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NADPH oxidase 2 (NOX2) produces the superoxide anion
radical (O2

−), which has functions in both cell signaling and
immune defense. NOX2 is a multimeric-protein complex
consisting of several protein subunits including the GTPase
Rac. NOX2 uniquely facilitates an oxidative burst, which is
described by initially slow O2

− production, which increases
over time. The NOX2 oxidative burst is considered critical to
immune defense because it enables expedited O2

− production
in response to infections. However, the mechanism of the
initiation and progression of this oxidative burst and its im-
plications for regulation of NOX2 have not been clarified. In
this study, we show that the NOX2 oxidative burst is a result of
autoactivation of NOX2 coupled with the redox function of
Rac. NOX2 autoactivation begins when active Rac triggers
NOX2 activation and the subsequent production of O2

−, which
in turn activates redox-sensitive Rac. This activated Rac further
activates NOX2, amplifying the feedforward cycle and resulting
in a NOX2-mediated oxidative burst. Using mutagenesis-based
kinetic and cell analyses, we show that enzymatic activation of
Rac is exclusively responsible for production of the active Rac
trigger that initiates NOX2 autoactivation, whereas redox-
mediated Rac activation is the main driving force of NOX2
autoactivation and contributes to generation of �98% of the
active NOX2 in cells. The results of this study provide insight
into the regulation of NOX2 function, which could be used to
develop therapeutics to control immune responses associated
with dysregulated NOX2 oxidative bursts.

NADPH oxidase (NOX) is a plasma or phagosome
membrane–bound enzyme. It produces superoxide anion
radical (O2

−), which often inactivates infections and serves as a
redox signaling molecule (1–3). Several NOX isoforms, named
numerically as NOX1, NOX2, NOX3, NOX4, and NOX5, have
been reported (4–6). However, only NOX1 and NOX2 func-
tion with multiple phox subunits and with Rac (3, 7). The
NOX2 phox subunits include cytochrome b558, p40, p47, and
p67 (Fig. 1). Cytochrome b558, which is comprised of p22 and
gp91, is unstable without p22 (8, 9). Of these phox subunits,
p47 and p67 have been shown to be phosphorylated to func-
tion with cytochrome b558 (Fig. 1) (10–14). Rac, another
NOX2 subunit, is a small GTPase that belongs to the Rho
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family of GTPases (15). All small GTPases, including the Rho
family, function by cycling between the active GTP-bound and
inactive GDP-bound states (16, 17). Active Rac is essential to
NOX2 functioning (Fig. 1) (3, 7).

A prospective assembly mechanism has been proposed for
the formation of the active multimeric NOX2 enzyme complex
(Fig. 1). Amphipathic arachidonic acid (or SDS in vitro) dis-
ables the autoinhibitory function of the “adaptor” protein p47,
which allows it to bind to cytochrome b558 (18). In turn, this
binding recruits p40 and p67 onto cytochrome b558 (step 1 in
Fig. 1) (19). Ultimately, the binding of the active Rac (20–22)
(step 2 in Fig. 1) to the NOX2 phox complex (13, 23, 24)
completes the assembly of the O2

−-producing NOX2 complex.
The Rac effector region (Rac1 numbering 26–45) has been
shown to be involved in the Rac-binding interaction with p67
on the NOX2 phox complex. Formation of this complex ac-
tivates NOX2 (25, 26). Although a contradictory report exists
(27), the Rac insert region (Rac1 numbering 124–135) has
been reported as interacting with the NOX2 phox complex to
activate the NOX2 function (22, 28–30). Interestingly, an
active Rap1A also has been shown to aid the function of NOX2
but not of NOX1 (3). Rap1A belongs to the Ras family of small
GTPases (15). However, the exact role of Rap1A in the NOX2
assembly process or in the NOX2 function is still debated (31).
Thus, Rap1A was omitted from the depicted model.

Guanine nucleotide exchange factors (GEFs) and redox
agents (32–34) can activate Rac. Studies have shown that Vav,
a Rho GEF, activates Rac through a Theorell–Chance type of
mechanism (16, 35–37). We have reported various redox
agents relevant to the control of the small GTPase activities
(34). Of them, O2

− is of interest because it is released from
NOX2 (3). We have identified a distinct GXXXXGK(S/T)C
motif that contains the redox-sensitive Cys18 (Rac1
numbering) conserved in many Rho proteins, including Rac
(38–40). We have shown that O2

−, but not its dismutation
product hydrogen peroxide (H2O2), activates Rho proteins by
targeting the GXXXXGK(S/T)C motif (34). In contrast to
GEFs and redox agents, GTPase-activating proteins (GAPs)
enhance the hydrolysis of the bound GTP to GDP, yielding an
inactive GDP-bound Rac (33, 41–43).

The O2
− production kinetics between the NOX isoforms

differ. The O2
− production of NOX2 as well as NOX1 is

initially minimal but amplified over time (44–46). However,
the O2

− production of NOX3, NOX4, and NOX5 is not
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Figure 1. Model of NOX2 assembly sequence. The cytochrome b558 that
consists of the membrane-anchored gp91 in complex with p22 is shown.
Binding of p47 followed by p40 and p67 to the cytochrome b558 results in
the formation of the NOX2 phox complex. Step 1: amphipathic arachidonic
acid (AA) disables the autoinhibitory function of the “adaptor” protein p47
to make it bind to cytochrome b558 (18), which in turn recruits p40 and p67
onto cytochrome b558 to produce the NOX2 phox complex (19). Step 2: the
binding of the active wt Rac to the NOX2 phox complex generates the O2

−-
producing active NOX2 complex. NOX2, NADPH oxidase 2.

NOX2 autoactivation by Rac
amplified. The unique time-dependent amplification of the
O2

− production by NOX1 and NOX2 has been known as an
“oxidative burst” for decades. Previous studies have also sug-
gested that this oxidative burst by NOX2 is an important
immune cell response against infections because it enables
NOX2 to expedite its O2

− production (44, 47–49). This NOX2
oxidative burst is kinetically described as hysteretic O2

− pro-
duction over time. Time-dependent chemical or biochemical
hysteresis can be generally described as a lagged or delayed
reaction output that is not strictly a function of the corre-
sponding input (50–53). “Autoactivation” is one of the known
time-dependent biochemical hysteretic events and described
as an amplification of the positive feedback loop action of
enzyme activation (53–55). Nevertheless, despite this opera-
tional knowledge, the mechanistic features of the hysteretic
NOX2 oxidative burst over time have remained unknown.

We examined the kinetic features of the hysteretic NOX2
O2

− production over time. We found that the NOX2 oxidative
burst is a reflection of the Rac redox-dependent NOX2
autoactivation. Our findings suggest a mechanism for NOX2
activation in which NOX2 is autoactivated through Rac-
dependent amplification of the action of the positive feed-
back loop, which enables rapid activation of NOX2 in cells.
Given that an active Rac also is required for NOX1 function
and that NOX1 also displays an oxidative burst over time,
discovery of the mechanism of NOX2 autoactivation is likely
to be applicable to NOX1 as well.
Results

We used cell-free and whole cell–based approaches to
examine the mechanism of the NOX2 oxidative burst and its
relevance to the regulation of NOX2 activity.
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NOX2 activation coupled with Rac activation

Studies show that the NOX2 oxidative burst is hysteretic
and also time dependent (44–46). Notably, O2

− can be pro-
duced only after formation of the active NOX2 complex
(Fig. 1). O2

− is one of the redox agents that elicits the redox
response of wt Rac to produce active wt Rac (38). Accordingly,
the observed hysteretic NOX2 activation may have occurred
because of the feedback loop redox response of wt Rac to this
NOX2-produced O2

−. If so, this redox-dependent wt Rac
activation could lead it to bind to the NOX2 phox complex to
produce the active NOX2 complex. We have shown that the
H2O2 dismutated from O2

− is unable to induce any redox
response of wt Rac (38). However, studies also show that H2O2

is capable of oxidizing protein functional groups such as thiols
(56, 57); therefore, this H2O2 may have an effect on the po-
tential redox-mediated feedback loop between wt Rac and the
NOX2 complex. To test for these possibilities, we examined
the redox response of wt and redox-inert C18S Rac and its
resultant active NOX2 complex formation under various redox
conditions. Note that, although the exact mechanistic reason is
unclear, C157S Rac also is redox inert. Therefore, as a control,
C157S Rac also was used instead of C18S Rac in our exami-
nation in the cell-free and whole-cell systems.

