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Theactin cytoskeleton and reactive oxygen species (ROS) both
play crucial roles in various cellular processes. Previous research
indicated a direct interaction between two key components of
these systems: the WAVE1 subunit of the WAVE regulatory
complex (WRC), which promotes actin polymerization and the
p47phox subunit of the NADPH oxidase 2 complex (NOX2),
which produces ROS. Here, using carefully characterized re-
combinant proteins, we find that activated p47phox uses its dual
Src homology 3 domains to bind to multiple regions within the
WAVE1 and Abi2 subunits of theWRC, without alteringWRC’s
activity in promoting Arp2/3-mediated actin polymerization.
Notably, contrary to previous findings, p47phox uses the same
binding pocket to interact with both the WRC and the p22phox

subunit of NOX2, albeit in a mutually exclusive manner. This
observation suggests thatwhen activated, p47phoxmay separately
participate in two distinct processes: assembling into NOX2 to
promote ROS production and engaging with WRC to regulate
the actin cytoskeleton.

The dynamic assembly of the actin cytoskeleton and the
production of reactive oxygen species (ROS) are prominently
localized at membrane ruffles in actively migrating cells. The
intricate interplay between these two processes is essential for a
variety of biological processes, including cell adhesion, migra-
tion, phagocytosis, and tissue morphogenesis (1–8). Although
extensive studies have focused on oxidative modifications of
actin and various regulators of actin, including the Rho-family
GTPases, the Src kinases, cofilin, myosin, gelsolin, L-plastin,
and calmodulin (7, 9–12), the direct coordination betweenROS-
generating enzymes and actin regulators has remained elusive.

In 2003, Terada’s groupmade a seminal observation of a direct
interaction between two key regulators of these systems: the
WAVE regulatory complex (WRC), which promotes actin poly-
merization, and the NADPH oxidase 2 complex (NOX2), which
is responsible for generating ROS (13). The interactionwas found
to promote actin polymerization and membrane ruffling in
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vascular endothelial growth factor-stimulated endothelial cells
(13) and play a potential role in directing the invasivemigration of
melanoma cells (14).

WRC is a central actin nucleation-promoting factor in the
plasma membrane (15). It comprises five conserved proteins:
Sra1, Nap1, Abi2, HSPC300, and the Wiskott–Aldrich syn-
drome family protein WAVE1 (or their corresponding
mammalian orthologs in a mix-and-match arrangement). In its
basal state, WRC resides in the cytosol, where it keeps WAVE1
inhibited through intramolecular interactions. WRC’s activity
at membranes is finely modulated through interactions with
numerous membrane ligands, including inositol phospho-
lipids, various membrane receptors bearing WRC-interacting
receptor sequences, small G proteins such as Rac1 and Arf1,
and various scaffolding proteins (15, 16). Activation of WRC
involves the binding of Rac1 and/or Arf1 at three distinct sites,
leading to the release of WAVE1’s C-terminal WH2-central-
acidic (WCA) domain, which in turn stimulates Arp2/3-
mediated actin polymerization and lamellipodia formation in
migrating cells (17–23).

NOX2 is a crucial enzyme responsible for generating ROS in
various cell types (24–27). The holoenzyme of NOX2 un-
dergoes dynamic assembly involving three cytosolic proteins
(p47phox, p40phox, and p67phox) and three membrane-
associated proteins (Rac1 or Rac2, p22phox, and the cata-
lytical core gp91phox) (26–29). In its resting state, gp91phox

remains inactive, while p47phox is autoinhibited in the cytosol
(30–33). The autoinhibition of p47phox is achieved through its
C-terminal autoinhibitory region (AIR), which obstructs the
p22phox-binding pocket formed between the N-terminal dual
Src homology 3 (SH3) domains (31, 32). The assembly and
concurrent activation of the NOX2 holoenzyme hinge upon
the phosphorylation of the AIR sequence by various kinases
(26). Phosphorylation dislodges the AIR sequence from the
p22phox-binding pocket, allowing the latter to bind to the
proline-rich region (PRR) within the intracellular domain
(ICD) of p22phox (31, 34). This orchestrated process is essential
for exerting precise spatiotemporal control over NOX2 acti-
vation and the subsequent generation of ROS (26, 35).

