell Biology and Anatomy, University
of Nebraska Medical Center, omaha, NE 68198.
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linkage under oxidative stress and thus makes it unable to interact
with exportin Crml resulting in nuclear accumulation | 13 |' Nuclear

accumulation of Papl is also triggered by cysteine alkylating agent

diethylmaleate l14i or methylglyoxal (MG), a glycolytic metabolite

['151. Both diethylmaleate and MG seems to modify irreversibly at
least two cysteine residues located at or close to the nuclear export
signal of Pap1. MG does not affect the redox state of Pap1, unlike
HzOz. Thus nuclear accumulation of Papl inS. pombe is triggered by
both HzOz dependent and HzOz independent pathway.

We first time showed the involvement of Papl in the protection

against nitrosative stress [1,1. Kim et al. demonstrated that tran-
scription of the Schizosaccharomyces pombe papT(+) gene is posi-

tively regulated by nitrosative and nutritional stress in a Papl
dependent manner. Spy1, a histidine-containing phosphotransfer
(HPt) protein, in the fission yeast Schizosaccharomyces pombe is
transcriptionally up-regulated by nitrosative and nutritional
stresses in a Papl-dependent manner l1til. The transcriptional
response to NO in a pop 1 deleted S. pombe strain identified 45 genes

that seem to be controlled by Pap1. Interestingly, Papl regulated
genes in S. pombe were distinctly different under nitrosative stress

than those reported under oxidative stress l3i. There was little
overlap between the effects of NO and the responses to other stress

agents in fission yeast, suggesting that different stress response

mechanisms may be involved in S. pombe under nitrosative stress.

In the present study popl deletion made growth of S. pomDe cells
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HIGHLIGHTS GRAPHICAL ABSTRACT

o Green sensing of nitric oxide.
o Nitric oxide detection by chtorophyll

o (cht a) at room temperatures.
. Reactant specific molecular recogni-

tion effects of chl a.

r SNO mapping by membrane bound
chl o of cyanobacteria and identifi-
cation of nitrogen fixing organisms.

. Novel methods of photosynthetic
No/SNO detection.
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ARTICLE INFO ABSTRACT

Nitric oxide (NO) acts as a signalling molecule that has direct and indirect regulatory roles in various

functional processes in biology, though in plant kingdom its role is relativelyunexplored. One reason for this

is the fact that sensing of NO is always challenging. There are very few probes that can classiry the different
NO species. The present paper proposes a simple but straightforward way for sensing different NO species

using chlorophyll, the source of inspiration being hemoglobin that seryes as NO sink in mammalian sys-

tems. The proposed method is able to classifo NO from DETA-NONOate or (Z)-1-[N-(2-aminoethyl)-N-(2-
ammonioethyl) aminol diazen-1-ium-1,2-diolate, nitrite, nitrate and S-nitrosothiol or SNO. This discrim-
ination is carried out by chtorophyll a (chl o) at nano molar (nM) order of sensitivity and at 293 I(-310 I(.

Molecular docking reveals the differential binding effects of NO and SNO with chlorophyll, the predicted

binding affinity matching with the experimental observation. Additional experiments with a diverse range

ofcyanobacteria reveal that apart from the spectroscopic approach the proposed sensing module can be

used in microscopic inspection of NO species. Binding of NO is sensitive to temperature and static magnetic
field. This provides additional support for the involvement of the porphyrin ring structures to the NO

sensing process. This also, broadens the scope of the sensing methods as hinted in the text"
@ 2017 Elsevier B.V. All rights reserved.
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1. Introduction

The importance of NO as a reactive free radical in biological

* Correspondingauthor.
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0003-26701@ 2017 Elsevier B.V. All rights reserved.

environment is well documented l1l. However, the role of NO in
plant systems is relatively unexplored. A detailed understanding of
the interaction mechanisms and knowledge regarding the possible

roles of NO may be of some interest [21. A number of extensive
studies establish the significance ofNO-driven interferences in plant
systems l3l, NO influences growth parameters, metabolism, cell
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ARTICLE INFO ABSTRACT

Excess production of nitric oxide and reactive nitrogen intermediates causes nitrosative stress on cells.