Hysteretic redox-mediated activation of Rac and its function on
NOX2 activation

Figure 2A shows that the hysteretic O2
− production was

linked only with the addition of inactive wt Rac to the cell-free
NOX2 phox complex system containing a small fraction of
preactivated wt Rac. It also is intriguing that, under identical
experimental conditions, the inactive wt Rac that was added to
the cell-free system of the NOX2 phox complex became acti-
vated hysteretically over time (Fig. 2B). Moreover, the kinetic
profile of the binding of this hysteretically activated wt Rac to
the NOX2 phox complex also was hysteretic over time (Fig. 2C).
These results suggest that the hysteretic NOX2 O2

− production
—equivalent to hysteretic NOX2 activation—is rooted in the
kinetic profile of the hysteretic activation of the initially inactive
wt Rac, followed by its binding to the NOX2 phox complex to
produce the active NOX2 complex. It is noteworthy that the
presence of a small fraction of preactivated wt Rac in the cell-
free NOX2 phox complex system was essential for all the
observed NOX2-relevant hysteretic processes over time.
Without this small fraction of preactivated wt Rac in the cell-
free assay system, no time-dependent hysteretic events were
observed (not shown). The presence of this small fraction of
preactivated wt Rac was determined to be one of the indis-
pensable components required for the wt Rac-dependent NOX2
autoactivation (see the section on Rac-dependent autoactivation
of NOX2 and its kinetic features).

The hysteretic production of NOX2 O2
− as well as the

activation of wt Rac and its binding to the NOX2 phox com-
plex over time become minimized when an excess of NADH is
added to the cell-free system during activation of the hysteretic
NOX2 (Fig. 2, A–C). NADPH—but not NADH—is a substrate



Figure 2. Kinetics of the NOX2 O2
− production and its dependency on

the active NOX2 complex formation in the cell-free system. NOX2 O2
−

production and the NOX2 complex formation associated with wt Rac acti-
vation in the cell-free system were examined. All assays were initiated by
the addition of fully preactivated or inactive wt Rac (100 μM) to the cell-free
system that contained the NOX2 phox complex in the presence of SDS. The
NOX2 phox complex is comprised of cytochrome b558 (gp91 plus p22), p40,
p47, and p67 (Fig. 1). For comparisons, inactive C18S or C157S Rac also was
used for this assay instead of inactive wt Rac. For all assays with inactive wt
or mutant Rac, a fraction of preactivated wt Rac (�2 mol %) was added prior

NOX2 autoactivation by Rac
of NOX2 to produce O2
−. An excess of NADH competes with

NADPH to minimize O2
− production from NOX2. Therefore,

the results suggest that O2
− produced from NOX2 is involved

in the hysteretic wt Rac and NOX2 activation over time.
However, the hysteretic NOX2 O2

− production and its relevant
processes of wt Rac activation and its binding to the NOX2
phox complex over time were unaffected by treatment with an
excess of H2O2 (Fig. 2, A–C). Thus, the results suggest that
H2O2 dismutated from O2

− has no effect on the hysteretic wt
Rac and NOX2 activation over time. When combined, these
results suggest that the hysteresis of the wt Rac and NOX2
activation over time is because of the O2

− produced from
NOX2, but not because of its dismutated form, H2O2. This
notion explains the counteraction of the superoxide dismutase
(SOD) (58, 59) on the hysteretic events of NOX2 O2

− pro-
duction as well as on wt Rac activation and its binding to the
NOX2 phox complex over time (Fig. 2, A–C). O2

− dismutation
by SOD minimizes hysteretic O2

−-dependent wt Rac activa-
tion, thus blocking the binding of wt Rac to the NOX2 phox
complex to produce active NOX2 (Fig. 2, A–C).

Figure 2A shows that after C18S or C157S Rac was added to
the cell-free NOX2 phox complex system in the presence of a
small fraction of preactivated wt Rac, production of NOX2 O2

−

was minimal. Neither C18S nor C157S Rac was activated
during the assay (Fig. 2B), and neither C18S nor C157S Rac
was capable of binding to the NOX2 phox complex to produce
the active NOX2 complex under the same experimental con-
ditions (Fig. 2C). These failures associated with the redox-inert
Rac (such as C18S and C157S Rac) in conjunction with the
role of O2

− in the hysteresis of the wt Rac and NOX2 activation
(see previous one) suggest a detailed mechanistic feature of the
hysteretic wt Rac and NOX2 activation over time: the O2

−-
mediated wt Rac redox response is required to hysteretically
activate the wt Rac that in turn enables wt Rac to bind to the
NOX2 phox complex; these interactions then result in the
production of O2

− by the active NOX2 complex in the cell-free
system.

Intriguingly, all the observed hysteretic events—NOX2 O2
−

production, wt Rac activation, and wt Rac binding to the
NOX2 phox complex—were further enhanced by the addition
of a radical quencher, ascorbic acid, to the cell-free system
(Fig. 2, A–C). It was shown that the radical quencher enhances
the O2

−-mediated wt Rac activation (38). The results thus
suggest that the effect of the radical quencher on wt Rac can be
to adding wt or mutant Rac as described in the Experimental procedures
section. When necessary, SOD (500 units), H2O2 (5 w/w), NADH (10 mM),
or ascorbic acid (10 mM) was added as indicated. A, NOX2 O2

− production
using the cell-free assay system was measured by monitoring oxidation of
cytochrome c over time as described in the Experimental procedures sec-
tion. All NOX2 phox subunits used in this assay were unlabeled. B, the wt
Rac activity was examined by monitoring the change in mant fluorescence
intensity over time as described in the Experimental procedures section.
Within this assay, mant-tagged GTP was used instead of the unlabeled GTP.
All NOX2 phox subunits used in this assay were unlabeled. C, the active
NOX2 complex formation was examined by monitoring the change in
rhodamine fluorescence intensity over time as described in the
Experimental procedures section. For this assay, the rhodamine-tagged
cytochrome b558 was used instead of the unlabeled cytochrome b558.
NOX2, NADPH oxidase 2; SOD, superoxide dismutase.
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NOX2 autoactivation by Rac
applicable to the wt Rac activation in the NOX2 system. The
enhancement of NOX2 O2

− production by ascorbic acid over
time also supports the notion that the hysteretic wt Rac acti-
vation is responsible for the wt Rac binding to the NOX2 phox
complex and thus NOX2 O2

− production.
Figure 3A shows that NOX2 O2

− production in the stimu-
lated differentiated HL60 (dHL60) cells was hysteretic. This
hysteretic NOX2 O2

− production over time was linked with
the time-dependent hysteretic wt Rac activation (Fig. 3B) and
with its recruitment to the NOX2 phox complex (Fig. 3C).
Figure 3A also shows that, as with the results of the study of
the cell-free system, NOX2 O2

− production was minimal from
the stimulated dHL60 cells expressing C18S or C157S Rac.
The pull-down assays in combination with the determination
of Rac activity also show that the C18S or C157S Rac expressed
in dHL60 cells was only minimally activated (Fig. 3B). C18S or
C157S Rac expressed in dHL60 cells was minimally recruited
to the NOX2 phox complex over time (Fig. 3C). All these cell
study results also suggest that the O2

−-mediated wt Rac redox
response causes wt Rac activation coupled with the wt Rac
Figure 3. NOX2 assembly and its link to the NOX2 O2
− production in dHL

and its resultant NOX2 O2
− production in cells was examined. For this analysis,

inert C18S or C157S Rac were used. A, O2
− production from the PMA-stimulat

over time as described in the Experimental procedures section. B, the wt Rac ac
using the colorimetric wt Rac activity assay kit (Abcam) as described in the
complexes resuspended in the sample buffer were used. All wt Rac activity assa
are shown. C, the cellular active NOX2 complex formation in the PMA-stimula
described in the Experimental procedures section. For this assay, as noted in
pended in the sample buffer were used. Upper panel, the Western analysis of th
analyses of the pull-down sample with p40, p47, and p67 antibodies as well as
wt Rac and actin contents in the whole-cell lysates also were analyzed by u
myristate acetate.
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recruitment to the NOX2 phox complex. In turn, this response
also yields the active NOX2 that produces O2

−.

Fully preactivated Rac and its function on NOX2 activation

Figure 2A shows that when the fully preactivated wt Rac
instead of the inactive wt Rac was added to the same cell-free
system, NOX2 O2

− production was only hyperbolic over time.
The activity of the preactivated wt Rac also remained un-
changed during the assay (Fig. 2B). The kinetic profile of the
binding of the preactivated wt Rac to the NOX2 phox complex
in the cell-free system was nevertheless hyperbolic rather than
hysteretic over time (Fig. 2C). These results suggest that pro-
duction of hyperbolic NOX2 O2

− occurs solely because of the
kinetic profile of its hyperbolic binding of the fully preactivated
wt Rac to the NOX2 phox complex to produce the active
NOX2 complex.