Terada’s work indicated that the interaction between WRC
and NOX2 is mediated by the PRR of WAVE1 binding to
individual SH3 domains of p47phox (13). Intriguingly, when a
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p47phox binding to WAVE complex
mutation was introduced at the highly conserved residue,
W193, within the p22phox-binding pocket, it disrupted the
binding to p22phox but did not affect the interaction with
WAVE1 (13). These data suggest that the SH3 domains of
p47phox use a distinct surface for binding to the PRR of
WAVE1, potentially allowing a single p47phox molecule to
simultaneously assemble into NOX2 and interact with WRC,
forming a large signalosome to coordinate ROS production
and actin remodeling (13, 35).

In this study, we used carefully characterized recombinant
proteins to rigorously investigate the interaction between
p47phox and WRC. Surprisingly, we found that the dual SH3
domains but not individual SH3 domains of p47phox directly
interacted with multiple sequences within the fully assembled
WRC. Moreover, the interaction did not appear to impact
WRC’s activity in stimulating Arp2/3-mediated actin poly-
merization. Remarkably, we found that both WRC and p22phox

bound to the same pocket in p47phox but they did so in a
mutually exclusive manner. Therefore, our data suggest a
distinct model in which activated p47phox may separately
participate in two crucial processes: assembling into NOX2 to
stimulate ROS production and interacting with WRC to
regulate the actin cytoskeleton.

Results

WAVE1 and p22phox share the same binding site on p47phox

Due to challenges in producing recombinant WAVE1,
previous studies relied on yeast two-hybrid assays and in vitro
translated, unpurified proteins to investigate the interaction
Figure 1. p47phox binds to full-length WAVE1. A, schematic showing domain
SDS PAGE gels showing glutathione-S-transferaseGST) pull-down between GST
W193R mutant of GST-p47phox AB pulling down MBP-p22phox and MBP-FL WAV
peptide as competitors. D and E, far pull-down results of FL WAVE1 by GST-
intracellular domain; MBP, maltose-binding protein.
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between WAVE1 and p47phox (13). To validate the previous
results, we purified various fragments of p47phox and the full-
length (FL) WAVE1 recombinantly using established protocols
(Fig. 1A) (36, 37). Consistent with prior findings, our pull-
down assays confirmed a robust interaction between p47phox

and both FL WAVE1 and p22phox ICD (referred to as p22phox

for brevity hereafter). Specifically, glutathione-S-transferase
(GST)-tagged dual SH3 domains of p47phox (hereafter referred
to as p47phox AB, Fig. 1A), but not GST, retained both maltose-
binding protein (MBP)-tagged FL WAVE1 and MBP-tagged
p22phox, while the mutant p22phox, in which the p47phox-
binding PRR sequence was replaced with alanines, failed to
bind to p47phox AB (Fig. 1B, lanes 1–6). Contrary to previous
findings, which suggested that the W193R mutation in the
p22phox-binding pocket only disrupted the binding to p22phox

but not to WAVE1 (13), it was to our surprise that W193R
abolished the binding to both p22phox and FL WAVE1 (Fig. 1B,
lanes 7–9). This result indicated that, distinct from the pre-
vious conclusions, WAVE1 and p22phox may share the same
binding pocket on p47phox.

To further investigate the previous model which proposed
that WAVE1 and p22phox can simultaneously bind to the same
p47phox (13), we used two distinct approaches. First, in a
competition pull-down assay, we observed that the WT
p22phox ICD peptide, but not the mutant peptide, significantly
suppressed the binding to WAVE1 (Fig. 1C). Next, we used a
far pull-down assay to test whether untagged p47phox AB could
act as a bridge between p22phox and WAVE1, which would
support the idea of their simultaneous binding to the same
organization and constructs used in this study. B–E, Coomassie blue–stained
-p47phox AB or GST-p22phox and FL WAVE1 in indicated conditions. B, WT and
E1. C, GST-p47phox AB pulling down FL WAVE1 in the presence of p22phox ICD
p22phox in the presence of untagged p47phox AB in (D) or PAB in (E). ICD,



p47phox binding to WAVE complex
p47phox. However, our experiments failed to detect any inter-
action between GST-p22phox and FL WAVE1 in the presence
of untagged p47phox, whether it is the AB construct or the
longer PAB construct (where P stands for the phox-homology
or PX domain) (Fig. 1, A, D, and E). Together, our data
strongly indicate that the interactions of both WAVE1 and
p22phox with p47phox occur through the same binding pocket
and are mutually exclusive.
WRC interacts with p47phox at the same binding pocket

