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Reactive oxygen species (ROS) produced by plant
NADPH oxidases (NOXes) are important in plant
innate immunity. The Oryza sativa respiratory burst
oxidase homologue B (OsRbohB) gene encodes a
NOX the regulatory mechanisms of which are largely
unknown. Here, we used a heterologous expression
system to demonstrate that OsRbohB shows ROS-
producing activity. Treatment with ionomycin, a Ca*"
ionophore, and calyculin A, a protein phosphatase in-
hibitor, activated ROS-producing activity; it was thus
OsRbohB activated by both Ca*" and protein phos-
phorylation. Mutation analyses revealed that not only
the first EF-hand motif but also the upstream
amino-terminal region were necessary for Ca>"-depend-
ent activation, while these regions are not required for
phosphorylation-induced ROS production.

Keywords: calcium ion (Ca®*)/EF-hand motif/
NADPH oxidase (NOX)/reactive oxygen species
(ROS)/respiratory burst oxidase homologue (Rboh).

Abbreviations: Ca>*, calcium ion; CA, calyculin A;
DPI, diphenylene iodonium; HEK, human embryonic
kidney; NOX, NADPH oxidase; PCR, polymerase
chain reaction; Rboh, respiratory burst oxidase
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Plants have several defence systems to cope with biotic
stress. Rapid production of reactive oxygen species
(ROS), termed an oxidative burst, is one such defence
mechanism against attacks by pathogens (/). ROS
induce cross-linking of cell walls, cell death, expression
of defence genes and propagation of rapid systemic
signalling.

Plant ROS are produced by the NADPH oxidase
(NOX), respiratory burst oxidase homologue (Rboh).
The rice Oryza sativa RbohA (OsRbohA) gene was pre-
viously isolated as a homologue of gp917"**/NOX2,
which is a catalytic subunit of the mammalian NOX
complex (2). Since then, Rboh genes have been isolated
from various plant species including Arabidopsis, to-
bacco and potato (3—6).

Plant Rboh proteins are predicted to contain six
conserved transmembrane helices, and cytosolic
FAD- and NADPH-binding domains in the carboxy
(O)-terminal region, which is homologous to NOX2.
Unlike NOX2, however, all plant Rboh proteins have
an extended amino (N)-terminal region that includes
two EF-hand motifs (7). NOX1—4 have no EF-hand
motif, whereas human NOXS5 has four (three canonical
and one non-canonical) in its N-terminal extension (8).
The EF-hand motif is composed of a typical
helix-loop-helix structural unit: two o-helices bridged
by a Ca*"-binding loop (9, 10).

Nine OsRboh (OsRbohA—I) genes have been identi-
fied in the rice genome. The transient expression of
OsRbohB was previously shown to enhance basal
ROS production in Nicotiana benthamiana (11); how-
ever, it remains unknown whether the ROS-producing
activity of OsRbohB is mediated by NOX. Moreover,
the activation mechanisms of OsRbohB involving the
two EF-hand motifs and the N-terminal region are
unclear.

To understand the ROS-producing activity and ac-
tivation mechanism of OsRbohB, we employed a
heterologous expression system using human embry-
onic kidney (HEK) 293T cells. HEK293T cells have
low ROS-producing activity due to an absence of
NOX2 and NOXS activity. This feature allows us to
monitor exogenous NOX activity quantitatively in real
time (72, 13) as was reported for Arabidopsis thaliana
Rboh (AtRboh) (14, 15).

This study demonstrated ROS-producing activity
and the activation mechanism of OsRbohB. We fur-
ther analysed the functions of the regulatory domains
in the N-terminal cytoplasmic region and revealed that
not only the EF-hand motif but also the upstream
N-terminal region was required for Ca®"-dependent
but not phosphorylation-dependent activation.