The NOX2 O2
− production associated with the constitu-

tively active G12V Rac and its recruitment to the NOX2 phox
complex in the stimulated dHL60 cells were hyperbolic over
time (Fig. 3, A–C). Moreover, upon stimulation of the dHL60
60 cells. Formation of the NOX2 complex associated with wt Rac activation
dHL60 cells transfected with wt Rac, constitutively active G12V Rac, or redox
ed dHL60 cells was examined by monitoring the oxidation of cytochrome c
tivity change over time in the PMA-stimulated dHL60 cells was examined by
Experimental procedures section. For this analysis, the pull-down NOX2
ys were performed independently three times; their average values with SD
ted dHL60 cells was examined by using pull-down and Western analyses as
the Experimental procedures section, the pull-down NOX2 complexes sus-
e pull-down sample with gp91 antibody is shown. Middle panel, the Western
a wt Rac antibody are shown. Lower panel, as loading controls, the cytosolic
sing wt Rac and actin antibodies. NOX2, NADPH oxidase 2; PMA, phorbol



NOX2 autoactivation by Rac
cells, the recruitment of the phox subunits to cytochrome b558
occurred earlier than the wt Rac recruitment to cytochrome
b558 (Fig. 3C). This was also observed in the constitutively
active G12V Rac-expressing dHL60 cells (not shown). The
order in which cells in NOX2 are assembled is consistent with
previous reports (31). This order of assembly in NOX2 also
supports the notion that the final recruitment of active wt Rac
is the key controlling factor that determines the kinetic mode
of the formation of the active NOX2 complex, and thus NOX2
O2

− production. The results of the cell study are consistent
with the cell-free study results in that the preactivated wt Rac
elicits the hyperbolic production of O2

−.
Roles of Rac effector and insert regions in the hysteretic wt
Rac and NOX2 activation

The cell-free and whole cell–based kinetic analyses suggest
that the unique time-dependent hysteretic coupling between
wt Rac and NOX2 activation is accompanied with the binding
interaction of wt Rac with the NOX2 phox complex. It is
unclear whether the time-dependent hysteresis of wt Rac and
NOX2 activation is rooted in the kinetic process of wt Rac and
NOX2 activation or governed by a previous unknown potential
hysteretic-binding process of the Rac effector and/or insert
region(s) to the NOX2 phox complex over time. To test these
possibilities, we examined the kinetic profile of the NOX2
activation with the effector mutants A27K and G30S Rac (60)
as well as the insert region mutants K132E and L134R Rac (28,
29) in the cell-free system. The experimental conditions for
these examinations were identical to those with wt Rac in
which a small fraction of preactivated wt Rac was present in
the cell-free assay system.

Table 1 shows that no hysteretic NOX2 O2
− production

over time occurred when we used the initially inactive A27K or
G30S Rac instead of the initially inactive wt Rac (Table 1).
Neither the initially inactive A27K nor the G30S Rac was
activated, and both were incapable of binding to the NOX2
phox complex over time (Table 1). Neither the fully pre-
activated A27K nor G30S Rac was able to bind to the NOX2
phox complex over time (Table 1). The redox sensitivity of
both A27K and G30S Rac was the same as that of wt Rac
(Table 1). This lack of NOX2 activation regardless of the ac-
tivity status of A27K or G30S Rac suggests that the interaction
of the Rac effector region with p67 on the NOX2 phox
Table 1
Role of the effector and insert regions of Rac in the hysteretic couplin

Rac

Hyperbolic NOX2
activation with fully
preactivated Rac

Hystereti
activation wit

inactive

wt Rac +++ +++
Rac redox motif mutants C18S — —

C157S — —
Rac effector region mutants A27K — —

G30S — —
Rac insert region mutants K132E ++ ++

L134R ++ ++
a Rac redox sensitivity was measured without the NOX2 phox complex in the cell-free sys
redox sensitivity or the fastest hysteretic activation rate of NOX2 and wt Rac over time
respectively, 30% and 60% slower rates than those of the rates shown as “+++.” The sym
complex is not responsible for the time-dependent hysteresis
of wt Rac and NOX2 activation. Instead, it appears to function
simply for the binding of the hysteretically activated Rac to p67
on the NOX2 phox complex.

Table 1 also shows that, unlike what happened with the Rac
effector mutants, the hysteretic NOX2 O2

− production with
the initially inactive K132E or L134R Rac was observed.
However, the hysteretic process is �1.5-fold slower than that
with the initially inactive wt Rac. The rate of the binding of the
initially inactive K132E or L134R Rac to the NOX2 phox
complex also was �1.5-fold slower than that of the initially
inactive wt Rac to the NOX2 phox complex (Table 1). How-
ever, once the relatively slow hysteretic process associated with
the initially inactive K132E or L134R Rac was completed, the
final total activity of NOX2 was the same as that with wt Rac.
Moreover, the binding of the fully preactivated K132E or
L134R Rac to the NOX2 phox complex was hyperbolic over
time; however, it also was 1.5-fold slower than that with the
fully preactivated wt Rac. The redox sensitivity of K132E and
L134R Rac was nevertheless nearly identical to that of wt Rac
(Table 1). Given that both the hysteretic and hyperbolic pro-
cesses associated with the initially inactive and fully pre-
activated K132E or L134R Rac, respectively, were consistently
slower than those associated with wt Rac, the time-dependent
hysteretic NOX2 activation feature is unlikely to be rooted in
the Rac insert’s region-binding interaction with the NOX2
phox complex. The relatively slow binding feature of active
K132E or L134R Rac to the NOX2 phox complex may be
because of the perturbation of the function of the insert region
by the mutation (28, 29) or the potential instability of K132E
and L134R Rac (27).
Role of the O2
− channel in the hysteretic Rac redox response

and NOX2 activation in cells

Unlike in the cell-free system, cells possess a plasma or
phagocytic membrane that separates NOX2 subunits,
including wt Rac, from the extracellular O2

− released by NOX2
(3). This notion raises the question, how does the extracellu-
larly released O2

− cross the membrane to provide feedback to
activate the wt Rac located within cells? Studies show that O2

−

can cross these membranes through one of the chloride
channels—chloride channel-3 (ClC-3)—to reach the place in-
side cells where wt Rac is located (61–63). Accordingly, ClC-3
g of the Rac redox response and NOX2 activation

c Rac
h initially
Rac

Hysteretic NOX2
activation with initially

inactive Rac

Hyperbolic Rac
activation with fully
preactivated Rac

Rac redox
sensitivitya

+++ +++ +++
— +++ —
— +++ —
— — +++
— — +++
++ ++ +++
++ ++ +++

tem by using KO2 as the O2
− source. The symbol “+++” represents the maximal wt Rac

based upon the results shown in Figure 2, A and B. The symbols “++” and “+” reflect,
bol “—” denotes a lack of the redox sensitivity or hysteretic activation over time.
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NOX2 autoactivation by Rac
on the plasma membrane may function as a conduit for O2
−

that enables the wt Rac redox response in cells.
To explore this possibility, we examined the expression of

ClC-3 and its potential function in the O2
−-mediated activa-

tion of wt Rac activation and its effect on NOX2 function in
cells. Figure 4A shows that the ClC-3 channel was ubiquitously
expressed in the plasma membrane of dHL60 cells and human
neutrophils. Their expression densities on the plasma mem-
brane were unchanged even after the cells were stimulated
(Fig. 4A). Minimal production of O2

− was observed when
dHL60 cells were treated with either of the ClC-3 inhibitors, 4-
acetamide-40-isothiocyanatostilbene-2,20-disulfonic acid
(SITS) or 4,4-diisothiocyanatostilbene-2,20-disulfonic acid
(DIDS) (Fig. 4B). The effect of wt Rac activation on the dHL60
cells treated with SITS or DIDS was also minimal (Fig. 4C).
Furthermore, wt Rac recruitment to the NOX2 phox complex
to produce the active NOX2 complex was significantly
impeded by the treatment of dHL60 cells with SITS (Fig. 4D)
or DIDS (not shown). These results are intriguing because this
appears to be the first report of the action of the ClC-3 in-
hibitors on wt Rac and NOX2 activation. Nevertheless, in
taking into account that O2