Inside the cell, WAVE1 does not exist as a single poly-
peptide chain but instead is constitutively incorporated into
the WRC (Fig. 2A) (15). As a result of the limited availability of
WRC purification techniques, earlier studies relied on isolated
WAVE1 to explore its interaction with p47phox (13). Over the
last 2 decades of efforts to refine WRC purification methods, it
has become evident that isolated WAVE1 has a tendency to
aggregate, potentially introducing experimental artifacts (15,
36, 38). To investigate whether the interaction between
p47phox and FL WAVE1 holds true in the context of the WRC,
we used recombinantly purified FL WRC in pull-down assays.
Surprisingly, in contrast to previous findings, only tandemly
linked dual SH3 domains (i.e., GST-p47phox AB), and not the
individual A or B SH3 domains, were able to bind the WRC
Figure 2. p47phox binds to full-length WRC. A, schematic showing WRC struct
SDS-PAGE gels showing glutathione-S-transferase (GST) pull-down results. B, d
GST-p47phox AB pulling down FL WRC in the presence of p22phox ICD peptide as
intracellular domain; MBP, maltose-binding protein; WRC, WAVE regulatory co
(Fig. 2B, lanes 9–11). This is similar to p22phox, which also
required both SH3 domains but not individual ones for
binding (Fig. 2B, lanes 2–4). The N-terminal PX domain
slightly weakened the binding to p22phox but did not seem to
affect the binding to WRC (Fig. 2B, lanes 5 and 12).

It is well-established that the FL p47phox protein is auto-
inhibited due to its AIR sequence binding to the p22phox-
binding pocket, which prevents p22phox from binding (Fig. 2A)
(31, 32). Consistent with this concept, our experiments showed
that the purified FL p47phox did not bind to either WRC or
p22phox. In contrast, when we mutated the AIR region to
release the autoinhibition, the binding to both WRC and
p22phox was restored (Fig. 2B, lanes 6–7, 13–14). Furthermore,
the interaction between FL WRC and p47phox was effectively
blocked by the addition the WT p22phox peptide, while the
mutant peptide had no such effect (Fig. 2C). Moreover, the
interaction was abolished by the W193R mutation in the
p22phox-binding pocket of p47phox (Fig. 2D). In summary, these
data confirm that WRC and p22phox compete for the same
pocket in p47phox.
p47phox interacts with the WAVE1–Abi2–HSPC300 subcomplex

To dissect the regions mediating the interaction between FL
WRC and p47phox, we tested which subcomplexes of the WRC
ure and domain organization used in this study. B–D, Coomassie blue–stained
ifferent GST-p47phox truncations pulling down MBP-p22phox and FL WRC. C,
competitors. D, pull-down of FL WRC by WT or mutant GST-p47phox AB. ICD,
mplex.
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p47phox binding to WAVE complex
could bind to GST-p47phox AB. In previous studies, isolated
subunits of WRC often encountered issues with protein ag-
gregation, which led to artificial results (15). However, two
partially assembled subcomplexes were found to be relatively
stable and suitable for biochemical studies, including a dimer
containing Sra1 and Nap1, and a trimer containing WAVE1,
Abi2, and HSPC300 (Fig. 3A) (36, 38).

We found that GST-p47phox AB robustly pulled down an
MBP-tagged WAVE1-Abi2-HSPC300 trimer but it did not
interact with the Sra1-Nap1 dimer (Fig. 3B). Similar to the
interaction between WRC and p47phox, this interaction was
effectively blocked by the WT p22phox peptide, but not by the
mutant peptide (Fig. 3C). Based on these results, we conclude
that the interaction between WRC and p47phox is mediated by
the WAVE1-Abi2-HSPC300 portion of the WRC.

