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The NADPH oxidase of professional phagocytes is a crucial com-
ponent of the innate immune response due to its fundamental role
in the production of reactive oxygen species that act as powerful
microbicidal agents. The activity of this multi-protein enzyme is
dependent on the regulated assembly of the six enzyme subunits
at the membrane where oxygen is reduced to superoxide anions.
In the resting state, four of the enzyme subunits are maintained in
the cytosol, either through auto-inhibitory interactions or through
complex formation with accessory proteins that are not part of the
active enzyme complex. Multiple inputs are required to disrupt
these inhibitory interactions and allow translocation to the mem-
brane and association with the integral membrane components.
Protein interaction modules are key regulators of NADPH oxidase
assembly, and the protein—protein interactions mediated via these

domains have been the target of numerous studies. Many models
have been put forward to describe the intricate network of re-
versible protein interactions that regulate the activity of this en-
zyme, but an all-encompassing model has so far been elusive. An
important step towards an understanding of the molecular basis
of NADPH oxidase assembly and activity has been the recent
solution of the three-dimensional structures of some of the oxidase
components. We will discuss these structures in the present review
and attempt to reconcile some of the conflicting models on the
basis of the structural information available.

Key words: NADPH oxidase, oxidase assembly, phosphorylation,
protein—protein interaction, reactive oxygen species.

INTRODUCTION

The production of superoxide anions (O,~) by neutrophils and
other phagocytes is an important step in our body’s innate im-
mune response. O, is the precursor of a range of chemicals
generally referred to as ROS (reactive oxygen species). These act
as microbicidal agents and kill invading micro-organisms either
directly or through the activation of proteases [1-5]. O, is pro-
duced by the NADPH oxidase, a multi-protein enzyme complex,
which is inactive in resting phagocytes, but becomes activated
after interaction of the phagocyte with pathogens and their sub-
sequent engulfment in the phagosome [1,3,6]. Defects in the func-
tion of the NADPH oxidase result in a severe immunodeficiency,
and individuals suffering from CGD (chronic granulomatous
disease), a rare genetic disorder that is caused by mutations in
NADPH oxidase genes, are highly susceptible to frequent and
often life-threatening infections by bacteria and fungi [5,7-9]. The
microbicidal activity of ROS has generally been seen as the only
beneficial function of these chemicals, and uncontrolled pro-
duction of ROS has been implicated in tissue destruction and
a number of disease states [10,11]. However, over the last couple
of years, it has become apparent that ROS produced by NADPH
oxidase homologues in non-phagocytic cells also play an import-
ant role in the regulation of signal transduction, often via modu-
lation of kinase and phosphatase activities or through gene trans-
cription [12—14]. These NADPH oxidase homologues are referred
to as Nox enzymes (gp91°"* is specified as Nox2; where phox is
phagocytic oxidase), and several members of this novel protein
family have been identified so far (reviewed in [15-17]).

In the present review, we will focus on the phagocytic NADPH
oxidase, with an emphasis on the molecular mechanisms that
regulate the assembly process of this heterohexameric enzyme. In

particular, we will describe the recent progress that has been made
towards a structural description of NADPH oxidase function, and
discuss the novel insights that have been gained through these
structures.

THE PLAYERS: NADPH OXIDASE SUBUNITS

The NADPH oxidase consists of six hetero-subunits, which asso-
ciate in a stimulus-dependent manner to form the active enzyme
complex and produce O,~. This activity has to be spatially and
temporally restricted to the closed phagosome in order to pre-
vent destruction of host tissue in what has been previously de-
scribed as ‘collateral damage’ [3]. Tight regulation of enzymatic
activity is achieved by two mechanisms: separation of the oxidase
subunits into different subcellular locations during the resting state
(cytosolic and membrane-bound) and modulation of reversible
protein—protein and protein-lipid interactions. These can either
enforce the resting state or allow translocation to the membrane
in response to appropriate stimuli. Two NADPH oxidase subunits,
gp91°"* and p22°™* are integral membrane proteins. They form a
heterodimeric flavocytochrome bssg (‘cyt bssg”) that constitutes the
catalytic core of the enzyme, but exists in a dormant state in the ab-
sence of the other subunits. These play mostly regulatory roles,
and are located in the cytosol during the resting state. They include
the multidomain proteins p67°"*, p47°"* and p40P™*, as well as the
small GTPase Rac, which is a member of the Rho family of small
GTPases.