− elicits a wt Rac redox response,
these results suggest that ClC-3 functions as a O2

− conduit
Figure 4. Identification of ClC-3 on the plasma membrane and its releva
presence of ClC-3 on the plasma membrane and its function in the formation o
were performed for the plasma membrane fractions of cells suspended in th
antibody (Alomone Labs). For this analysis, dHL60 cells unstimulated and st
brane fractions of neutrophils unstimulated and stimulated with PMA for 10 mi
was also examined. B, O2

− production from the PMA-stimulated dHL60 cells
oxidation of cytochrome c over time as described in the Experimental proced
instead of SITS. C, Wt Rac activity in the PMA-stimulated, SITS-treated, and unt
dHL60 cells were treated with and without the ClC-3 inhibitor SITS for 10 min
formation over time in the PMA-stimulated dHL60 cells in the presence and abs
Western analyses as described in C, the middle panel of Figure 3. Actin and to
shown as loading controls. ClC-3, chloride channel-3; DIDS, 4,4-diisothiocyana
istate acetate; SITS, 4-acetamide-40-isothiocyanatostilbene-2,20-disulfonic acid.
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that enables cellular wt Rac activation by the extracellular O2
−

and thus activation of NOX2 in cells. These results also sug-
gest that ClC-3 is a key component for NOX2 activation in
cells, a role not previously taken into account.

In considering the short life span of O2
−, the question as to

where and when there is enough O2
− to cross the plasma

membrane and activate wt Rac arises. To address this question,
we have analyzed the half-life and diffusion distance of O2

−

under various cellularly relevant conditions (see details in the
Supporting information section). Our analysis suggests that
O2

− has a sufficiently long half-life to enable its diffusion to
nearby cells, where it may be imported into the cell cytoplasm.
The half-life of O2

− depends strongly on the concentration of
its reaction partners, therefore its ability to act in this manner
varies with cellular context. However, even at nanomolar O2

−

concentrations, and in the presence of equimolar SOD, it is
estimated that O2

− has a half-life of many tenths of a second
enabling it to diffuse distances that span many cell diameters.
Consequently, even at the beginning of NOX2 autoactivation
(when O2

− concentration is low), enough O2
− is present to

cross the plasma membrane through ClC-3 to hysteretically
activate wt Rac. The H2O2 that is dismutated from O2

− can
pass through aquaporins to reach the cellular NOX2 system
nce on the wt Rac assembly to the NOX2 complex in dHL60 cells. The
f the NOX2 complex was examined by using dHL60 cells. A, Western analyses
e sample buffer (see the Experimental procedures section) with the ClC-3
imulated with PMA for 10 min were used. As controls, the plasma mem-
n also were used. For loading controls, actin content in the whole-cell lysates
treated with and without SITS (100 μM) was examined by monitoring the
ures section. As a control, another ClC-3 inhibitor, DIDS (100 μM), was used
reated dHL60 cells was examined as described in C of Figure 3, except that
before stimulation with PMA. D, the wt Rac binding to the NOX2 complex
ence of ClC-3 inhibitor SITS (100 μM) was examined by using pull-down and
tal wt Rac content in the whole-cell lysates treated with the inhibitor were
tostilbene-2,20-disulfonic acid; NOX2, NADPH oxidase 2; PMA, phorbol myr-
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(56, 64). However, because H2O2 has no effect on the hyster-
esis of the wt Rac and NOX2 activation over time (see the
aforementioned section), the cellular influx of H2O2 is unlikely
to be a factor in the cellular hysteresis of the wt Rac and NOX2
function over time.

Rac-dependent autoactivation of NOX2 and its kinetic
features

When summarized, the results of these cell-free and whole
cell–based studies show that O2

− mediates the time-dependent
hysteretic feedback loop activation between wt Rac and NOX2.
Mechanically, although activation of one wt Rac activates only
one NOX2, activation of one NOX2 generates many O2

−

molecules, which activate many wt Rac proteins. Thus, the
catalytic action of the activated NOX2 amplifies the cycle of
the feedback loop activation events over time. Hysteresis as a
function of time is a signature of the amplification of the
feedback loop cycle over time, which is known to be autoac-
tivation in enzyme function (53–55). Accordingly, the time-
dependent hysteresis of the wt Rac and NOX2 activation is
interpreted as a feature of the process of autoactivation of wt
Rac and NOX2. Recognition of NOX2 autoactivation leads us
to examine the NOX2 autoactivation–specific kinetic param-
eters, including the autoactivation rate constant (kauto) and
reaction trigger threshold of active wt Rac (mole %) (see the
Supporting information section); these describe the previously
unknown kinetic features of NOX2 activation.

NOX2 autoactivation rate constant

The parameter kauto reflects the speed of NOX2 autoacti-
vation. The kauto values for NOX2 and wt Rac autoactivation in
cell-free conditions were determined by using the autoactiva-
tion equation (see details in the Supporting information sec-
tion). Each of the kauto values of NOX2 autoactivation were
nearly identical to the corresponding kauto values of wt Rac
autoactivation in the cell-free system (Fig. 5, A1, A2, B1 and
B2). These results suggest that NOX2 autoactivation (or O2

−

production) tightly couples with wt Rac autoactivation or vice
versa.

The kauto value of NOX2 autoactivation in dHL60 cells
(Fig. 6A) was also determined by using the autoactivation
equation (not shown). The kauto value of wt Rac autoactivation
is unlikely to deviate from that of NOX2 autoactivation in
dHL60 cells because the time-dependent activation kinetic
profile of wt Rac (Fig. 6B) is exactly overlaid with that of NOX2
autoactivation in dHL60 cells (Fig. 6A). This analysis thus
suggests that the tight coupling between NOX2 and wt Rac
autoactivation is conserved in the cell system.

NOX2 autoactivation initiation threshold

A reaction trigger—a reaction primer or initiator—is
necessary for initiation of NOX2 autoactivation (see details in
the Supporting information section). This explains the
requirement for a small fraction of the active wt Rac to trigger
wt Rac activation and NOX2 O2

− production (see the NOX2
activation coupled with Rac activation section).
The minimal fraction of the active wt Rac that initiates
NOX2 autoactivation is defined as the threshold for this event.
In principle, O2

−, as with active wt Rac, acting alone can
initiate NOX2 autoactivation. This is because O2

− is capable of
eliciting a wt Rac redox response in the absence of any Rho
GEFs (38). To determine the NOX2 autoactivation threshold,
its initiation was monitored after titration of the cell-free
system with various concentrations of active wt Rac or O2

−.
The cell-free system used within this titration contained the
NOX2 phox complex and inactive wt Rac but lacked the small
fraction of preactivated wt Rac.

Figure 5A1 shows that, in the cell-free system, at least 2 mol
% of the preactivated wt Rac trigger was required to initiate the
hysteretic NOX2 O2

− production within 1 min. This result is
consistent with the threshold value (2 mol % of active wt Rac)
for the wt Rac trigger for initiation of NOX2 autoactivation
determined in a cell-free system (Fig. 5C). Moreover, NOX2
O2

− production was essentially tied with hysteretic wt Rac
activation at various concentrations of the additions of the
preactivated wt Rac to the reaction mixture (Fig. 5A2).

Figure 5B1 shows that O2
− also was capable of initiating

NOX2 autoactivation in 1 min in a cell-free system containing
the NOX2 phox complex in the presence of inactive wt Rac
and that at least 2 mol % of O2

− (mole % of O2
− with inactive

wt Rac) was required to initiate NOX2 autoactivation. The
kinetic profile of wt Rac autoactivation also links with that of
the O2

−-mediated NOX2 autoactivation because the kauto
values of wt Rac autoactivation are nearly identical to those of
their corresponding NOX2 autoactivations (Fig. 5, B1 and B2).
These results suggest that, as with wt Rac, O2

− can trigger
NOX2 autoactivation that couples with the wt Rac autoacti-
vation. Moreover, the amount of O2

− necessary to trigger
NOX2 autoactivation in a cell-free system is similar to the
amount required for triggering by wt Rac (Fig. 5C). This is
hardly surprising because 1 mol of O2

− could generate stoi-
chiometrically 1 mol of active wt Rac. Thus, it can be suggested
that, regardless of how the trigger mechanism is produced, it
initiates NOX2 autoactivation whenever its presence exceeds
the required threshold.

As was the case in the cell-free system, a trigger may be
necessary to initiate NOX2 autoactivation in the whole-cell
system. Studies show that Vav is one of the Rho GEFs that
functions to activate wt Rac in HL60 cells (65, 66). Accord-
ingly, we examined whether Vav functions to produce active
wt Rac that triggers NOX2 autoactivation in dHL60 cells.