p47phox binds to multiple regions in WAVE1 and Abi2

In the trimer, both WAVE1 and Abi2 possess long un-
structured sequences. Unlike their N-terminal helices, these C-
terminal unstructured sequences are not involved in assem-
bling the WRC or the WAVE1–Abi2–HSPC300 subcomplex
and contain various PRR sequences, which may be important
for binding to proteins containing SH3 or EVH1 domains (15,
Figure 3. p47phox binds to WAVE1–Abi2–HSPC300 subcomplex of WRC. A, s
blue–stained SDS-PAGE gels showing glutathione-S-transferase (GST) pull-dow
GST-p47phox AB pulling down trimer in the presence of p22phox ICD peptide a
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16, 37, 39). To further identify the regions responsible for
binding to p47phox, we generated trimers in which the PRR
sequences in either WAVE1 or Abi2 were removed (Fig. 4A).
We found that the unstructured regions of either WAVE1 or
Abi2 were sufficient to sustain the interaction with p47phox AB,
and this interaction could be efficiently blocked by p22phox

ICD peptide (Fig. 4B). This result suggests that p47phox AB
binds to both WAVE1 and Abi2.

To narrow down the regions within the unstructured se-
quences responsible for this interaction, we divided the un-
structured regions in WAVE1 and Abi2 into shorter
fragments, each of �60 residues in length and assessed their
individual interactions with p47phox (Fig. 4, B and C). We
found that in WAVE1, fragment #4 (residues 419–480) clearly
exhibited an interaction with p47phox (Fig. 4B, lane 12,
asterisk). This result aligns with previous report, in which
WAVE1 (residues 270–442) was found to be important for
WAVE1 to bind to p47phox (13). In Abi2, fragment #1 (residues
162–238) and, to a lesser extent, fragment #2 (residues
239–319) displayed interactions with p47phox (Fig. 4C, lanes
2–3, asterisks). Together, we conclude that p47phox can bind to
at least three distinct PRR regions in the unstructured se-
quences of WAVE1 and Abi2. Note that the binding affinity of
chematic showing WRC subcomplexes used in this study. B and C, Coomassie
n results. B, GST-p47phox AB pulling down WRC indicated subcomplexes. C,
s competitors. ICD, intracellular domain; WRC, WAVE regulatory complex.



Figure 4. p47phox binds to multiple PRR sequences in WAVE1 and Abi2. Schematic and Coomassie blue–stained SDS-PAGE gels showing glutathione-S-
transferase (GST)-p47phox AB pull down of (A) indicated trimers, (B) MBP-tagged PRR fragments of WAVE1, and (C) MBP-tagged PRR fragments of Abi2. In
protein sequences, prolines are presented in cyan and arginines in green. PRR sequences are boxed based on proline density and their alignment with
predicted SH3-binding sequences (40). Arrowheads in (B) indicate full-length fragments. Magenta asterisks indicate binding signals of corresponding
fragments. MBP, maltose-binding protein; PRR, proline-rich region; SH3, Src homology 3.

p47phox binding to WAVE complex
individual fragments appeared to be weaker than that of the FL
proteins. This suggests that other fragments may also
contribute to the overall interaction observed in the context of
the FL proteins, but their individual affinities were too weak to
be detected using pull-down assays. It is not uncommon for
the combined contributions of multiple weak-affinity regions
to contribute to a strong binding observed with FL proteins,
often due to avidity or cooperativity effects.
WAVE1 contains an additional, noncanonical p47phox binding
sequence

Based on our above results, we initially predicted that
removing the unstructured regions from both WAVE1 and
Abi2 would eliminate the binding of the WRC to p47phox. This
WRC, referred to as WRCΔ230 in previous structural studies,
consists of WAVE1 1 to 230 and Abi2 1 to 158, excluding the
unstructured sequences at the C terminus (Fig. 5A) (17, 36).
To our surprise, we found that WRCΔ230 still exhibited robust
binding to p47phox. Similar to the interactions with p22phox and
FL WRC, the binding of WRCΔ230 to p47phox was abolished by
the W193R mutation (Fig. 5B) and was competitively disrupted
by the p22phox peptide (Fig. 5C). Moreover, this binding relied
on the dual SH3 domains in the activated p47phox. Individual
SH3 domains or the FL autoinhibited p47phox did not support
the interaction (Fig. 5D).

