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Abstract

Plasma membrane (PM) H*-ATPase and NADPH oxidase (NOX) are two key enzymes responsible for cell wall relaxation
during elongation growth through apoplastic acidification and production of "OH radical via O, , respectively. Our exper-
iments revealed a putative feed-forward loop between these enzymes in growing roots of Vigna radiata (L.) Wilczek
seedlings. Thus, NOX activity was found to be dependent on proton gradient generated across PM by H™-ATPase as evident
from pharmacological experiments using carbonyl cyanide m-chlorophenylhydrazone (CCCP; protonophore) and sodium
ortho-vanadate (PM H*-ATPase inhibitor). Conversely, H'-ATPase activity retarded in response to different ROS scaven-
gers [CuCl,, N, N’ —dimethylthiourea (DMTU) and catalase] and NOX inhibitors [ZnCl, and diphenyleneiodonium (DPI)],
while H,0, promoted PM H*-ATPase activity at lower concentrations. Repressing effects of Ca** antagonists (La*> and
EGTA) on the activity of both the enzymes indicate its possible mediation. Since, unlike animal NOX, the plant versions do
not possess proton channel activity, harmonized functioning of PM H*-ATPase and NOX appears to be justified. Plasma
membrane NADPH oxidase and H*-ATPase are functionally synchronized and they work cooperatively to maintain the
membrane electrical balance while mediating plant cell growth through wall relaxation.
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Introduction

Growth, as required for successful thriving of plants, particu-
larly for roots that explore for water and nutrients to support
incessant growth (Nibau et al. 2008; Baluska et al. 2010),
depends on rapid cell division and cell elongation. Major en-
largement process is constituted by cell expansion which
dwells on the delicate balance between relaxation/loosening
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of the wall polysaccharides and maintenance of turgor
(Cosgrove 2000a, 2000b). While wall acidification induced
enzymatic and expansin mediated cleavage of the bonds are
known for long (McQueen-Mason and Cosgrove 1994), reac-
tive oxygen species (ROS), specifically hydroxyl radical
("OH), have emerged later as a key agent for mediating non-
enzymatic scission of the polysaccharides (Schopfer 2001;
Liszkay et al. 2003).

The importance of ROS metabolism in plants becomes
evident from the presence of a strikingly large number of
potent sources for ROS generation throughout the plant
body functioning in accordance to their sites of action (Kar
2015). Besides cell wall peroxidase, plant NADPH oxidases
(NOXs) or respiratory burst oxidase homologs (RBOHs; ho-
mologs of gp91°"* subunit of mammalian phagocyte NOX
complex (Torres et al. 1998)) are one of the candidate en-
zymes responsible for production of apoplastic ROS (Sagi
and Fluhr 2006). The O, produced by NOX from reduc-
tion of O, with electrons coming from cytosolic NADPH
oxidation (Fluhr 2009) are converted to suitable forms of
ROS and take part in growth and development processes,
e.g., H,O, in cell wall stiffening (Schopfer 1996) or "OH in
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cell wall loosening (Schopfer 2001; Liszkay et al. 2003;
Airianah et al. 2016). On the other hand, in addition to other
essential functions such as energization of the membrane,
maintenance of cellular pH balance, promotion of cell wall
relaxation by activating wall-loosening enzymes (in coordi-
nation with auxin) is also one of the primary activities of
plasma membrane (PM) H*-ATPase enzyme (Janicka-
Russak 2011; Janicka-Russak et al. 2013). Upon receiving
signals from different agents (i.e., auxin, blue light) PM H*-
ATPase is rescued from its low-activity state (incurred by C-
terminal autoinhibitory domain (Speth et al. 2010)) by bind-
ing of 14-3-3 proteins preceded by phosphorylation of
Thr947 (Hager 2003).