Figure 6A shows that, unlike in the case of Vav-expressing
dHL60 cells, minimal O2

− production occurred in Vav
knocked-down dHL60 cells. Also, similar minimalism
occurred with wt Rac activation (Fig. 6B) and its recruitment
to the NOX2 phox complex (Fig. 6C) in Vav knocked-down
dHL60 cells. These results suggest that in dHL60 cells, Vav
functions to generate active wt Rac that, in turn, serves as the
autoactivation reaction trigger. It also is notable that the Vav
expression in dHL60 cells was completed at the early stage of
NOX2 autoactivation, and then its expression level was un-
changed over time (Fig. 6C). Moreover, the catalysis of en-
zymes, including Vav, follows a hyperbolic—but not hysteretic
J. Biol. Chem. (2021) 297(2) 100982 7



Figure 5. Threshold concentrations of wt Rac and O2
− for the initiation of NOX2 autoactivation. NOX2 O2

− production in a cell-free system that
contains the NOX2 phox complex and inactive wt Rac with various trigger amounts of active wt Rac or O2

− was measured by monitoring oxidation of
cytochrome c. Wt Rac activation that corresponds to NOX2 O2

− production also was measured by using mant-GTP as described in the Experimental
procedures section. The O2

− production and wt Rac activity-change profiles over time were fit to the autoactivation equation (see the Supporting
information section, red lines), which gave the kauto values for the NOX2 O2

− production as well as wt Rac activation that was triggered by the various
fractions of active wt Rac or O2

−. A1, the kauto values for NOX2 O2
− production with <2, 2, 5, and 10 mol % active wt Rac trigger in the cell-free NOX2 system

are, respectively, >15,000, 781, 509, and 383 s. A2, the corresponding kauto values of the wt Rac activation, are, respectively, >15,000, 790, 511, and 389 s. B1,
the kauto values for the NOX2 O2

− production with <2, 2, 5, and 10 mol % of the trigger O2
− are, respectively, >15,000, 740, 445, and 369 s. B2, the

corresponding kauto values of the wt Rac activation, are, respectively, >15,000, 753, 467, and 344 s. C, the threshold concentrations of the active wt Rac and
O2

− to trigger NOX2 autoactivation were determined by titration of the NOX2 phox complex containing inactive wt Rac in the cell-free system with titrants.
The titrants were various concentrations of the active wt Rac (�) and O2

− (●). The threshold concentrations of the active wt Rac and O2
− triggers for NOX2

autoactivation were determined, respectively, to be �2.0 and 2.5 mol % of active wt Rac with inactive wt Rac. NOX2, NADPH oxidase 2.

NOX2 autoactivation by Rac
—function over time. When these occurrences are combined,
we expect to observe a hyperbolic wt Rac activation over time
in cells. However, this expectation is nevertheless incompatible
8 J. Biol. Chem. (2021) 297(2) 100982
with the observed hysteretic kinetic profile of wt Rac activation
over time in cells (Fig. 6B). The best explanation for this in-
compatibility is that in dHL60 cells after Vav initiates NOX2



Figure 6. Effect of Vav and O2
− on the initiation of the NOX2

autoactivation. The effect of Vav and exogenous O2
− on the initiation of

activation of the hysteretic wt Rac and NOX2 was examined by using the
Vav knocked-down dHL60 cells. Preparation and quantification of
exogenous O2

− were described in the Experimental procedures section.
A, O2

− production from the PMA-stimulated Vav knocked-down dHL60
cells in the presence and absence of exogenous O2

− (�2 μM) was
examined by monitoring the oxidation of cytochrome c over time as
described in the Experimental procedures section. As a control, dHL60
cells that express Vav also were used. B, the wt Rac activity change in the
PMA-stimulated Vav knocked-down dHL60 cells in the presence and
absence of exogenous O2

− (�2 μM) was as described in B of Figure 3. As
a control, dHL60 cells that express Vav also were used. Three indepen-
dent assays were performed, and the average values with SD are shown.
C, upper panel, the wt Rac binding to the NOX2 phox complex in Vav
knocked-down dHL60 cells over time in the presence and absence of
exogenous O2

− was examined by using pull-down and Western analyses.
Middle panel, lack of the Vav expression in the Vav knocked-down dHL60
cells also was examined by using Western analysis. For this analysis, the
whole-cell lysate of Vav knocked-down dHL60 cells was used. As a
control, a Vav Western analysis for dHL60 cells that express Vav also was

NOX2 autoactivation by Rac
autoactivation, the redox-mediated wt Rac activation, instead
of the Vav action, takes charge of NOX2 autoactivation and
thus ends the contribution of Vav expression to overall NOX2
autoactivation.

In contrast to the case with the cell-free system, cells possess
several other Rho GEFs as well as endogenous O2

−-producing
enzymes and systems (e.g., mitochondrial respiration).
Conversely, cells can consume O2

− by various quenching
agents such as glutathione (GSH) and/or by many other redox-
sensitive proteins such as Ras. Although the cell-free system
lacks Rho GAPs that inactivate wt Rac, cells possess several
Rho GAPs. Therefore, a quantitative evaluation of the
threshold value determined in the cell-free system is chal-
lenged in the whole-cell system under our experimental con-
ditions. However, an examination of the potential NOX2
autoactivation by a titration of the Vav knocked-down dHL60
cells with various amounts of exogenous O2

− still can ascertain
whether exogenous O2

− is capable of initiating NOX2
autoactivation in the Vav knocked-down dHL60 cells. If it has
this capability, titration can also indicate an apparent cellular
threshold of the active wt Rac for the initiation of NOX2
autoactivation. It also should be noted that a determination of
the exact concentration of the localized wt Rac that functions
with the NOX2 system in cells is impossible under our
experimental conditions. Thus, the value of the apparent
threshold of the exogenous O2

− concentration that triggers
NOX2 autoactivation in Vav knocked-down dHL60 cells can
be expressed as molar (e.g., micromolar) but not mole %.

Figure 6A also shows that O2
− alone successfully triggered

NOX2 autoactivation in the Vav knocked-down dHL60 cells.
This NOX2 autoactivation was tied with wt Rac activation
(Fig. 6B) and its recruitment to the NOX2 phox complex
(Fig. 6C) over time. Because Vav knocked-down dHL60 cells
lacked the Vav needed to produce wt Rac, the active trigger, it
can be interpreted that extracellular O2

− is capable of initiating
cellular NOX2 autoactivation. The apparent threshold of O2

−

for the initiation of NOX2 autoactivation was determined to be
�2 μM in the Vav knocked-down dHL60 cells (detailed ti-
trations are not shown). However, this apparent threshold
cannot be interpreted as meaning that �2 μM is the sole
threshold of O2

− for the initiation of cellular NOX2 autoacti-
vation. This is because, as noted previously, other enzymes and
cell systems can also produce active wt Rac that can possibly
contribute to the exogenous O2

−-mediated initiation of NOX2
autoactivation in Vav knocked-down dHL60 cells.
Discussion

This study shows that the hysteretic NOX2 oxidative burst,
an occurrence recognized for decades, is a reflection of NOX2
autoactivation. In explaining the mechanism of the time-
dependent hysteresis of this oxidative burst, this study also
explains the physiology and pathophysiology of NOX2 asso-
ciated with the NOX2 oxidative burst.
used. Lower panel, total wt Rac and actin content in the whole-cell ly-
sates of Vav knocked-down dHL60 cells are shown as loading controls.
NOX2, NADPH oxidase 2; PMA, phorbol myristate acetate.
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Mechanistic features of NOX2 autoactivation

On the basis of the results shown in this study, we propose a
mechanism for the action of the positive feedback loop be-
tween Rac and NOX2 that renders the hysteretic NOX2
oxidative burst as follows: (i) the time-dependent feedback
loop of the Rac redox response: Rac is feedback activated by
the O2

− produced from NOX2, (ii) the active Rac-binding
interaction with the NOX2 phox complex: the activated Rac
binds to the NOX2 phox complex to produce active NOX2;
and (iii) amplification of the feedback loop of the Rac and
NOX2 activation cycle: the positive feedback cycle of activa-
tion between Rac and NOX2 is amplified over time until
NOX2 is fully activated. Details of each step are discussed
later.
Time-dependent feedback loop of Rac redox response

Mechanistically, the Rac redox response enables the O2
−

produced from NOX2 to activate more of Rac. This O2
−-

dependent Rac redox feature was reported previously (38), but
how it contributed to NOX2 functions was unknown.

