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Functional regulation of plant NADPH oxidase and its role in signaling
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ABSTRACT
Reactive oxygen species (ROS) serve as a key signal messenger in plant cells. Plant NADPH oxidases, known
as respiratory burst oxidase homologues (RBOHs), catalyze the production of superoxide, a type of ROS,
and are involved in several essential processes in plants. In this review, we discuss recent studies about
functional regulation of RBOHs by calcineurin B-like protein (CBL)-CIPKs (the CBL-interacting protein
kinases), small GTPases, and lipids that integrate developmental cues and external stimuli.
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Introduction

Plants respond to diverse biotic and abiotic stresses as well as to
endogenous developmental cues. The conserved signal messengers,
reactive oxygen species (ROS), including singlet oxygen (1O2),
superoxide (O2

¡) and hydrogen peroxide (H2O2), function in a
plethora of developmental processes and reactions to environmen-
tal stimuli.1,2 The plant NADPH oxidases, which have been
designated as respiratory burst oxidase homologs (RBOHs), are the
most-studied ROS-producing enzymes. RBOHs play diverse roles
in cell growth and development, plant defense, and cellular signal
transduction.2 In this review, we summarize recent research into
the fine regulation of RBOHs by differential cellular effectors, such
as calcineurin B-like protein (CBL)-CIPKs (the CBL-interacting
protein kinases), small GTPases, andmembrane lipids.

CBL-CIPKs integrate calcium signaling into the ROS burst

Plant calcium sensors CBL-CIPKs regulate diverse signaling path-
ways byphosphorylating their target proteins.3-5 Studies of RBOHD
fromArabidopsis provided evidence of NADPHoxidase synergistic
regulation by phosphorylation and Ca2C binding to the N-terminal
EF-handmotif.6Recent studies showed thatCIPK26servedasaneg-
ative regulatory factor of RBOHF inArabidopsis.7 Co-expression of
CIPK26 decreased the ROS-producing activity of RBOHF in
HEK293T cells, and colocalization of CIPK26 and RBOHF in the
cell periphery was observed. However, how the CIPK26 is translo-
cated to the plasma membrane where it phosphorylates RBOHF is
still unknown.Moreover, in another report, CBL1/9 interactedwith
CIPK26 and strongly enhanced ROS production by RBOHF in
HEK293T cells, suggesting a direct interconnection between CBL-
CIPK-mediated Ca2C signaling and ROS production in plants.8

Therefore, it will be most interesting to investigate the detailed
mechanisms for the interrelations betweenCa2C and ROS signaling
regulatedbyCBL-CIPKcomplex inplants (Fig. 1).

In addition, Solanum tuberosum CDPK4/5 phosphorylated
RBOHB at Ser82 and Ser97, and regulated the oxidative burst
and plant innate immunity.9 During the plant immunity

response, the plasma-membrane-associated kinase BIK1, a
component of the FLS2 immune receptor complex, directly
interacted with and phosphorylated RBOHD, thereby regulat-
ing RBOHD-mediated ROS burst and stomatal defense.10,11

Small GTPase regulation of RBOH activity

In phagocytes, the NADPH oxidase complex consists of
gp91phox, p22phox, p47phox, p67phox, p40phox, and the
small GTPase Rac2.12 However, only RBOH and Rac (also
known as ROP) are found in the Arabidopsis and rice
genomes.12 Several lines of evidence indicate Rac confers cellu-
lar ROS regulation. First, overexpression of a constitutively
active (CA) form of OsRac1 resulted in elevation of ROS pro-
duction, while overexpression of a dominant-negative form of
OsRac1 suppressed ROS reduction.13,14 Secondly, GTPase GDP
dissociation inhibitor, a negative regulator of Rho GTPase,
inhibited RBOHC-mediated ROS production and lateral hair
development.15 Rice Rac1 has been shown to directly interact
with the N-terminal region of RBOH, mediating NADPH oxi-
dase activity and ROS production during defense, abiotic stress,
and development. The dynamic cytosolic calcium concentra-
tion might regulate the RAC-RBOH interaction.16

Studies of Arabidopsis ROP11 and RBOHF revealed that
CA-ROP11 specifically interacts with RBOHF, and the amino
acids Leu336 and Leu337 in RBOHF were key sites for its inter-
action with CA-ROP11.17 Mutated RBOHF that did not bind
to CA-ROP11 partially reduced ROS production by root hairs
in Arabidopsis plants overexpressing CA-ROP11, suggesting
that ROP11 modulates ROS production by regulating RbohF
activity during root hair development (Fig. 1).17