Materials and Methods

Plasmid constructs

OsRbohB complementary DNA (cDNA; AK065117) was amplified
by the polymerase chain reaction (PCR) with the following primers
containing BamHI restriction sites (underlined): OsRbohB-orf-F
(5-CGGGATCCGCTGACCTGGAAGCAGGCAT-3) and
OsRbohB-orf-R (5-CGGGATCCTTAGAAGTTCTCCTTGTG
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GA-3'). The amplified fragment was digested with BamHI and in-
serted into the corresponding sites of the pcDNA3.1 (—) vector
(Invitrogen). OsRbohB was then fused with a 3xFLAG epitope
tag at its 5-end. We also generated mutants of 3xFLAG:
OsRbohB containing D242A, G247A, E253Q, D286A, G291A and
D297N mutations, and a 3xFLAG:A226-OsRbohB deletion mutant
(A1-226 a.a.).

Cell culture and transfection

HEK293T cells were maintained at 37°C in 5% CO, in Dulbecco’s
modified Eagle’s medium nutrient mixture F-12 HAM (Sigma) sup-
plemented with 10% fetal bovine serum. HEK293T cells were tran-
siently transfected with 100 ng of the indicated plasmid or an empty
vector pcDNA3.1 (—) using Opti-MEM (Invitrogen) and GenelJuice
transfection reagent (Novagen) according to the manufacturer’s
protocol.

Measurement of ROS production

ROS production was measured by the peroxidase-dependent
luminol-amplified chemiluminescence technique according to a pre-
viously described method (74, 15). Measurements were made in
buffer containing 1.26 mM Ca’* (unless otherwise stated). To mo-
bilize Ca®* uptake, 1 uM ionomycin (Calbiochem) was applied to
cells. Chemiluminescence was measured every minute at 37°C using
a microplate luminometer (Centro LB960; Berthold Technologies).
ROS production was expressed as relative luminescence units per
second (RLU/s). Data are presented as an average of three samples
from a representative experiment. This experiment was independ-
ently replicated more than three times. Protein expression was de-
tected by Western blotting with an anti-FLAG antibody (M2;
Sigma). Comparable protein loading was confirmed by blotting
with a B-actin antibody as a control.

Results

Ca’"-dependent ROS-producing enzymatic activity
of OsRbohB

We used a heterologous expression system based on
HEK?293T cells to examine the ROS-producing enzym-
atic activity of OsRbohB. Cells were transfected with
OsRbohB or empty vector as a negative control.
OsRbohB was fused with a FLAG epitope tag.
Given that OsRbohB contains two EF-hand motifs
within its N-terminal region (/6), we hypothesized
that it is activated by Ca®". We therefore added
1 uM ionomycin, which is a Ca®>" ionophore that in-
duces Ca’*" influx into cells. Ionomycin rapidly and
transiently induced ROS production in OsRbohB-
transfected cells but not in empty vector-transfected
cells (Fig. 1A), suggesting that Ca?" induces the
ROS-producing enzymatic activity of OsRbohB.

To determine whether ionomycin-induced ROS pro-
duction is attributable to the NOX activity of
OsRbohB, we pretreated transfected cells with diphe-
nylene iodonium (DPI), which inhibits NOX activity.
DPI successfully abolished ionomycin-induced ROS
production in a dose-dependent manner (Fig. 1B),
indicating that ROS production is mediated by the
NOX activity of OsRbohB.

A role for the putative EF-hand motifs in the
Ca?*-induced activation

We generated OsRbohB mutants carrying point muta-
tions in the first EF-hand motif, EF-1 (D242A, G247A
and E253Q at X, G and —Z, respectively), and the
second EF-hand motif, EF-2 (D286A, G291A and
D297N at X, G and —Z, respectively), to determine
the role of the two EF-hand motifs in the
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Fig. 1 Ionomycin-induced ROS production by OrRbohB via NOX
enzymatic activity. (A) HEK293T cells were transiently transfected
with FLAG:OsRbohB (open squares) or empty vector (closed dia-
monds). Baseline measurements were made for 5min, after which

1 uM ionomycin was added. ROS production was measured as
RLU/s. Protein expression was detected by Western blotting.