Schizosaccharomyces pombe was used as a model to study the cell cycle regulation under nitrosative
stress response. We cliscoverecl a novel intra-S-phase checkpoirrt that is activated in S. pombe under
nitrosative stress. The mechanism for this intra-S-phase checkpoint activation is distinctly different than
previously reported for genotoxic stress in S. pombe by methyl methane sulfon.rte. Our flow cytometry
cl.rta established the tact that Weel phosphoryl.rtes Cdc2'lyr15 which leads to replication slowdown in
the fission yeast under nitrosative stress. We checked the roles of Rad3, Rad17, Rad26, Swi1, Swi3, Cds1,

and Chkl under nitrosative stress but those were not involved in the activation of the DNA replication

checkpoint. Rad24 was found to be involved in intra-S-phase checkpoint activation in S. pombe under
nitrosative stress but that was independent of Cdc25.

lo 2015 Elsevier Inc. AII rights reseryecl.
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1. Introduction

Nitric oxide (NO), a versatile diatornic gaseous molecule, has

been known to play a signaling role in many physiological pro-
cesses, at low concentrations i1 I. NO is a membrane-permeable
free radical with a very short hatf-life, that is biologically produced
by the nitric oxide synth"rse (NOS) family of enzymes [2]. NO re-
acts in a concentfation- and environntent-delrendent manner,
leading to the formation of reactive nitrogen intermediates (RNls).

Excess or deregulated production of NO and resulting RNIs have

been shown to have both cytostatic and cytotoxic activity due to
the inhibition of ATP production [3-5], altered iron metabolism

f 5-71, direct inhibition of enzymes [8], and DNA damage l*,"],1A1.
The fission yeast Schizosaccharomyces pombe has been used

previously as an excellent moclel system for investigation of the
tundamental regulation and control mechanisms of various cel-
lular processes including nitrosative stress I i 1,121. Eukaryotic cells
slow their progression through S phase when their DNA is

Abbreviations: No, nitric oxide; NoS, nitric oxide svnthase; RNIs, leactive nitlo-
gen intern:ediates; MMS, mcthyl methane sulfonate; ATR, ataxia telangiectasia and

Rad3 related; ATM, ataxia telangiectasia mutated; ATRIP, ATR interacting protein;
PCNA, proliferating eell nuclear antigent PI, propidiunr iodide; PBS, phosphate-

bufferecl saline; FACS, f'luorescence-activated cell sortingi HU, hyclroxyurea; GR,

glutathione reductase; CSH, reduced glutathione
* Corresponding author.
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damaged I l3l. The biological importance of this response, which is
called the intra-S-phase checkpoint, is that this checl<point pro-
vides cells with time to repair the damaged DNA before its re-
plication. Interest in the intra-S-phase checkpoint is enhanced by
the strollg correlation in several human genetic diseases between
the loss of the intra-S-phase checkpoint and the susceptibility to
cancer [ [4]. In all eukaryotic organisms the iutra-S-phase check-
point clepends on the tunction of one or two members of the ATR

family of protein kinases, ATR and ATM in verteblate cells [15-17],
Mecl arrd Tell in the budding yeast, S. cerevisiae 118 -?.{)1, and Rad3

and Tell in the fissinn yeast, S. pombe 12.1,'22). Most if not all of the
intra-S-phase checkpoint pathways downstream of the ATR family
depend on one or another member of the Chl( tamily of protein
kinases (Chl<1 and Chk2 in vertebrates, Chkl and Rad53 in bud-
cling yeast, Chkl and Cdsl in flssion yeast). The Chl< kinases be-
come active when they are phosphorylated by an ATR-family ki-
nase f 

'15,'16]. One of the principal targets of the Chk kinases is the
cyclin-dependent kinase, Cdk2, but Cdk2 is not directly regulated
by the Chk kinases. Instead, Cdk2 is inhibited by phosphorylation
of its tyr:osine 15 (Tyr-15) and activated by removal of the phos-
phate at Tyr-15. Inactivation of Cdk2 could slow S phase by re-
ducing the rate of initiation at origins. It has been shown that
niethyl methane sulfonate (MMS) coulcl induce an intra-S-phase
checkpoint in S. pombe that depends on Rad3 (similar to vertebrate
ATR), Rad26 (similar to vertebrate ATRIP), and the group of pro-
teins that presumably loads a checkpoint-specific PCNA-Iike

stl'ucture onto dclmoged DNA (Rad1Z Rad9, Radl, and Husl)