Note that the p47phox PAB construct appeared to lose the
binding to WRCΔ230 (Fig. 5D, lane 5), although it maintained
the binding to FL WRC (Fig. 2B, lane 12). We suspected that
either the PX domain at the N terminus of the dual SH3 do-
mains or the additional amino acid linker at the C terminus
interfered with the binding to WRCΔ230. To investigate this, we
removed the extra amino acids at the C terminus and found
that the resulting p47phox PABshort construct (Fig. 1A)
exhibited an improved binding to WRCΔ230 (Fig. 5E, lane 3).
Note that the binding affinity was still weaker than p47phox AB
J. Biol. Chem. (2024) 300(4) 107130 5



Figure 5. p47phox binds to noncanonical sequences in WAVE1 86 to 230. A, schematic showing various WRC assemblies. WAVE1 86 to 230 sequences are
shown in which prolines are presented in cyan and arginines in green, and PRR sequences are boxed based on proline density and their alignment with
predicted noncanonical SH3-binding sequences (40). Arrowheads indicate residues mutated in WAVE1230WCA mutant used in (G). B–F, Coomassie blue–
stained SDS-PAGE gels showing glutathione-S-transferase (GST) pull-down results. B, shows GST-p47phox AB pulling down WRCΔ230. C, GST-p47phox AB
pulling down WRCΔ230 in the presence of p22phox ICD peptide as competitors. Note that the control lanes 4 to 6 are identical to lanes 5 to 7 in Figure 2C. D,
pull-down results of WRCΔ230 by various GST-p47phox constructs. E, pull-down results of WRC230WCA comparing various GST-p47phox constructs. F, shows
GST-p47phox AB pulling down indicated WRCs. G, shows GST-p47phox AB pulling down WRC230WCA WT and mutant. ICD, intracellular domain; PRR, proline-
rich region; SH3, Src homology 3; WCA, WH2-central-acidic; WRC, WAVE regulatory complex.

p47phox binding to WAVE complex
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p47phox binding to WAVE complex
(Fig. 5E, lane 9), suggesting that the PX domain might pose
certain steric clashes with the bound WRC. Due to its higher
binding affinity, we switched to p47phox PABshort for experi-
ments described hereafter that involved PAB.

We suspected that the binding between WRCΔ230 and
p47phox was mediated by residues 186 to 230 in WAVE1. This
region is important for WRC activation but is believed to be a
flexible sequence because it remained unresolved in previous
X-ray crystallography and cryo-EM studies (17, 20, 22).
Consistent with our prediction, the further removal of residues
187 to 230, as in WRCΔ186, substantially reduced the interac-
tion (Fig. 5F, lanes 2–3). Note that WRCΔ186 still exhibited
weak residual binding to p47phox, which was abolished by
further removal of residues 86 to 186 from WAVE1, as in
WRCΔ85 (Fig. 5F, lanes 3–4). Together, these data suggest that,
in addition to the PRR sequences in WAVE1 and Abi2,
WAVE1 86 to 230 also interacts with p47phox through the
same p22phox-binding pocket (Fig. 5F, lanes 6–8).

WAVE1 86 to 230 is not considered as a PRR and does not
contain canonical SH3-binding sequences, yet it is scattered
with several prolines and arginines, which are often found in
SH3-binding motifs (40). To validate the importance of these
residues in mediating the interaction, we mutated R186, P187,
P190, P194, R195, P197, R200, R201, and R202 in WAVE1-
Δ230WCA to alanines (Fig. 5A, arrowheads). As a result, the
interaction was greatly reduced (Fig. 5G, lanes 3–4), con-
firming that WAVE1 186 to 230 contains noncanonical SH3-
binding sequences capable of binding to p47phox dual SH3
domains. Note that we used WRC230WCA for these experi-
ments, as it contains the WCA domain, allowing us to measure
whether this interaction influences WRC activity in the next
section.
p47phox binding does not impact WRC activity

WAVE1 86 to 230 harbors the meander sequence known to
be critical for WRC autoinhibition and activation (Fig. 5A),
whereas the C-terminal unstructured PRR sequences do not
contribute to WRC assembly or activation but allow the WRC
to interact with various regulatory proteins (15, 16). Given that
p47phox dual SH3 domains directly interacted with the
WAVE1 86 to 230 sequence, we speculated that this interac-
tion might influence WRC activity. To test this hypothesis, we
used the established pyrene-actin polymerization assay to
examine the effect of p47phox on WRC activity. Before we
conducted this assay, we confirmed that the interaction
observed in GST pull-down assays similarly occurred in cogel
filtration chromatography (Fig. 6A) and when we swapped bait
and prey using MBP-tagged WRC to pull down untagged
p47phox PABshort (Fig. 6B, lane 6).