(B) FLAG:OsRbohB-transfected cells were treated with the indicated
concentrations of DPI for 20 min. Ionomycin was then added to the
cells. The highest peaks of each RLU/s are plotted.

ionomycin-induced  ROS-producing activity  of
OsRbohB (Fig. 2A). We predicted that these substitu-
tions would greatly reduce the Ca®" affinity of the
EF-hand motif as they included changes to the critical
six amino acids (X, Y, Z, =Y, —X and —Z) contained
within the Ca’*-binding loop and involved in Ca’**
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chelation (9, 10). Moreover, glycine provides the bend
in the secondary structure of the EF-hand loop (10).
Indeed, ionomycin-induced ROS production by
OsRbohB was largely abolished by each of the
three mutations in EF-1 (Fig. 2B—D). Conversely,
the three mutations in EF-2 caused no change in
ROS-producing activity (Fig. 2E—G). The D286A-
OsRbohB mutant showed much higher ROS-
producing activity than wild type (Fig. 2E), whereas
the G291A and D297N mutations had little effect on
ionomycin-induced ROS production by OsRbohB
(Fig. 2F and G). These results suggest that
ionomycin-induced ROS production requires the
Ca*"-affinity of EF-1 but not that of EF-2.

A role for the upstream N-terminal region in the
Ca’*-induced activation

The N-terminal region of OsRbohB contains two
EF-hand-like domains, EF-like 1 and EF-like 2,
which are predicted from the structural analysis but
not from the amino acid sequence (Fig. 3A) (/6). To
examine the roles of the N-terminal region in ROS
production, we generated the N-terminal deletion
mutant, A226-OsRbohB (Fig. 3A), which completely
abolished the ionomycin-induced ROS-producing ac-
tivity of OsRbohB (Fig. 3B). This indicates that not
only the EF-hand motif but also the N-terminal region
is necessary to activate the Ca’"-dependent ROS pro-
duction of OsRbohB.

Protein phosphorylation-induced activation and its
requirement of the regulatory domains

In cultured rice cells, the phosphatase inhibitor calycu-
lin A (CA) induces ROS production (/7), which is in-
hibited by DPI (/8). It also enhances the protein
phosphorylation of AtRbohD protein in HEK293T
cells (14). To test the effect of CA on ROS production
by OsRbohB, we added CA to OsRbohB-transfected
or empty vector-transfected HEK293T cells. CA
slowly and continuously induced ROS production
in OsRbohB-transfected cells, but not in empty
vector-transfected cells, suggesting that protein phos-
phorylation activates OsRbohB (Fig. 4A).

Both ionomycin and CA induce ROS production
(Figs 1A and 4A), which suggests that Ca®* and pro-
tein phosphorylation activate the ROS-producing ac-
tivity of OsRbohB. To understand the relationship
between Ca®" and protein phosphorylation in the ac-
tivation of OsRbohB, we examined CA-induced ROS
production by OsRbohB in Ca®"-free buffer. We also
analysed the E253Q-OsRbohB and A226-OsRbohB
mutants that were not activated by ionomycin
(Figs 2D and 3B). CA was found to induce ROS pro-
duction by not only OsRbohB but also
E253Q-OsrbohB and A226-OsRbohB even in Ca**-
free buffer (Fig. 4B). These results suggest that protein
phosphorylation-induced = ROS  production by
OsRbohB is independent of Ca*", EF-hand regions
and the N-terminal region (1-226 a.a.).

Although CA also induced ROS production by
E253Q-OsRbohB and A226-OsRbohB, their activity
was reduced in comparison with OsRbohB (Fig. 4B).
Previous study of OsRbohB suggests that EF-hand

Analysis of the Rice NADPH Oxidase OsRbohB

motif has a very weak affinity for the C-terminal
region independently of Ca** (16). The EF-hand mu-
tation in E253Q-OsRbohB may have had an effect on
this affinity. The upstream N-terminal region (1-226
a.a.) contains several predicted phosphorylation sites
(Fig. 5). Accordingly, protein phosphorylation-
induced ROS production by A266-OsRbohB may
have been reduced.