Nonetheless, cytoplasmic acidification and membrane de-
polarization would result from NOX activity if the charge im-
balance (caused by electron transfer) is not stabilized readily
(Ramsey et al. 2009). Although distinct mechanisms are report-
ed in animal system for this purpose, e.g., built-in or separate
voltage-gated proton channels (Maturana et al. 2002; Ramsey
et al. 2009), no such machinery is known in plants. PM H-
ATPase seems to be suitable in this regard which would com-
pensate the charge by extruding excess protons from cytosol as
well as provide them to the apoplastic enzymes for
dismutation/conversion of O, to H,O,. Since both apoplastic
"OH production (in a series starting from O, production by
NOX) and wall acidification (mediated by PM H*-ATPase) are
necessary for cell wall loosening leading to elongation growth,
presence of a functional harmony between PM H*-ATPase and
NOX seems reasonable. However, reports available in this
field are scanty and inconclusive leaving the question unan-
swered. Functional relationship between these two enzymes, if
any, should include several linking factors and Ca*?, an impor-
tant second messenger (Batisti¢ and Kudla 2012) seems to fit
well. Over the last decade, importance of Ca*? for NOX activ-
ity has been well documented (Sagi and Fluhr 2006;
Ogasawara et al. 2008; Gilroy et al. 2014; Mendrinna and
Persson 2015). However, the role of calcium (Ca*®) in PM
H*-ATPase activity is still unresolved because of dispersed
reports. Thus, cytosolic Ca*? has been demonstrated to inhibit
PM H*-ATPase in both guard and mesophyll cells of Vicia faba
(Kinoshita et al. 1995) and roots of Zea mays (De Nisi et al.
1999). On the contrary, increased [Ca**].,; and H" extrusion
was found to precede stomatal opening in Paphiopedilum
tonsum (Irving et al. 1992) and A A-induced membrane hyper-
polarization was found to be inhibited by EGTA (Ca** chela-
tor) and Verapamil (Ca*™ channel blocker) in Petunia hybrida
(Voronkov et al. 2010). Reports on differential effects of Ca*™-
mediated phosphorylation on PM H*-ATPase, i.e., enhance-
ment or diminution of activity further complicates the situation
(Janicka-Russak 2011; Morth et al. 2011).

In the present investigation, attempts have been made to
recognize and comprehend the plausible functional synchro-
nization between PM H*-ATPase and NOX in growing roots
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of Vigna radiata (L.) Wilczek seedlings following tissue stain-
ing experiments, spectrophotometric analyses and in gel na-
tive polyacrylamide gel electrophoresis (PAGE) assays. The
potent role of Ca*? in mediating the harmony has also been
examined by pharmacological experiments. A working model
representing the probable relationship between PM H*-
ATPase and NOX has been proposed.

Materials and methods

Plant material Surface sterilized seeds of V. radiata (L.)
Wilczek var. B1 were germinated for 12 h on moistened (with
distilled water) Whatman No. 1 filter papers in Petri dishes.
Germinated seeds were transferred to and incubated in test
solutions for 48 h under darkness. Temperature for both ger-
mination and incubation was maintained at 30 =2 °Cin a seed
germinator. Root portions of the 48-h grown seedlings were
used for experiments.

Superoxide (0,) localization studies In vivo production of
superoxide (O,") in both control and treated samples were
determined following Singh et al. (2014) with little modifica-
tion. Intact roots were incubated in O, " -specific staining me-
dium (consisting of Nitro blue tetrazolium chloride (NBT,
0.5 mM) dissolved in Na phosphate buffer (50 mM, pH
6.8)) for 30 min at 30 °C. Photographs were taken (with
Canon Power Shot A640) after discontinuing the reaction by
washing the samples thoroughly with distilled water.

Spectrophotometric estimation of apoplastic superoxide
Apoplastic superoxide production was estimated by XTT re-
duction assay following Schopfer et al. (Schopfer et al. 2001)
and Liszkay et al. (Liszkay et al. 2004) with some modifica-
tions. Excised roots (300 mg) were incubated in 1 mL K-
phosphate buffer (20 mM, pH 6.0) containing XTT
(500 uM). After dark incubation on a shaker for 45 min at
room temperature, absorbance of the bathing medium was
measured at 470 nm using a UV-Vis spectrophotometer
(Systronics, India). The molar concentration of O,"~ (calculat-
ed from A4 by using molar extinction co-efficient of 2.16 x
10* L mol ' em™") was estimated for individual treatments.
Wound-induced superoxide was avoided by keeping the ex-
cised roots, at first, in distilled water for 10 min.

