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Nitric oxide (NO), a gaseous compound, plays important
roles in plant immunity, abiotic stress response and plant
development [1]. In plants, NO is synthesized through either
oxidative or reductive route that is dependent on the nitrate
reductases (NADH) 1 (NIA1) and NIA2. NO bioactivity is
realized through redox-based post-translational protein
modifications, such as S-nitrosylation, which involves the
addition of an NO group to a protein cysteine thiol to gen-
erate an S-nitrosothiol (SNO). Protein S-nitrosylation is a
major NO-mediated modification, and influences pro-
tein-protein interaction, protein localization and protein
activity. As a second messenger, NO participates in signal-
ing pathways of multiple plant hormones, such as salicylic
acid (SA), abscisic acid (ABA) and cytokinin. ABA signal-
ing pathways are extensively studied and are involved in
many important biological processes, such as seed germina-
tion, plant growth and plant response to abiotic stresses [2].
In the presence of ABA, binding of ABA to receptors in the
PYR1 (pyrabactin resistance 1)/PYL (Pyrl-Like)/RCAR
(regulatory component of ABA receptor) protein family
causes their conformational change. The activated receptors
bind to and inhibit PP2Cs (clade A protein phosphatase 2Cs)
to release SnRK2s (SNF1-related kinase 2s) from inhibition
by the PP2Cs. Then downstream factors in ABA signaling
are activated by protein phosphorylation catalyzed by the
SnRK2s.
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Under water stresses, ABA accumulates and induces
stomatal closure, thus reducing transpirational water loss. It
has been known that NO generation can be triggered by
ABA. Previous studies showed that application of exoge-
nous NO promotes ABA-mediated stomatal closure, sug-
gesting a positive role of NO in ABA signaling [1]. How-
ever, it has also been found that nialnia2noal triple mutant
with deficiency in NO generation is hypersensitive to ABA
in stomatal closure, indicating a negative role of NO in
ABA signaling [3]. To date, how NO functions in ABA-
mediated stomatal closure is still not well understood.

A recent study by Wang et al. revealed that endogenous
NO functions as a negative regulator of ABA signaling in
guard cells through S-nitrosylation of OST1 (open stomata 1)
[4]. OSTI1, also known as SnRK2.6, is an SnRK2 protein
kinase preferentially expressed in guard cells, and is critical
for ABA-mediated stomatal closure. Wang et al. showed
that the NO donor GSNO (S-nitrosoglutathione) induced
S-nitrosylation of OST1 and inhibited OST1 kinase activity
in vitro. This inhibitory effect of GSNO on OST1 activity
was abolished only by Cys137Ser mutation but not by other
tested Cys-to-Ser mutations in vitro, consistent with mass
spectrometry data showing that cysteine 137 is the
S-nitrosylation target of GSNO. In addition, OST1 kinase
activity was blocked by a Trp substitution at 137 that may
mimic S-nitrosylation in vitro. Moreover, GSNO induced
S-nitrosylation of OST1/SnRK2.6-GFP protein in transgen-
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ic plants in the ost/-3 mutant background, and this induced
S-nitrosylation was abolished by the SnRK2.6“"*5-GFP
mutation. SnRK2.6"*”"-GFP transgenic plants did not ex-
hibit any SnRK2.6 kinase activity. Together, these data
suggest that NO induces S-nitrosylation of OST1 at
Cys-137, thereby abolishing OST1 kinase activity. It has
been known that dysfunction of OST1 in ost/ mutant abol-
ishes ABA induced stomatal closure and causes increased
sensitivity to drought stress [5]. Consistent with biochemi-
cal data showing the importance of S-nitrosylation at C137
for OST1 activity, both water loss and stomatal closure
phenotypes of ostI-3 were rescued only by wild type
SnRK2.6 but not by SnRK2.6*7%.