Synergistic activation of OsRbohB by protein
phosphorylation and Ca>*

We next analysed the interrelationship between CA
and ionomycin on the activation of OsRbohB. When
we added CA and ionomycin to OsRbohB-transfected
HEK?293T cells, the ROS-producing activity was sig-
nificantly enhanced compared with the activation from
either CA or ionomycin alone (Fig. 6). This result sug-
gests that OsRbohB is synergistically activated by
Ca”" and protein phosphorylation.

Discussion

The present study analysed the activation mechanism
of OsRbohB using a heterologous expression system
based on HEK293T cells. We quantitatively monitored
ROS production derived from OsRbohB in real time
and observed that it was mediated by NOX activity
(Fig. 1). OsRbohB was activated by ionomycin via its
EF-hand motif (Fig. 2) and by CA (Fig. 4A), as well as
by both together (Fig. 6). These results suggest that
OsRbohB is activated by Ca®" and protein phosphor-
ylation and is synergistically activated by both.

In mammalian NOXS, protein phosphorylation was
shown to facilitate enzyme activation at lower levels of
[CaH]Cyt (19). Protein phosphorylation of OsRbohB
might, therefore, contribute to the Ca®' affinity of
the EF-hand motif, leading to the observed synergistic
activation by protein phosphorylation and Ca®". This
synergistic activation also resembles that of AtRbohC/
ROOT HAIR DEFECTIVE 2 (RHD2) and AtRbohD
(14, 15), suggesting that the mechanism might be con-
served among rice, Arabidopsis and other plant species.

We also demonstrated that EF-1 mutations
abolished ionomycin-induced ROS  production
(Fig. 2B—D). Recent structural analysis of OsRbohB
showed that EF-1 bound Ca’', while the E253A
mutant in EF-1 did not bind Ca*" (16). These results
suggest that EF-1 is critical for Ca®"-dependent acti-
vation of OsRbohB. Our present study found, con-
versely, that EF-2 mutations, which were predicted to
reduce Ca®" affinity of the EF-hand motif, did not
reduce  ionomycin-induced ROS production
(Fig. 2E—G). A previous structural study showed
that OsRbohB forms a homodimer structure in
which EF-1 of one molecule interacts with EF-2 of
another in a domain-swapping manner (/6). The
amino acid sequence of EF-2 significantly deviates
from the canonical one, and no bound Ca’' was
found in EF-2 (/6). Thus, EF-2 might contribute
more to dimer stabilization than to Ca’" affinity
during Ca”**-dependent ROS production.

Ionomycin-induced ROS production by OsRbohB
was shown to require not only the EF-hand region
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Fig. 2 Role of the two EF-hand motifs on ionomycin-induced ROS-producing activity of OsRbohB. (A) Amino-acid sequence of OsRbohB
EF-hand regions (227—304 a.a.). The consensus Ca”"-binding loop is shown: first (X), third (Y), fifth (Z), seventh (=Y), ninth (—X) and
twelfth (=Z) = Ca’* ligand: sixth (G) = glycine. (B—G) HEK293T cells were transiently transfected with FLAG:OsRbohB (open squares),
empty vector (closed diamonds) or the indicated plasmids (closed triangles): (B) FLAG:D242A-OsRbohB; (C) FLAG:G247A-OsRbohB;

(D) FLAG:E253Q-OsRbohB; (E) FLAG:D286A-OsRbohB; (F) FLAG:G291A4-OsRbohB and (G) FLAG:D297N-OsRbohB. Baseline measure-
ments were made for 5 min, after which 1 uM ionomycin was added. ROS production was measured as RLU/s. Protein expression was detected
by Western blotting.
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Fig. 3 Activity determination of OsRbohB protein with deleted
N-terminus (1-226 a.a.). (A) Schematic representation of OsRbohB
and N-terminal deletion mutant (A226-OsRbohB). OsRbohB con-
tains two EF-hand-like motifs (EF-like 1 and EF-like 2), two
EF-hand motifs (EF-1 and EF-2), six transmembrane domains and a
catalytic region (FAD- and NADPH-binding domains).