Spectrophotometric assay of NOX Spectrophotometric assay
of NOX was carried out following Frahry and Schopfer
(2001) with some modifications. Root tissue (300 mg) was
homogenized in extraction medium comprising of Na-
phosphate buffer (50 mM, pH 6.8) with 0.5% Triton X-100
and subjected to centrifugation at 10000 rpm for 15 min at
4 °C. Reaction mixture, comprised of 250 uL enzyme sample
(20 pg protein), NADPH (final concentration 250 uM), and
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XTT (final concentration 500 uM), was incubated at 37 °C for
15 min. Absorbance (at 470 nm) was taken at 0 and 15 min of
incubation. Enzyme activity was calculated from the mean
difference of absorbance at 15 and 0 min.

Spectrophotometric assay of PM H™-ATPase Activity of PM
H*-ATPase was determined following the method of Hejl and
Koster (2004) with some modifications. Root tissue (300 mg)
was homogenized in 1.5 mL Tris-MES buffer (12.5 mM, pH
7.8) containing 250 mM sucrose, 1.25 mM DTT, 3 mM
EDTA, and 1 mM phenylmethylsulfonyl fluoride (PMSF)
and centrifuged at 5000 rpm for 15 min at 4 °C followed by
centrifugation of the supernatant at 16000 rpm for 45 min at
4 °C. The pellet was resuspended in 100 uL Tris-MES buffer
(1 mM, pH 7.6) containing 250 mM sucrose, | mM DTT, and
1 mM PMSEF. Subsequently 50 uL enzyme sample was added
to 200 pL Tris-MES buffer (37.5 mM, pH 6.5) containing
62.5 mM KCl, 7.6 mM MgSQO,4, 100 mM KNO3;, 1.25 mM
Na,MoQy, 1.25 mM NaNj, and 3 mM ATP and incubated at
37 °C for 20 min. The reaction was stopped by the addition of
160 uL SDS (10%) followed by incubation for 10 min at
37 °C. Reaction mixture was further reacted with 550 uL
0.905% Na;MoOy4 (in 1.45 N HCIl) and 40 puL 0.05%
ANSA. Inorganic phosphate (P7) production was quantified
by measuring the absorbance at 700 nm, which was correlated
with the relative activity of PM H*-ATPase. Presence of po-
tent inhibitors of tonoplast ATPase (KNO3), acid phospha-
tases (Na,MoQ,), and mitochondrial ATPase (NaN3) con-
firmed the source of Pi to be PM H*-ATPase only.

Native PAGE assay of NOX In gel assay for NOX activity was
performed following the methods of Carter et al. (2007) and
Singh et al. (2014) with some modifications. Root tissue
(300 mg) was homogenized in extraction medium comprising
of 50 mM Na-phosphate buffer (pH 6.8) and 0.5% Triton X-
100 and centrifuged at 10000 rpm for 15 min at 4 °C. The
supernatant was used as enzyme stock and 40 pg protein was
run in native PAGE (10% polyacrylamide gel with 5% stack-
ing gel). The gel slabs were immersed in superoxide-specific
staining medium, i.e., Tris-HCI buffer (10 mM, pH 7.4) con-
taining 100 uM MgCl,, 1 mM CaCl,, 1 mM NaNj3, 200 uM
NBT, and 134 uM NADPH and incubated for 30 min. Violet
bands appeared indicating NOX activity.