Lipid-mediated RBOH activity, ROS production,
and stomatal movement

Membrane lipids are rich sources for sensing extracellular stim-
uli and generating intracellular messengers. Phospholipase D

CONTACT Qun Zhang, zhangqun@njau.edu.cn College of Life Sciences, NJAU, Weigang, Nanjing, Jiangsu Province 210095, China.
© 2017 Taylor & Francis Group, LLC

PLANT SIGNALING & BEHAVIOR
2017, VOL. 12, NO. 8, e1356970 (3 pages)
https://doi.org/10.1080/15592324.2017.1356970

https://crossmark.crossref.org/dialog/?doi=10.1080/15592324.2017.1356970&domain=pdf&date_stamp=2017-09-22
mailto:zhangqun@njau.edu.cn
https://doi.org/10.1080/15592324.2017.1356970


(PLD) and its product, phosphatidic acid (PA), are involved in
regulating cell development, vesicle transport, cytoskeletal
organization, and responses to stresses.18,19 PLDa1-derived PA
binds to recombinant Arabidopsis RBOHD and RBOHF. The
PA binding motifs in RBOHD were identified as Arg residues
149, 150, 156, and 157, and mutation of the 4 amino acids
resulted in the loss of PA binding and the loss of PA-promoted
activation of RBOHD.20

In mammals, PLD2-generated PA binds directly to the
pleckstrin homology (PH) domain of guanine nucleotide-
exchange factor Sos (Son of sevenless), a Ras GEF, and thus
recruits Sos to the plasma membrane to catalyze the conversion
of Ras-GDP to Ras-GTP.21 This suggests PA functionally regu-
lates GEFs and GTPase activating proteins (GAPs).22 Interest-
ingly, PLD2 had also been found to promote GTP/GDP
exchange activity of RhoA that in turn mediates stress fiber for-
mation.23 Further studies showed that PLD2 was a GEF for
Rac2 with the PX being the major catalytic domain for its GEF
activity.24 However, no plant PLDs with GTP/GDP exchange
activity have been reported so far. In Arabidopsis, 14 members
of the GEF family have a plant-specific catalytic domain, ROP
nucleotide exchanger (PRONE), and they have no homology
with RhoGEFs in animals.25 Using fat-western blot and isother-
mal titration calorimetry assays, PA was found to binding spe-
cifically to GEF8, and lysines 13 and 18 in GEF8 were key sites
for its binding to PA.26 Moreover, Arabidopsis GEF8 activity
toward ROP10 was inhibited by PA, but its activity toward
ROP7 was stimulated by PA, suggesting PA influences the rela-
tive affinity of GEF for its different substrates (Fig. 1). More-
over, ROP11 has been found to bind to phosphatidylinositol
4,5-bisphosphate (PtdInsa[4,5]P2) and PA (our unpublished),
suggesting the plasma membrane lipids might serve as a func-
tional scaffold to regulate the interaction of GEFs and ROPs
and to modulate RBOH function.

Conclusion

The Arabidopsis genome has 10 RBOH genes, most of which
have been intensively studied, and like mammals, plants
ROBHs function in different cellular contexts. RBOHs are
localized in the plasma membrane and rapidly generate

cellular ROS bursts in response to stimuli.Dynamic cellular
changes in ROS level are thought to be essential for plants to
grow and survive under stress conditions.27 However, some
cross-liners or regulators between the plasma membrane and
RBOHs are still limited. For example, the composition of the
membrane often changes in response to external stimuli
affecting the fluidity of the membrane which in turn may
affect RBOH activity or the interaction between RBOH and
its effectors. Additional questions yet to be addressed
include: (1) whether RBOHs interact directly with plasma
membrane proteins, or indirectly through a complex with
other membrane components; (2) whether plasma mem-
brane-RBOH association is important for physically generat-
ing ROS in response to diverse stimuli; and (3) how specific
effectors regulate RBOH activity when plants are exposed to
more than one environmental stress. Therefore, in future
work, it will be necessary to further clarify RBOHs and effec-
tors, including plasma membrane proteins and lipids, and
other interacting proteins, to improve our understanding of
intrinsic molecular properties of RBOHs in plants.
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