The previous study (38) shows that O2
− facilitates the

dissociation of the bound nucleotide to produce a nucleotide-
deficient Rac (apo-Rac). The study also shows that when there
was an excess O2

− (50–100 μM), a fresh nucleotide was still
capable of binding back to apo-Rac to produce a nucleotide-
bound Rac. A radical quencher, such as ascorbic acid, greatly
enhanced this binding process. Our recent study shows that
without an excess of O2

− (e.g., <50 μM), the binding of a fresh
nucleotide to apo-Rac to produce a nucleotide-bound Rac was
up to fivefold faster than with an excess of O2

− concentration
(not shown). However, the effect of the radical quencher on
the fresh nucleotide association with apo-Rac was nevertheless
conserved, even without an excess of O2

− (e.g., <50 μM, not
shown). The whole-cell system contains many radical
quenchers such as GSH. Thus, cellular radical quenchers may
be involved in the Rac redox response in dHL60 cells.

Within this study, we showed that the presence of the radial
quencher in the cell-free NOX2 assay system further enhanced
the hysteretic Rac activation and thus NOX2 O2

− production
over time. This is consistent with the previous study showing
that the radical quencher enhanced the binding of the fresh
nucleotide to apo-Rac to produce a nucleotide-bound Rac (38).
However, the effect of the radical quencher on the hysteretic
Rac and NOX2 activation over time is noticeable but not
significant. We interpreted these results as that the initial and
maximal O2

− production from NOX2 during the assay period
was not significantly high as in the previous study (38).
Therefore, even without the presence of the radical quencher,
the apo-Rac produced by the action of O2

− is capable to bind
to GTP to produce an active GTP-bound Rac. Our experi-
mental condition such as the use of an excess of fresh GTP
(i.e., 10 mM) could also facilitate the production of active
GTP-bound Rac without the radical quencher. Consequently,
the production of active GTP-bound Rac without the radical
quencher leaves a little room for the radical quencher to
further enhance the binding of the apo-Rac to GTP to produce
10 J. Biol. Chem. (2021) 297(2) 100982
an active GTP-bound Rac. These analyses overall explain the
minimal effect of the radical quencher on the production of
active GTP-bound Rac in the cell-free assay system. The
production of active GTP-bound Rac without the radical
quencher also explains the previous study in which a NOX2
oxidative burst was observed in a cell-free system without the
presence of a radical quencher (44).

Active Rac-binding interaction with the NOX2 phox complex

Studies have shown that the Rac effector and/or insert
region–binding interactions with the NOX2 phox complex are
critical for NOX2 activation (22, 25, 26, 28–30). This study
shows that these Rac NOX2-binding interactions do not cause
the hysteretic Rac and NOX2 activation over time; instead,
they merely allow the binding of the hysteretically activated
Rac to the NOX2 phox complex. Hysteretic NOX2 activation
over time has been attributed to the time dependent-
amplification feature of the NOX2 autoactivation (see later).

Amplification of the feedback loop of Rac and NOX2 activation
cycle

The time-dependent hysteresis of the NOX2 oxidative burst
cannot be explained solely by the notion of a positive feedback
loop acting between Rac and NOX2. This is because the action
of the positive feedback loop does not necessarily occur
through the hysteretic mode over time. The action of the
positive feedback loop can be amplified, lessened, or even
steadied over time. However, only amplification over time
yields the time-dependent hysteresis. Thus, the hysteretic
NOX2 oxidative burst is interpreted in terms of the time-
dependent amplification of the action of the positive feed-
back loop between Rac and NOX2. This amplification results
in increased production of the active NOX2 over time.

The amplification of the action of the positive feedback loop
as a function of time enables automation of enzyme activation
(self-driven enzyme activation), which is termed autoactiva-
tion. It must be emphasized that, without the amplification
feature, the action of a positive feedback loop alone does not
yield autoactivation of the enzyme function over time. This is
because the time-dependent amplification of the action of the
positive feedback loop is the key driving force of automation of
the enzyme activation. Accordingly, the NOX2 oxidative burst,
a reflection of Rac and NOX2 autoactivation, is a result of the
combination of the action of the positive feedback loop and its
amplification over time.

Time-dependent allostery of the NOX2 activity regulation

From the viewpoint of regulation of enzymatic activity, Rac
is an allosteric ligand of NOX2. The finding of the NOX2
autoactivation feature suggests that the allosteric regulation of
NOX2 function with Rac occurs through the time-dependent
amplification of the feedback loop on Rac activation. Howev-
er, this time-dependent feature of the NOX2 allostery differs
from conventional enzyme allostery. This difference is because
it functions with the ligand concentration that yields a
sigmoidal curve over the ligand concentration (67–70).
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The time-dependent allostery found in NOX2 is also found
in other enzymes such as SOS (53, 55). In the case of SOS, the
SOS allosteric ligand Ras is also the substrate for SOS catalysis;
thus, the time-dependent SOS allostery is classified as homo-
tropic (53, 55). However, the NOX2 allosteric ligand wt Rac is
not the substrate for NOX2 catalysis; thus, the time-dependent
NOX2 allostery is classified as heterotropic.
Advantage of the NOX2 autoactivation and its implication

There are two autoactivation-specific kinetic parameters: (i)
the autoactivation rate constant and (ii) the trigger threshold
concentration of the autoactivation cycle. Evaluation of these
autoactivation-specific kinetic parameters associated with the
NOX2 function provides insight into the previously unknown
features of regulation of NOX2 activity.

The value of the autoactivation constant, kauto, represents
how fast autoactivation can be completed over time to reach
maximal enzyme activity. This study shows that the kauto value
of NOX2 is similar to that of Rac. The active Rac-binding
interaction with the NOX2 phox complex to produce active
NOX2 is the key step in linking Rac autoactivation to NOX2
autoactivation. Therefore, the kauto value similarity can be
interpreted to mean that the binding process of the active Rac
to the NOX2 phox complex to produce active NOX2 does not
deter or alter the rate of Rac autoactivation delivered to the
rate of the NOX2 autoactivation. This notion is supported by
the lack of an effect by either the Rac-effector or Rac-insert
region mutants on NOX2 autoactivation.

The kauto values of Rac and NOX2 estimated within this
study suggest that the rate of Rac and NOX2 autoactivation is
sufficiently fast. In cells, Rac and thus NOX2 autoactivation
enable NOX2 to populate its fully active form in 1 min. Our
in vitro kinetic analysis estimates that Vav, one of the Rho
GEFs, must be overexpressed up to 1000-fold compared with
the normal Vav expression in cells to achieve the activation of
Rac and thus NOX2 in 1 min (not shown). Thus, this analysis
suggests that the Rac and NOX2 autoactivation are sufficiently
efficient to produce fully active NOX2 without overexpression
of the RhoGEF Vav. Overexpression of a protein involves the
operation of various cellular machinery, including ribosomes.
This justifies the speculation that cells can avoid such
resource-intensive operations by using autoactivation kinetics.

In contrast to the conventional enzyme activation, the
process of enzyme autoactivation requires a trigger. Within
NOX2 autoactivation, active Rac has been identified as the
trigger. We determined that a 2 mol % concentration of active
Rac is required as a threshold amount to trigger NOX2 acti-
vation in a cell-free system. The overall contribution of the
trigger and autoactivation of NOX2 on the fraction of the
activated NOX2 in a cell-free system is estimated to be as
follows: of the total activated NOX2 (100%), the 2 mol %
trigger for active wt Rac is responsible for 2% of activated
NOX2, and the remaining 98% of the activated NOX2 was self-
activated during NOX2 autoactivation. In other words, NOX2
autoactivation is responsible for the production of 98% of
active NOX2, whereas enzymatic NOX2 activation only
accounts for 2% of the active NOX2. When combined with the
fast NOX2 autoactivation rate (see previous one), this analysis
further suggests that NOX2 autoactivation allows for the rapid
buildup of a large quantity of active NOX2 compared with that
of the enzymatic NOX2 activation process. We speculate that
these features of NOX2 autoactivation are advantageous for
combating infections where the fast and robust response of
NOX2 is needed.