Native PAGE assay of PM H*-ATPase Root tissue (300 mg) was
homogenized in the same extraction buffer used in spectro-
photometric assay of PM H*-ATPase with 0.5% Triton X-100
being added in the buffer. The homogenate was centrifuged at
10000 rpm for 15 min at4 °C and the supernatant was used for
in gel assay of PM H*-ATPase activity (10% polyacrylamide
gel with 5% stacking gel; native, non-denaturing). The gel
was stained according to Suhai et al. (2009) with modifica-
tions. The gel slabs were immersed in Tris-MES buffer

(37.5 mM, pH 6.5) containing 62.5 mM KCI, 7.6 mM
MgS0Oy, 3 mM ATP (freshly prepared), and 0.1% Pb(NOs),,
incubated for 4 h on a gel rocker and kept unaltered overnight.
White bands of lead phosphate appeared corresponding to the
released Pi. These bands were transformed into definite
brownish-black bands of lead sulfide by immersing the gel
in 10 mM sodium sulfide solution for 5 min after thorough
washing in distilled water.

Statistical analysis Data have been presented with standard
error (SE) of the mean as vertical bar in the figures. Data were
analyzed by appropriate single-factor ANOVA and post hoc
comparisons were done with Tukey’s honest significant dif-
ference (HSD) to determine statistically significant differences
among individual treatments at P < 0.05 level following Singh
et al. (Singh et al. 2015).

Results

Effects of vanadate and CCCP on NOX Significant reduction in
superoxide (O,™") generation (linked to NOX activity) in the
roots of V. radiata was noted under the treatments with
protonophore (carbonyl cyanide m-chlorophenyl hydrazone
(CCCP), 50 uM) and P-type ATPase inhibitor (sodium or-
tho-vanadate, 100 uM) (Fig. 1). Thus, localization of
apoplastic superoxide using NBT stain demonstrated sharp
decline in the amount of accumulated superoxide (in terms
of intensity of the resulting deep blue/violet coloring of the
root tissue) during growth (Fig. 1a). Further assessment of
apoplastic superoxide production was carried out with the
help of XTT reduction assay of the bathing medium, which
confirmed the lowering of apoplastic superoxide production in
both CCCP and vanadate treatments (Fig. 1b).
Spectrophotometric assay for NOX activity using XTT clearly
revealed an inhibition of NOX activity under CCCP and
ortho-vanadate treatments (Fig. 1c). Finally, in gel native
PAGE assay for NOX activity also demonstrated the drop in
NOX activity under the treatments as indicated by thinner
bands than that of control (Fig. 1d).

Effects of ROS and ROS scavengers on H'-ATPase
Involvement of ROS in the regulation of PM H*-ATPase
was evident from the treatments with different ROS scaven-
gers or ROS enzyme inhibitors and H,O, (Fig. 2).
Spectrophotometric assay showed significant inhibition of
PM H*-ATPase under individual treatments with NOX inhib-
itors (diphenyleneiodonium (DPI), 20 uM; ZnCl,, 500 uM);
superoxide scavenger (CuCl,, 100 uM); and H,O, scavengers
(catalase, 500 U/mL; dimethylthiourea (DMTU), 100 uM)
(Fig. 2a). Further substantiation was achieved from in gel
native PAGE assay for PM H*-ATPase, which exhibited dis-
tinctly weaker bands under DPI, ZnCl,, and CuCl, (Fig. 2b) as
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Fig. 1 Effects of PM H*-ATPase inhibitor (sodium ortho-vanadate) and
cross-PM proton gradient dissipater (CCCP) on apoplastic superoxide
production and NADPH oxidase (NOX) activity in Vigna radiata (L.)
Wilczek root. a Localization of superoxide using NBT staining under
treatments of vanadate (100 uM) and CCCP (50 uM) along with
control (distilled water). b Spectrophotometric assay of rate of
superoxide production under treatments of vanadate (100 uM) and
CCCP (50 uM) along with control (n=3; F=30.34; p<0.001). ¢
Spectrophotometric assay of NOX activity under treatments of vanadate

well as catalase and DMTU (Fig. 2¢) treatments than control.
CuCl, was found to have the strongest negative influence on
PM H*-ATPase in both spectrophotometric as well as native
PAGE assays. On the other hand, application of different con-
centrations of exogenous H,0, (in the seedling growth medi-
um) showed dose-dependent effects on PM H™-ATPase
(Fig. 2d). Thus, an enhanced activity of PM H*-ATPase was
noted at low concentrations, e.g., 1 and 50 uM, although
higher concentrations (at mM range) were inhibitory.