To our surprise, neither p47phox AB (Fig. 6C) nor PABshort

(Fig. 6D) had any discernable impact onWRCactivity. First, they
did not enhance WRC activity in the basal state (without Rac1
activation, blue lines in Fig. 6, C and D). As someWRC ligands,
such as WRC-interacting receptor sequence–containing re-
ceptors, do not directly enhanceWRC activity but canmodulate
its activity when WRC is activated by Rac1 (22), we tested
whether p47phox exhibited a similar behavior. However, p47phox

did not alter the activity level ofWRC, whetherWRCwasmildly
activated by an intermediate concentration of Rac1 (green lines
in Fig. 6, C and D) or fully activated by a saturating concentra-
tion of Rac1 (red lines in Fig. 6, C and D).

Certain WRC ligands can have dual and opposing effects in
WRC-mediated actin polymerization assays (15). For example,
the dendrite branching receptor HPO-30 can promote WRC
activation while simultaneously inhibiting actin polymerization,
leading to potentially complex outcomes (41). However, we
ruled out the possibility that the lack of effect on WRC activity
was due to a similar counteracting effect of p47phox based on two
observations. First, p47phox did not affect actin polymerization
mediated by free WCA peptide, to which p47phox does not bind
(Fig. 6E), thus eliminating potential inhibitory effect of p47phox

on actin polymerization. Second, p47phox did not affect the ac-
tivity of a constitutively activeWRC in the absence of Rac1, thus
eliminating potential complications arising from p47phox

affecting Rac1 binding to WRC (Fig. 6F). Together, the data
suggest that p47phox binding to WAVE1 86 to 230 sequence
does not directly impact WRC activation.
Discussion

The crosstalk between actin remodeling and redox regula-
tion is essential to various cellular processes. A common
mechanism underlying this crosstalk involves the oxidation of
actin or actin regulators, such as the oxidation of actin fila-
ments by MICAL or various proteins by ROS molecules (9–12,
42). However, direct interactions between actin regulators and
ROS production enzymes have remained elusive. The identi-
fication of the interaction between WAVE1 and p47phox 2 de-
cades ago led to an intriguing model, suggesting that activated
p47phox could simultaneously bind to p22phox and WAVE1,
thereby potentially bridging the WRC and NOX2 into a large
signalosome that coordinates actin polymerization and ROS-
mediated oxidation (13, 35). In our study, we used well-
characterized recombinant materials to elucidate the interac-
tion mechanism and arrived at conclusions that differ from the
earlier model.

First, we have established that p22phox and WRC bind to the
same pocket in p47phox, and their interactions occur in a
mutually exclusive manner, rather than simultaneously. Pre-
vious studies suggesting simultaneous binding of WAVE1 and
p22phox to p47phox were primarily based on yeast two-hybrid
analysis and binding assays using in vitro translated materials
(13). These studies indicated that mutating the conserved
residue, W193R, within the p22phox-binding pocket did not
affect WAVE1 binding. In addition, individual SH3 domains
could bind WAVE1. This was distinct from p22phox, which
requires both SH3 domains for binding (13). Our studies
confirmed a direct interaction between WAVE1 and p47phox

and further revealed multiple p47phox binding sequences
within the WAVE1 and Abi2 subunits of the WRC.

However, in contrast to previous studies, we find that all
interactions between WRC and p47phox, regardless of the
specific binding sequences involved, are mediated by the same
J. Biol. Chem. (2024) 300(4) 107130 7



Figure 6. p47phox binding does not impact WRC activity. A, cogel filtration of WRCΔ230 with glutathione-S-transferase (GST)-p47phox AB, showing
chromatograms of indicated samples on left and Coomassie blue–stained SDS-PAGE gels on right. Gel images are aligned vertically over indicated fractions.
The formation of a WRC–p47phox complex is indicated by the shift of the WRC peak from fraction 18 to 17 and the appearance of p47phox in fractions 16 to
18. B, Coomassie blue–stained SDS-PAGE gels of amylose beads pull down using indicated MBP-tagged baits (41), comparing untagged versus GST-tagged
p47phox PABshort. C–F, pyrene-actin polymerization assay at indicated conditions. Reactions contain 3 to 4 μM actin (5% pyrene-labeled), 10 nM Arp2/3,
0.1 μM WRC230WCA or WCA, and indicated Rac1Q61L and/or p47phox. WCA, WH2-central-acidic; WRC, WAVE regulatory complex.