OST1 is a positive regulator in ABA signaling in guard
cells, and NO-mediated S-nitrosylation blocks OST1 kinase
activity. In addition, ABA treatment induces NO generation,
and Wang et al. found that in contrast to the very fast acti-
vation of OST1 by ABA, S-nitrosylation of OST1 in vivo
occurs relatively late after ABA treatment, suggesting that
NO plays a role in the negative feedback regulation of ABA
signaling. The authors further investigated NO function
using the NO overaccumulation mutant gsnor! (GSNO re-
ductase I)-3. Mutation of GSNOR caused endogenous NO
overaccumulation and increased the level of S-nitrosylated
OST1 compared to that in wild type plants. However, ABA
treatment diminished the difference of S-nitrosylated OST1
between wild type and gsnorl-3. Similar to the ost] mutant,
gsnorl mutants, gsnorl-3, gsnorl-4 and hot5-4, were less
sensitive to ABA induced stomatal closure, and showed
faster transpirational water loss than the wild type. The
stomatal closure and water loss phenotypes of gsnor! mu-
tant plans were rescued by SnRK2.6'"*® but not by wild
type SnRK2.6. These results suggest that NO overaccumu-
lated in gsnorl mutants inhibits OST1 kinase activity by
S-nitrosylation at C137, leading to insensitivity to
ABA-induced stomatal closure and uncontrolled transpira-
tional water loss.

Wang et al. revealed that cysteine 137 of OST1 is con-
served in SNF1/AMPK-related kinases and glycogen syn-
thase kinase 3 (GSK)/SKs in eukaryotes. Four of these ki-
nases, HsSBRSK1, AtBIN2, HsGSK3b and ScHsllp were
successfully expressed in E. coli, and their kinase activities
were inhibited by GSNO. The authors further confirmed
that S-nitrosylation of the conserved cysteine in AtBIN2
and HsGSK3b blocks their kinase activities, suggesting that
NO-mediated S-nitrosylation at a cysteine near the catalytic
center of protein kinases might be a general regulatory
mechanism for kinase activities. SnRK2.2 and 2.3 are quite
similar to SnRK2.6 in sequences and structures. In contrast
to SnRK2.6 that is preferentially expressed in guard cells,
SnRK2.2 and 2.3 are mainly expressed in seeds and seed-
lings, and function in ABA-mediated inhibition of seed
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Figure 1 (color online) Model showing that NO negatively regulates
ABA signaling through S-nitrosylation of OST1.

germination and seedling development. Application of NO
antagonizes the inhibition of ABA on seed germination and
seedling development, suggesting a negative role of NO in
ABA signaling during these developmental processes. It
will be interesting to test whether SnRK?2.2 and 2.3 can be
S-nitrosylated by NO, and thus removing the inhibitory ef-
fects of ABA on seeds germination and seedling develop-
ment.

In summary, Wang et al. discovered that NO plays a
negative role in ABA-mediated stomatal closure through
S-nitrosylation of OST1 and S-nitrosylation may represent a
general regulatory modification for kinase activities.

1 Yu M, Lamattina L, Spoel SH, Loake GJ. Nitric oxide function in
plant biology: a redox cue in deconvolution. New Phytol, 2014, 202:
1142-1156

2 Cutler SR, Rodriguez PL, Finkelstein RR, Abrams SR. Abscisic acid:
emergence of a core signaling network. Annu Rev Plant Biol, 2010,
61: 651-679

3 Lozano-Juste J, Leén J. Enhanced abscisic acid-mediated responses
in nialnia2noal-2 triple mutant impaired in NIA/NR- and
AtNOA1-dependent nitric oxide biosynthesis in Arabidopsis. Plant
Physiol, 2010, 152: 891-903

4  Wang P, Du Y, Hou YJ, Zhao Y, Hsu CC, Yuan F, Zhu X, Tao WA,
Song C, Zhu JK. Nitric oxide negatively regulates abscisic acid sig-
naling in guard cells by S-nitrosylation of OST1. Proc Natl Acad Sci
USA, 2015, 112: 613-618

5 Mustilli AC, Merlot S, Vavasseur A, Fenzi F, Giraudat J. Arabidopsis
OST1 protein kinase mediates the regulation of stomatal aperture by
abscisic acid and acts upstream of reactive oxygen species production.
Plant Cell, 2002, 14: 3089-3099

Open Access This article is distributed under the terms of the Creative Commons Attribution License which permits any use, distribution, and reproduction
in any medium, provided the original author(s) and source are credited.