Ca*? homeostasis and NOX and PM H*-ATPase activity In
order to assess any possible role of Ca*? in the regulation
of activity of NOX and PM H*-ATPase, 12-h germinated
seeds of V. radiata were treated with LaCl; (plasma mem-
brane Ca™ channel inhibitor, 100 uM), EGTA (Ca™ che-
lator, 500 uM), and LiCl (endosomal Ca*? release
blocker, 5 mM). Spectrophotometric analysis of NOX ac-
tivity using XTT reduction assay, showed significant but
weak inhibition of activity upon treatment with LaCl; and
EGTA (Fig. 3a). This was further corroborated by the
native PAGE assay where LaCl; and EGTA were of
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dIII

(100 pM) and CCCP (50 uM) along with control (n=3; F'=144.87;
»<0.001). d In gel assay of NOX activity under treatments of vanadate
and CCCP along with control (cropped lanes are shown; full-length gels
are presented in Supplementary Fig. S1). b, ¢ Data are mean of three
replicates and + SE are shown as vertical bars. Data were subjected to
ANOVA and post hoc comparison was carried out with Tukey’s HSD to
determine statistical significance among treatments. Different letters
indicate significant difference among various treatments

significant negative influence on the activity of NOX
(Fig. 3b). LiCl also showed similar inhibition of NOX
activity, although the effect was not significant in case
of spectrophotometric assay (Fig. 3a, b). On the other
hand, regulation of PM H*-ATPase also seemed to be
Ca*?-dependent. Thus, spectrophotometric analysis re-
vealed lower PM H*-ATPase activity in the samples treat-
ed with LaCl; and EGTA than in control set (Fig. 3c). In
gel assay (native PAGE), data also reflected the same, i.e.,
downregulation of PM H*-ATPase activity under less-
available cytosolic Ca*? incurred by LaCl; and EGTA
(Fig. 3d). Treatment with LiCl, though effectively de-
creased activity as shown in spectrophotometric analysis,
did not show any significant effect in native PAGE assay
of PM H*-ATPase (data not shown).

Discussion

That ROS regulates a number of plant processes—short-
term responses like stomatal opening/closure, chloroplast
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a
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(umol Pi mg™! protein h™)

Control DPI  ZnClL CuCl: Catalase DMTU

Treatments

Catalase DMTU

Control

Fig. 2 Effects of ROS scavengers (CuCl,, catalase, and DMTU) and
NOX inhibitors (DPI and ZnCl,) on PM H*-ATPase activity in Vigna
radiata (L.) Wilczek root. a Spectrophotometric assay of PM H*-
ATPase activity under treatments of DPI (20 uM), ZnCl, (500 uM),
CuCl, (100 uM), catalase (500 U/mL), and DMTU (100 uM) along
with control (n=3; F=75.28; p<0.001). b In gel assay of PM H"-
ATPase under DPI, ZnCl,, and CuCl, treatments along with control
(cropped lanes are shown; full-length gels are presented in
Supplementary Fig. S2). ¢ In gel assay of PM H'-ATPase under catalase