Unlike the situation with the cell-free system, our experi-
mental conditions did not allow us to design a whole-cell
system entirely free of the NOX2 autoactivation trigger. This
NOX2 autoactivation trigger–free condition is a prerequisite
to performing a titration of NOX2 with a trigger to determine
the NOX2 trigger threshold in cells. For example, even in the
case in which dHL60 cells lack Vav, the cells still could express
other types of Rho GEFs and/or O2

−-producing enzymes as
well as have systems capable of producing the active Rac
trigger. Therefore, we were unable to measure the threshold
for a cellular trigger for NOX2 autoactivation. Accordingly,
verification or comparison of a threshold for the trigger of a
cell-free system with the cellular trigger threshold, the NOX2
autoactivation was not feasible. Nevertheless, our cell studies
show no initiation of NOX2 autoactivation occurred when Vav
was knocked down in dHL60 cells. This result suggests the
necessity of the NOX2 autoactivation trigger in the whole-cell
system and that Vav serves as the trigger for active Rac pro-
duction. This study also shows that, in the dHL60 cells, Vav
expression was completed in the early stage of the NOX2
autoactivation process but did not produce enough activated
NOX2 as fast as needed. Thus, as in the case of the cell-free
system, only a minimal amount of active Rac—produced by
Vav—is required for overall NOX2 activation, and the largest
fraction of activated NOX2 is self-activated by the NOX2
autoactivation process and not by the Vav catalytic action in
the dHL60 cells. However, because of the several different
forms of Rho GEFs expressed in different cells, it remains
possible that other Rho GEFs in other cells may also produce
triggers. Given that the producer of a trigger, such as Rho
GEFs, is critical to initiate NOX2 autoactivation, it could be
tightly regulated in the whole-cell system. The implication of
tightly regulating the producer of the trigger for NOX2
autoactivation is likely one of the previously underevaluated
significances of the regulation of NOX2 activity in cells.

As we have also shown, an extracellular redox agent such as
O2

− was also capable of initiating NOX2 autoactivation. The
apparent threshold value of O2

− to initiate NOX2 autoactiva-
tion in the Vav knocked-down dHL60 cells also was deter-
mined to be �2 μM. However, this value does not necessarily
indicate that �2 μM O2

− is capable of initiating NOX2
autoactivation in a whole-cell system. This is because the
experimental conditions that gave this apparent value did not
entirely exclude other potential O2

− and active wt Rac pro-
ducers in the Vav knocked-down dHL60 cells. Nevertheless,
this finding opens the possibility for NOX2 autoactivation to
occur at the level of cell clusters. For example, as an immune
response, the initiation of NOX2 autoactivation occurs only in
a few selected neutrophils in the neutrophil clusters. The O2

−
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produced from these activated neutrophils then initiates
NOX2 autoactivation in other neutrophils of the neutrophil
clusters. Further studies also are necessary to clarify the po-
tential immune defense system associated with NOX2
autoactivation at the level of cell clusters.

Role of chloride channel in the NOX2 activation

The plasma membrane spatially separates the cellular
NOX2 subunits, including Rac, from the extracellularly
released O2

−. Therefore, the extracellular O2
− released from

NOX2 cannot directly target and activate cellular Rac. Previ-
ous studies showed that the chloride channel, ClC-3, functions
as a O2

− conduit (61–63). Our study shows that ClC-3 in fact
enables the extracellularly released O2

− to pass through the
plasma membrane to target and activate Rac.

Note that there were no complete blockages of the NOX2
autoactivation in dHL60 cells, despite their treatment with an
excess of ClC-3 inhibitor, SITS or DIDS. We speculate that an
unknown O2

− channel(s) or transport system(s) may exist,
which is unaffected by the ClC-3 inhibitors. It also is possible
that other potential cellular O2

− producers or systems (e.g.,
mitochondrial respiration) could contribute to NOX2
autoactivation even as SITS or DIDS blocks the influx of O2

−

through ClC-3. Further studies are necessary to identify the
mechanism by which these C1C-3 inhibitors achieve this
incomplete blockage of cellular NOX2 autoactivation.

Autoactivation of NOX1

This hysteretic NOX2 oxidative burst is also observed with
NOX1 but not with other NOX family proteins such as NOX4
(not shown). The common denominator between NOX2 and
NOX1 seems to be that they both require Rac for their activity.
However, NOX1 and NOX2 differ in their subunits and
structural features. In fact, the active Rac of NOX2 apparently
has a lower initiation threshold than NOX1 (not shown). We
suspect that the difference may lie in unique subunit features
specific to NOX2 and NOX1. Further studies that clarify the
mechanistic and potential functional differences between
NOX2 and NOX1 autoactivation are necessary.

Potential diseases associated with the deregulation of NOX2
and NOX1 autoactivation

This study shows that the role of active Rac as a reaction
trigger is a key factor in the regulation of NOX2 autoactiva-
tion. Therefore, any potential deregulation of the expression
of, or function of, the producers of NOX2 autoactivation
triggers, such as Vav or a foreign-origin redox agent, could
lead to uncontrolled population of activated NOX2 in cells.
NOX1 is expressed in a broader range of cell types and organs
than NOX2; therefore, the potential deregulation of NOX1
autoactivation may link to a broad range of diseases. Accord-
ingly, further studies are necessary to examine these possibil-
ities. Given that ClC-3 plays a key role in the influx of O2

− into
cells, the use of ClC-3 inhibitors may be a potential therapeutic
for the deregulation of the foreign-origin O2

−-mediated initi-
ation of NOX1 and NOX2 autoactivation.
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Experimental procedures

Cell-free and cell-based NOX2 functional analyses were
performed to examine the hysteresis of NOX2 O2

− production
over time and its significance in the regulation of NOX2
function. All kinetic measurements were fractionized by
dividing them by the maximal value within the assay.

Preparation of chemicals and enzymes

Unless otherwise noted, the chemicals used for all experi-
ments were of the highest grade. O2

− was prepared from KO2

(solid power > 96%; Sigma). KO2 was dissolved in a serum
stoppered assay vial containing dimethyl sulfoxide, and the
O2

− content in dimethyl sulfoxide was determined by using the
luminol-based assay kit (Sigma). Note that, according to the
vendor, the main impurities of KO2 are K2O2 and KOH. Both
K2O2 and KOH in water generate a hydroxide ion (OH−) base,
which is highly reactive and thus nullified by a nonspecific
reaction with the buffer components used in the cell-free assay
system. Thus, the results of the kinetic studies using O2

−

generated from KO2 can be solely attributed to the effect of
O2

−. H2O2 (30% w/w; Sigma) was diluted with double-distilled
water to 10% (w/w) prior to use. SOD, mitogen-activated
protein (MAP) kinase, and protein kinase C (lyophilized;
Sigma) were used after being dissolved in an assay buffer
containing 10 mM MgCl2, 50 mM KCl, 1 mM NaCl, 0.2 mM
NADPH, and 10 mM GTP in 10 mM Mops (pH 7.4).

Preparation of the cell-free NOX2 phox subunits

Cytochrome b558 was purified from the human embryonic
kidney 293 cell line that stably expresses NOX2 with p22 by
heparin with hydroxyapatite chromatography, which was then
relipidated and reflavinated as described in the previous study
(71, 72). This highly purified unlabeled cytochrome b558
contained only gp91 and p22.

When necessary, rhodamine-tagged cytochrome b558 was
used instead of the unlabeled cytochrome b558. Briefly, the
rhodamine-tagged cytochrome b558 was produced as follows:
to avoid nonspecific rhodamine tags on the NOX2
component–binding interfaces, rhodamine B (100 μM) was
used to treat, as described previously (73), the fully assembled
and actively O2

−-producing NOX2 complexes in the cell-free
system. The rhodamine-treated NOX2 sample was then dia-
lyzed against an SDS-free Tris–HCl buffer containing a high
salt concentration (500 mM NaCl, pH 7.4) to disassemble the
rhodamine-tagged NOX2 components from cytochrome b558.
The dialyzed sample was then filtered with an Amicon Cen-
tricon concentrator (100 kDa cut off) to collect only the
rhodamine-tagged cytochrome b558. Finally, a size-exclusion
FPLC using a Superose 6 column was performed to obtain
rhodamine-tagged cytochrome b558 (>95% pure; see the
Supporting information section).

All the soluble phox subunits for NOX2 were expressed in,
and purified from, Sf9 insect cells (47). Before their use, p47
and p67 were phosphorylated with MAP kinase and protein
kinase C as described previously (23). These phox subunits
(>95% pure; see the Supporting information section) were
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separated from MAP kinase and protein kinase C by using a
size-exclusion FPLC equipped with a Superose 6 column.