p47phox binding to WAVE complex
p22-phox-binding pocket. These interactions share common
features with p22phox binding, as they are all abolished by
W193R mutation, can be competitively disrupted by p22phox

binding, require dual SH3 domains but not individual SH3
domains and cannot occur with autoinhibited FL p47phox. The
discrepancy between our findings and prior results likely stems
from differences in the materials involved. Over years of effort
to establish recombinant WRC purification, it has become
evident that individually expressed or purified WRC subunits,
including WAVE1, are prone to protein aggregation, which
can lead to erroneous experimental outcomes (15). Using our
meticulously purified materials and rigorous controls, we have
now clarified the previous observations and established that
WRC and p22phox bind to p47phox at the same binding site and
in a mutually exclusive manner.

WRC contains PRRs known to mediate interactions with
various PRR-binding proteins, such as SH3-containing pro-
teins like WRP (43)- and EVH1-containing proteins like Ena/
VASP (37, 39). Since the unstructured PRR sequences are not
involved in WRC assembly or autoinhibition, these
8 J. Biol. Chem. (2024) 300(4) 107130
interactions typically do not have a direct impact on WRC
activity. Instead, they mainly influence WRC localization and
its connections with other signaling pathways. Our study has
expanded the list of WRC ligands by establishing p47phox as a
genuine WRC-binding protein. This interaction can poten-
tially connect WRC-mediated actin polymerization with
pathways involving p47phox, such as NOX2 activation.

In addition to the PRR sequences in WAVE1 and Abi2 that
interact with p47phox, we have also uncovered noncanonical
SH3-binding sequences within the region spanning residues 86
to 186 of WAVE1. This finding is consistent with the pro-
miscuity of SH3-binding sequences (40, 44) and may prompt
reevaluation of other SH3- or EVH1-containing WRC ligands
to determine whether they also interact with this specific re-
gion. Notably, this region contains the meander sequence,
which winds across a conserved surface on Sra1 (Fig. 5A),
playing a key role in WRC autoinhibition and activation.
Therefore, it is possible that other SH3-containing proteins
may dock at this sequence to modulate WRC activity,
although, unexpectedly, p47phox binding to this noncanonical
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sequence did not affect WRC activity under various tested
conditions.

Our results propose a model distinct from previous reports.
In this revised model, upon activation, p47phox can participate
in two distinct processes in the cell (Fig. 7). In one process,
p47phox translocates to the membrane by binding to p22phox

and, together with other NOX2 subunits, assembles into an
active NOX2 complex to initiate ROS production. In another
process, p47phox binds to membrane-associated WRC at
multiple sequences. While the precise mechanisms by which
the p47phox–WRC interaction modulates actin dynamics in a
cellular context remains to be elucidated, several possibilities
exist. First, although p47phox binding to WRC does not directly
control WRC activity, it could potentially regulate WRC’s in-
teractions with other SH3-binding proteins or serve as a
scaffold to recruit p47phox-binding ligands. Second, this
interaction could influence WRC localization, considering that
the PX domain of p47phox interacts with inositol phospholipids
at membranes (45, 46), which are also potential activators of
the WRC (19, 47). Third, p47phox may interact with actin either
directly through its C-terminal sequence (residues 319–337)
(48) or indirectly through its PX domain binding to meosin
(49, 50). Intriguingly, both inositol phospholipids and Rac1 are
shared factors between NOX2 assembly and WRC activation
(8). Thus, the cooperative actions of Rac1 activation, inositol
phospholipids production, and p47phox activation may play a
pivotal role in orchestrating ROS production and actin poly-
merization (Fig. 7).

Taken together, our work clarifies the connection between
WRC and p47phox, providing a foundation for exploring the
interplay between actin polymerization and ROS production in
various cellular processes.
Limitations of the current study

We recognize several limitations in our study, primarily the
lack of cellular experiments to elucidate the functional sig-
nificance of p47phox binding to the WRC within a cellular
context. For instance, it remains unknown whether p47phox
binding influences WRC activity, localization, or composition
inside the cells; whether NOX2 assembly and WRC binding
Figure 7. Schematic depicting an updated model detailing the potential in
actin cytoskeletal remodeling. This model is based on our interpretation o
periments to fully understand its functional implications. ROS, reactive oxygen
compete for the same pool of activated p47phox; and how the
activities of NOX2 and WRC are spatiotemporally linked or
balanced through p47phox. We anticipate that our biochem-
ical results, obtained from carefully characterized materials,
will pave the way for future investigations into these intriguing
questions.
Experimental procedures