movements to long-term plastic developmental events
(e.g., seed germination, root growth) has been revealed
by several researches in recent times (Liszkay et al.
2004; Dunand et al. 2007; Singh et al. 2014; Majumdar
and Kar 2015; Tsukagoshi 2016). Such regulatory role of
ROS is mostly being played in the apoplastic space where
plasma membrane-located NADPH oxidase is one of the
major sources of apoplastic superoxide (Sagi and Fluhr
2006). However, activity of NADPH oxidase results in
membrane depolarization because of electron transport
across PM. In animal phagocytes, the VSOP/Hv1 proton
channels are reported to diminish these effects by
conducting pH-sensitive proton currents (Ramsey et al.
20006; Sasaki et al. 2006). However, no such counteracting
mechanism has been reported so far for plant NOX or
RBOH (NADPH oxidase). PM H"-ATPase, which is
responsible for majority of the charge-dependent plant
processes like solute uptake and phloem loading, may be
apprehended to possibly counteract NOX-dependent
depolarization by proton efflux. It is quite likely that
NOX and H*-ATPase, both located at PM, are coopera-
tively regulated. In the present study, experiments on
superoxide localization by NBT staining, apoploastic
superoxide production, and analysis of NOX activity (both

b

ZnCl,

Control DPI CuCl,

o

PM H*-ATPase activity

_ = N
A o O N
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—
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(umol Pi mg™! protein h™!)
=

—_
®w O
L

0 0.001  0.05 0.75 1 2
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0.5

and DMTU treatments with control (cropped lanes are shown; full-length
gels are presented in Supplementary Fig. S3). d Spectrophotometric assay
of PM H*-ATPase activity under treatment of different concentrations of
H,0, (0.001, 0.05, 0.5, 0.75, 1, and 2 mM) with control (n=3; F=9.1;
p<0.001). a, d Data are mean of three replicates and + SE are shown as
vertical bars. Data were subjected to ANOVA and post hoc comparison
was carried out with Tukey’s HSD to determine statistical significance
among treatments. Different letters indicate significant difference among
various treatments

spectrophotometric and in gel assay) with root tissues of
growing seedlings clearly indicated that either inhibition
of PM H*-ATPase using vanadate or dissipation of trans-
PM proton gradient by treating with CCCP leads to simul-
taneous downregulation of NOX activity (Fig. 1). It cor-
roborates the observation that NOX activity is membrane
potential-dependent (Babior 1999; Liszkay et al. 2004). It
also helps to explain the observation that fusicoccin can
increase ‘OH production by roots (Marr¢ et al. 1974)
where fusicoccin-induced H*-ATPase activity might, in
turn, lead to ROS formation possibly by influencing
NOX activity. It can be postulated that PM H*-ATPase
extrudes protons, on one hand, to stabilize the membrane
electrical imbalance and simultaneously to provide them to
produce H,O, after combining with superoxide spontane-
ously or through superoxide dismutase (SOD).

However, the role of H,O, or ROS on PM H*-ATPase
activity is highly debated and appears to be site-specific.
While it is reported that ABA—H,0,—Ca*? system inhibits
PM H*-ATPase in the guard cells (Taiz et al. 2015),
Voronkov et al. (2010) have observed DPI-mediated oblit-
eration and H,O,-induced restoration of membrane hyper-
polarization, sensitive to vanadate, in germinating male
gametophytes of P. hybrida. Based on the results that
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Fig. 3 Effects of plasma membrane Ca*? channel blocker (LaCls), Ca*>
chelator (EGTA), and endosomal Ca*? release inhibitor (LiCl) on NOX
and PM H*-ATPase activity in Vigna radiata (L.) Wilczek root. a
Spectrophotometric assay of NOX activity under treatments of LaCly
(100 uM), EGTA (500 uM), and LiCl (5 mM) along with control (n=
3; F=17.32; p<0.001). b In gel assay of NOX activity under treatments
of LaCl;, EGTA, and LiCl along with control (cropped lanes are shown;
full-length gels are presented in Supplementary Fig. S1). ¢
Spectrophotometric assay of PM H*-ATPase activity under treatments