Preparation of the active and inactive Rac

Wt Rac and its redox inert mutants (C18S and C157 Rac),
effector region mutants (A27K and G30S Rac), and inert region
mutants (K132E and L134RRac) were expressed in, and purified
from, Escherichia coli. Depending on the purification condi-
tions, as-purified Rac typically consists of a <5% GTP-bound
active form and a >95% GDP-bound inactive form. To pro-
duce a nearly complete inactive Rac fraction (>99.9% GDP-
bound Rac), the as-purified Rac was incubated with an excess
of GDP (>10 mM) in an exchange buffer containing 0.1 mM
MgCl2 and 1 mM NaCl in 10 mM Mops (pH 7.4) for 10 h at
room temperature and then was applied onto the size-exclusion
FPLC column. The eluent containing the GDP-bound active
Rac (>95% pure; see the Supporting information section) was
further washed with the assay buffer by using an Amicon Cen-
tricon concentrator (30 kDa cut off). To prepare the pre-
activated Rac, the as-purified Rac was incubated with an excess
GTP (>10 mM) and ammonium sulfate (400 mM) in the ex-
change buffer for 1 h and then was applied onto the size-
exclusion FPLC column. The eluent containing the GTP-
bound active Rac (>95% pure; see the Supporting information
section) was further washed with the assay buffer by using an
Amicon Centricon concentrator (30 kDa cut off).

In vitro cell-free NOX2 functional analyses

A modified version of the cell-free NOX2 system (47, 74)
was used to examine the in vitro kinetic features of NOX2 O2

−

production over time. The modifications were (i) the use of a
heparin–hydroxyapatite–based highly purified cytochrome
b558 (gp91 plus p22) instead of the cell-membrane extract and
(ii) the addition, when necessary, of a fraction of the pre-
activated wt Rac (see the later section) to the cell-free assay
system. The modified NOX2 assay system thus consists of the
highly purified cytochrome b558 (gp91 and p22) and the
cytosolic phox subunits of NOX2 (p40, p47, and p67) in an
assay buffer. The addition of SDS (100 μM) to the cell-free
system produces the NOX2 phox complex, comprised of cy-
tochrome b558, p40, p47, and p67 (Fig. 1). The final concen-
trations of cytochrome b558 for all the other cytosolic NOX2
phox subunits were 100 nM.

The O2
− production from the cell-free NOX2 system was

determined by monitoring the reduction of cytochrome c as
essentially described in the previous study (47, 74). The cell-free
system containing the NOX2 phox complex was incubated with
cytochrome c (100 μM) for 2 min; wt or mutant Rac (1 μM) was
then added to initiate the reaction. When necessary, a small
fraction of preactivated wt Rac was added to the assay system
before adding wt or mutant Rac. For example, >2 mol % of the
preactivated wt Rac was a prerequisite to observing the NOX2
O2

− production with the inactive Rac sample (>99.9% GDP-
bound Rac) within the assay period (e.g., within 1 min). This
was determined to be because NOX2 activation with inactive wt
Rac requires preactivated wt Rac as a trigger (see the Supporting
information section). The change in the time-dependent
reduction of cytochrome c was monitored with a Thermomax
microplate reader (Molecular Devices).

The cell-free NOX2 system was further modified to examine
the in vitro NOX2 complex formation over time. Rhodamine-
tagged cytochrome b558 was used to produce the rhodamine-
tagged NOX2 phox complex in the cell-free system. Within
this modified system, the binding of phox subunits and wt Rac
to the rhodamine-tagged cytochrome b558 results in an in-
crease in the intensity of the rhodamine fluorescence. This
change in rhodamine fluorescence can be monitored simul-
taneously with NOX2 O2

− production over time. To initiate
the reaction, as with the O2

− production assay, wt Rac was
added to the cell-free NOX2 system containing the
rhodamine-tagged NOX2 phox complex. The change in the
time-dependent rhodamine fluorescence intensity was moni-
tored with a fluorescence spectrometer (LS 55; PerkinElmer).

For the in vitro wt Rac kinetic assays, the fluorescent probe
N-methyl-30-O-anthranoyl (mant)–tagged nucleotide (e.g.,
mant-GTP) was used (16, 53, 75–78). To examine the change
in wt Rac activity in the NOX2 O2

− production and complex
formation, mant-GTP instead of unlabeled GTP was added to
the cell-free NOX2 system. The binding of mant-GTP to wt
Rac, producing active wt Rac, results in an increase in mant
fluorescence, which was monitored over time with a fluores-
cence spectrometer (LS 55).

Preparation of dHL60 cells

Human HL60 cells and their variant forms were grown in an
RPMI1640 medium containing low glucose (5.5 mM) and 10%
fetal bovine serum at 37 �C in a 5% CO2 atmosphere; the media
were replaced every 2 days. HL60 cells were differentiated into
neutrophil-like cells (dHL60) by adding all-trans-retinoic acid
(1 μM) to themedia for 5 days as described in the previous studies
(79, 80). When necessary, NOX2 activation was initiated by
treating dHL60 cellswith phorbolmyristate acetate (PMA; 1 μM).

The redox-inert C18S or C157S Rac- or constitutively active
G12V Rac-expressing HL60 cells were generated as follows.
Bothwt Rac1 andRac2were first knocked down inHL60 cells by
using lentivirus-mediated shRNAs. These shRNAs target the 30

untranslated regions of the endogenous wt Rac1 and Rac2 in
HL60 cells (Qiagen). The Rac knockdowns were validated by
using quantitative real-time PCR. The HL60 cells were then
stably transfected with the C18S or C157S Rac or G12V Rac
construct in the pMSCV vector according to the specifications
of the manufacturer (Thermo Fisher Scientific). Vav knocked-
down HL60 cells were generated using lentivirus-mediated
shRNAs that target the 30 untranslated regions of the endoge-
nous Vav1 and Vav2. The Vav knockdowns were validated by
using quantitative real-time PCR. When necessary, human
neutrophils also were used as a control; these were obtained
from a single individual and Astarte Biologics (73).

Whole-cell NOX2 functional analyses

The O2
− production from the cells also was determined by

monitoring the cytochrome c reduction as essentially
J. Biol. Chem. (2021) 297(2) 100982 13
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described in the previous study (47, 74). Briefly, cells (�5 × 105

cells) in a Krebs–Ringer glucose buffer were incubated with
cytochrome c (100 μM) for 2 min, and the stimuli PMA was
added to initiate NOX2 activation. The change in the time-
dependent cytochrome c reduction was monitored with a
Thermomax microplate reader as described for the cell-free
assay. When necessary, cells were treated with exogenous
O2

− followed by treatment with PMA. Exogenous O2
− was

prepared from KO2 (Sigma). The content of O2
− in the assay

solution was determined by using a luminol-based assay kit
(Sigma).

The cellular active NOX2 complex formation was examined
by using pull-down and Western analyses. The PMA-
stimulated dHL60 cells (�5 × 105 cells) were chilled on ice
at specific time points and then lysed using a sonicator in lysis
buffer containing 1 mM DTT, 1 mM PMSF, 0.1 mM EDTA,
5 mMMgCl2, and 500 mMNaCl in 50 mM Tris–HCl (pH 7.4).
The whole-cell lysates were ultracentrifuged to collect plasma
membrane fractions. These fractions were suspended in a
sample buffer containing 5 mMMgCl2 and 2% Triton X-100 in
50 mM Tris–HCl (pH 7.4). The NOX2 complex was then
pulled down with magnetic agarose beads tagged with the
monoclonal gp91 antibody (Anti-gp91-Phox Antibody; Sigma).
The pull-down samples were resuspended with the sample
buffer and then were used for the Western analyses with
various NOX2 subunit antibodies (anti-p40, anti-p47, and
anti-67-phox antibodies; Sigma) as well as the Rac1 mono-
clonal antibody (Thermo Fisher Scientific). These antibodies
are highly efficacious and specific, according to vendors.

When necessary, the phosphorylation quantity of NOX
phox subunits was quantified by spraying malachite green
(0.0001% w/v) in a buffer containing 5 mMMgCl2 and 0.1 mM
EDTA in 50 mM Tris–HCl (pH 7.4) on the phox subunit
Western blot membrane and then heating it at 200 �C for
2 min. Densitometry was used to determine the relative
phosphorylation band density. The status of wt Rac activity
within the pull-down samples also was examined by using a
colorimetric wt Rac activity assay kit (Abcam). This assay uses
the p21-activated kinase 1 p21-binding domain, which spe-
cifically binds only to active wt Rac. All wt Rac activity assays
were performed independently three times.

Data availability

All data are contained within the article and supporting
information.
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