Protein purification

Various human WRCs were expressed and purified essen-
tially as previously described (17, 18, 23, 36). All constructs
were generated by standard molecular biology procedures and
verified by Sanger sequencing. To improve the yield of FL
WAVE1 expression from bacterial cells, the coding sequences
were synthesized from Integrated DNA Technologies using
codons optimized for Escherichia coli expression. The coding
sequence of FL human p47phox was obtained from GE
Healthcare (IMAGE: 3633829). DNA constructs, protein se-
quences, and cloning primers used in this study are listed in
Tables S1–S3, respectively.

Reconstitution of recombinant WRCs followed previously
established protocols involving purification of individual sub-
units, assembly of subcomplexes (i.e., Sra1/Nap1 dimer and
WAVE1/Abi2/HSPC300 trimer), and final purification of the
WRC pentamer by a series of affinity, ion exchange, and gel-
filtration chromatography steps (23, 36). Sra1 and Nap1 were
expressed in Tni cells using the ESF 921 medium (Expression
Systems). Other proteins were expressed in BL21
(DE3)T1R cells (Sigma) at 18 �C overnight or ArcticExpress
(DE3) RIL cells (Stratagene) at 10 �C for 24 h. Various WRCs
used in this study behaved similarly during each step of the
reconstitution, showing no sign of misassembly or aggregation.

Different GST-tagged p47phox constructs were purified by
Glutathione Sepharose beads (Cytiva), followed by anion-
exchange chromatography through a Source Q15 column
and gel filtration through a Hiload Superdex 75 column. To
obtain untagged p47phox proteins, GST-p47phox was treated
with Tev protease overnight at 4 �C to cleave off the GST tag,
followed by ion exchange and gel-filtration chromatography to
obtain the untagged protein. Proteins including Arp2/3
volvement of activated p47phox in the processes of ROS production and
f the biochemical data and warrants further validation through cellular ex-
species.
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complex, actin, WAVE1 WCA, TEV protease, HRV 3C pro-
tease, and untagged Rac1Q61L were purified as previously
described (23, 36). All ion exchange and gel-filtration chro-
matography steps were performed using columns from Cytiva
on an ÄKTA pure protein purification system.

GST pull-down assay

GST pull-down experiments were performed as previously
described (17, 23). Typically, 250 to 300 pmol of GST-tagged
proteins as baits and 100 to 150 pmol of WRCs as preys
were mixed with 20 μl of Glutathione Sepharose beads in 1 ml
of binding buffer (10 mM Hepes pH 7, 100 mM NaCl, 5% (w/
v) glycerol, 2 mM MgCl2, and 5 mM β-mercaptoethanol or
1 mM DTT) at 4 �C for 30 min, followed by three washes using
1 ml of the binding buffer in each time of wash. Bound pro-
teins were eluted with the GST elution buffer (100 mM Tris–
HCl pH 8.5, 2 mM MgCl2, and 30 mM reduced GSH) and
examined by SDS-PAGE.

Pyrene-actin polymerization assay

Actin polymerization assays were performed as previously
described with some modifications here (17, 23). Each reaction
(120 μl) contained 3 to 4 μM actin (5% pyrene labeled), 10 nM
Arp2/3 complex, 100 nM of WRC230WCA constructs or
WAVE1 WCA, and desired concentrations of untagged
Rac1Q61L and/or untagged p47phox in the NMEH20GD buffer
(50 mM NaCl, 1 mM MgCl2, 1 mM EGTA, 10 mM Hepes pH
7, 20% (w/v) glycerol, and 1 mM DTT). Pyrene-actin fluores-
cence was recorded every 5 s at 22 �C, one reaction per
measurement using single-channel pipettes to minimize air
bubbles or pipetting errors, using a 96-well flat-bottom black
plate (Greiner Bio-One) in a Spark plate reader (Tecan), with
excitation at 365 nm and emission at 407 nm (15 nm band-
width for both wavelengths).

Data availability

All data are contained within the manuscript. Further in-
formation and requests for resources and reagents including
DNA constructs and recombinant proteins should be directed
to Baoyu Chen.
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