ROS scavengers (CuCl,, catalase, and DMTU) and NOX
inhibitors (DPI and ZnCl,) strongly inhibit PM H™-
ATPase (Fig. 2a—c), present study also supports the posi-
tive involvement of ROS in PM H'-ATPase regulation
and the prominent dose-dependent activation by H,O,
(Fig. 2d) confirms it further. Supportive evidences also
come from Zhang et al. (2007), who reported that in
Populus euphratica callus, direct augmentation of PM
H*-ATPase was brought about by H,0, while NO in-
duced it through NOX activity. Moreover, the salt stress
(NaCl) induced high activity of PM H*-ATPase was di-
minished by both DPI and NMMA (NOS inhibitor).
Again in two different salt stressed poplars, i.e.,
P euphratica and Populus popularis, extracellular ATP
maintained cellular Na*/K* homeostasis by enhancing
H* efflux (by inducing PM H*-ATPase) which was medi-
ated by Ca*? and H,0, and the homeostasis was sensitive
to LaCl; and DPI (Zhao et al. 2015). H,0O,-induced PM
H*-ATPase upregulation has been reported by Li et al.
(2011) in Carex moorcroftii callus. The stimulation was
greater in combination with NaCl and H,O, than the sole
treatments of NaCl or H,O,. However, the salt stress-
induced upregulation was counteracted by DPI indicating
a potent orchestration between NOX and PM H*-ATPase.
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of LaCl; (100 uM), EGTA (500 uM), and LiCl (5 mM) along with
control (n=3; F=36.6; p<0.001). d In gel assay of PM H*-ATPase
activity under treatments of LaCl; and EGTA along with control (cropped
lanes are shown; full-length gels are presented in Supplementary Fig. S4).
a, ¢ Data are mean of three replicates and + SE are shown as vertical bars.
Data were subjected to ANOVA and post hoc comparison was carried out
with Tukey’s HSD to determine statistical significance among treatments.
Different letters indicate significant difference among various treatments

Stimulation of PM H*-ATPase by NOX derived H,O, has
also been reported in cucumber (Cucumis sativus) roots
under both heat (Janicka-Russak and Kabata 2012) and
salt (Janicka-Russak et al. 2013) stress. The stimulatory
effect has been interpreted as a result of increased gene
expression of PM H*-ATPase induced by H,O, (e.g.,
CsHA4, CsHAS, and CsHA9 in heat stress and CsHAI0
in salt stress). Regarding the inhibitory effect of HO, on
PM H'-ATPase, the observation of Lee et al. (2004)
seems appropriate that the excess production of H,O, at
different circumstances, e.g., low temperature in their
study, raises the level higher than physiological level
reaching to a stressful range (1 to 125 mM; Claeys et al.
2014) which may inactivate the enzyme, probably by ox-
idizing the thiol groups (Lee et al. 2004; Beffagna et al.
2005).

The mechanism of this presumed functional harmony be-
tween NOX and PM H*-ATPase should include several
linking factors and Ca*?, one most important signaling mole-
cule in plants (Batisti¢ and Kudla 2012), appears to play cru-
cial roles here. Role of Ca*™ in activation of NOX by direct
binding to the N-terminal EF hand motif or by phosphorylat-
ing the enzyme through CDPKs or by inducing phosphatidic
acid (PA) and Rho-type (ROP)-GTPase binding to NOX is
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[ Ca'2 - ROS positive feedback loop ]
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H* H /I\
H
H Vanadate Ca'? EGTA — Ca®2
Yy La’
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NADPH-oxidase
(NOX)

NADPH

NADP* H,0,)— KI

Fig. 4 Possible working model demonstrating the Ca**-mediated
synchronization of PM H*-ATPase and NADPH oxidase in Vigna
radiata (L.) Wilczek root. PM NADPH oxidase (RBOH) mediated O,
production is one of the prerequisites for cell elongation growth through
wall relaxation. H,O,, being produced spontaneously or through SOD,
either gets converted to "OH radical and cleave wall polysaccharides or
crosses the PM through aquaporins and serves as signaling molecule, Ca*
2 channel activator, PM H*-ATPase inducer (at low concentration), etc.
The membrane depolarization resulting from the transfer of electron by
NOX is stabilized by protons extruded out by PM H*-ATPase, which
simultaneously provides substrate (protons) for SOD. PM H*-ATPase
induced membrane hyperpolarization, besides being promontory for