(B) HEK293T cells were transiently transfected with
FLAG:OsRbohB (open squares), FLAG:A4226-OsRbohB (closed cir-
cles) or empty vector (closed diamonds). Baseline measurements
were made for 5min, after which 1 pM ionomycin was added. ROS
production was measured as RLU/s. Protein expression was detected
by Western blotting.

but also the upstream N-terminal region (1-226 a.a.),
suggesting that the latter contains unknown regulatory
domains for Ca*"-dependent ROS production. EF-like
1 and EF-like 2 are putative regulatory domains
(Fig. 3A), the amino-acid sequences of which differ
from that of the canonical EF-hand motif, but which
together form a domain that preserves the structural
feature of the EF-hand motif (/6). It is conceivable
that the four EF-hand motifs (EF-1, EF-2, EF-like 1
and EF-like 2) of OsRbohB may coordinately function
for Ca’"-dependent ROS-producing activity, much

Analysis of the Rice NADPH Oxidase OsRbohB
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Fig. 4 CA-induced ROS-producing activity of OsRbohB.

(A) HEK293T cells were transiently transfected with FLAG:OsRbohB
(open squares) or empty vector (closed diamonds). Baseline measure-
ments were made for 5min, after which 0.1 uM CA was added.

(B) HEK293T cells were transiently transfected with FLAG:OsRbohB
(open squares), FLAG:4226-OsRbohB (closed triangles),
FLAG:E253Q-OsRbohB (closed circles) or empty vector (closed
diamonds). Protein expression was detected by Western blotting.
Measurements were made in buffer with (in A) or without (in B) Ca>*.

like the four EF-hands motifs of mammalian NOXS5,
which shows Ca’"-dependent ROS-producing activity
(8). It is also possible that other unknown domains
present in the N-terminal region function in Ca”*"-de-
pendent ROS-producing activity.
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Fig. 5 Predicted phosphorylation sites in OsRbohB. Amino acid se-
quence of the upstream N-terminal region (1-226 a.a.) and the
C-terminal region (590—905 a.a.) of OsRbohB are underlined by
straight and broken lines, respectively. The predicted phosphory-
lated serine (S) or threonine (T) by the NetPhos 2.0 server (http://
www.cbs.dtu.dk/services/NetPhos/) are shown by gothic letters.

ionomycin
12000 -
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10000 - - t *

—h— e +

8000

RLU/s

6000

4000

2000

Time (min)

Fig. 6 Synergistic activation by CA and ionomycin. HEK293T cells
were transiently transfected with FLAG:OsRbohB. Baseline meas-
urements were made for 5min, then measurements were taken with
0.1 uM CA followed 10 min later by ionomycin addition (open
squares), with ionomycin addition alone (closed triangles) or with
CA addition alone (closed diamonds).

Although CA induced the ROS-producing activity
of OsRbohB, similar to ionomycin, the temporal pat-
tern of ROS production was clearly different. ROS
production induced by CA was slow and continuous,
whereas that induced by ionomycin was rapid and
transient (Figs 4 and 1A). Both of the EF-hand
motifs and the N-terminal region (1-226 a.a.) were
required for ionomycin-induced ROS production,
whereas both were dispensable for CA-induced ROS
production, suggesting that there are at least two dis-
tinct mechanisms for the activation of OsRbohB, in
which different domains are involved. Ca*" binding
to the EF-hand motif of the OsRbohB N-terminal
region induces a conformational change (/6); this in-
dicates that such a Ca’"-dependent conformational
change leads to OsRbohB activation. In addition to
the EF-hand motifs, further upstream N-terminal
region has been shown to play a critical role in
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Ca’*-dependent activation. Alternatively, protein
phosphorylation might induce conformational changes
in the C-terminal region of OsRbohB. In C-terminal
region of NOXS5, four phosphorylation sites are phos-
phorylated, leading to activation of NOXS5 (79). The
NetPhos 2.0 server (http://www.cbs.dtu.dk/services/
NetPhos/) predicted that 18 Ser/Thr residues were
phosphorylation sites in the C-terminal region (590
a.a. onward) of OsRbohB (Fig. 5). It should be im-
portant to dissect the roles of various regulatory
domains in Ca*"-dependent and phosphorylation-
dependent activation in Rboh proteins in various
plant species.
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