well known (Sagi and Fluhr 2006; Ogasawara et al. 2008;
Gilroy et al. 2014; Kurusu et al. 2015). Our results, depicting
the inhibitory effects of LaCl; and EGTA on NOX (Fig. 3a, b),
corroborates the earlier findings. However, disputes persist
regarding its role in PM H*-ATPase activity specifically
concerning the effect of phosphorylation of the enzyme (in a
Ca**-induced manner) being negative or positive for its func-
tioning (Janicka-Russak 2011). Interestingly, our experiments
show that blocking Ca*? channels (by LaCls) or chelating it
(by EGTA) inhibited PM H*-ATPase in both spectrophoto-
metric and native PAGE assays (Fig. 3c, d) providing definite
evidences in favor of the essentiality of a threshold [Ca*z]cyt
for activating PM H*-ATPase and the critical Ca** concentra-
tion being built up from Ca*? influx only. Some studies have
also demonstrated positive roles of Ca** in PM H*-ATPase
activity. Thus, in contrast to the documented Ca**-ABA sys-
tem inhibiting PM H*-ATPase in guard cells (Taiz et al. 2015),
Yu et al. (2006) have reported an ABA-stimulated calcium-
dependent protein kinase (ACPK1) in grape berry mesocarp
that enhances PM H*-ATPase activity by phosphorylating the
enzyme and acting on its C-terminal autoinhibitory domain in
a completely Ca*>-dependent manner, i.e., removal of Ca*
eliminates the enhancement totally. However, considering
several phosphorylation sites, e.g., Thr931, Thr947, Thr955,
Ser931, Ser938, and many conflicting reports regarding the
effect of phosphorylation (Yu et al. 2006; Janicka-Russak
2011), it may be postulated that Ca*? regulates PM H*-
ATPase activity in a dose-dependent manner by phosphory-
lating different sites at different concentrations. Finally, con-
sidering the HACC channel properties, a subtle and dynamic
co-regulation can be hypothesized between PM H*-ATPase
and Ca** where the [Ca*’].y is extremely delicate and

expansins and certain wall relaxation-related enzymes, activates HACC
which, together with other H,O, stimulated Ca*? channels, builds up [Ca*
*]yt through cross-PM Ca*? influx. By binding with EF hand motif Ca*>
activates NOX whereas it modulates H*-ATPase activity by phosphory-
lation at different sites. La*>, a Ca*? channel blocker and EGTA, a Ca*?
chelator inhibits the formation of [Ca*z]Cyt and repress both NOX and PM
H*-ATPase activity. The inhibition of both NOX and PM H*-ATPase by
sodium ortho-vanadate (PM H*-ATPase inhibitor), CCCP
(protonophore), CuCl, (O, scavenger), KI (H,O, scavenger), and
ZnCl, (NOX inhibitor) treatments indicates towards a Ca**-intervened
functional harmony between the two enzymes

decisive for this pathwaym 1i.e., greater concentration of Ca*
? than threshold [Ca™].y, will inhibit PM H*-ATPase instead
of stimulating it. Since both ROS and PM H*-ATPase regulate
HACC activity (Demidchik et al. 2002; Foreman et al. 2003),
the proposed synchronization between PM H*-ATPase and
NOX seems to be Ca*? mediated. However, apart from Ca*
2 the coordination between PM H*-ATPase and NOX, may
also involve many other factors such as NaRALF (Nicotiana
attenuata Rapid alkalinisation factor) which, according to Wu
etal. (2007), regulates root growth and apoplastic pH by mod-
ulating the activity of PM H*-ATase and cytosolic ROS level.

Conclusion

It may be concluded that in plants, NOX and PM H*-ATPase
are functionally harmonized and work cooperatively to main-
tain the membrane electrical balance while mediating cell
growth through cell wall relaxation. Ca*? influx through PM
builds up the [Ca+2]cyt and links the two enzymes in a feed-
forward loop. A working model demonstrating the Ca**-me-
diated integration of NOX and PM H*-ATPase has been pro-
posed (Fig. 4).
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