Flavocytochrome bssg

The gp91°™* subunit (also called the B-subunit of the cytochrome)
consists of 570 amino acids and has a molecular mass of 65.3 kDa,
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Figure 1

Model of the cytochrome bss,

The predicted transmembrane helices of gp91°P"* and p22°"™* are indicated. Glycosylation sites
are indicated by cyan dots and regions that are believed to interact with p47°" in the active state
in red. The FAD- and NADPH-binding sites in gp91°"™ are shown in cyan and pink respectively.
The position of the consensus PxxP motif in the cytoplasmic region of p22°M* that interacts
with p47°"x is indicated in grey.

but runs as a broad smear of approx. 91 kDa on SDS/polyacryl-
amide gels due to a heterogeneous glycosylation pattern of three
asparagine residues (Asn'?, Asn'* and Asn*°) [18-20]. The
N-terminal 300 amino acids are predicted to form six trans-
membrane «-helices, while the C-terminal cytoplasmic domain
contains the binding sites for FAD and NADPH (Figure 1), shown
experimentally through cross-linking studies and the observation
that relipidated flavocytochrome alone can generate O, [21-27].
In addition, gp91°™* is responsible for complexing the two non-
identical haem groups of the NADPH oxidase via two histidine
pairs [28-30]. Hence gp91°™* contains all co-factors required for
the electron transfer reaction which occurs in two steps. First,
electrons are transferred from NADPH on to FAD and then to
the haem group in the second step to reduce O, to O, in a one-
electron-transfer reaction [31-34]. At present, no information is
available on the three-dimensional structure of gp917* or frag-
ments thereof, although a model for the structure of the cyto-
plasmic domain of gp9 17" has been suggested based on sequence
homology with the FNR (ferredoxin—-NADP reductase) family
[35]. Significant insight into the topology of the cytochrome and
the sites of interaction with other oxidase components has been
gained through the use of a number of techniques, including epi-
tope mapping or random sequence peptide phage analysis (Fig-
ure 1) [36—43]. Additionally, the study of cytochrome isolated
from patients with X-linked CGD has contributed to our current
understanding of its function [9,44—46].

p22P* (also called the a-subunit) contains 195 amino acids
and has a molecular mass of 21.0 kDa. It associates with gp91°™*
in a 1:1 complex, and contributes to its maturation and stabiliz-
ation [47-50]. Its N-terminal portion is predicted to contain three
transmembrane «-helices, while the C-terminal cytoplasmic por-
tion appears to be devoid of any secondary structure and its only
recognizable motif is a PRR (proline-rich region) that contains
a consensus PxxP (Pro-Xaa-Xaa-Pro) motif around Pro"® (Fig-
ure 1). This motif is known to be a target of the SH3 (Src homology
3) domains of p47°™* and Pro'>® has been found mutated in a CGD
patient [51-54]. Studies using a reconstituted cell-free system
for NADPH oxidase activation show that p22P"* becomes phos-
phorylated in a phosphatidic-acid-dependent manner on a threo-

© 2005 Biochemical Society

nine residue (Thr'*? or Thr'¥’) [55,56]. The physiological role of
these events is not understood at present, but it is interesting to
note that Thr'¥ is close to the region of p22P"* that is involved in
the interaction with the cytosolic regulatory subunit p47°%*,

The GTPase Rac

It was first suspected in the late 1980s that a GTPase might play
a role in NADPH oxidase activation when it was demonstrated
that guanine nucleotides were able to stimulate oxidase activity
[57-60]. The GTPase was subsequently identified as Racl or
Rac2, and itis now clear that its presence is absolutely required for
full oxidase function [61,62] (reviewed recently in [63,64]). Rac
belongs to the Rho-family of small GTPases, which act as mol-
ecular switches and regulate a large variety of signalling pathways,
including cytoskeletal remodelling and chemotaxis [65-67]. Their
activity is determined by the type of guanine nucleotide to which
they are bound: GDP maintains the protein in the inactive state,
while GTP induces the active state, thereby allowing interaction
with downstream effectors and propagation of a signalling re-
sponse. The conversion between the active and inactive states is
tightly regulated by GEFs (guanine-nucleotide-exchange factors),
which promote the release of GDP and allow GTP to bind, and
by GAPs (GTPase-activating proteins) that increase the rate of
GTP hydrolysis by several orders of magnitude and hence down-
regulate GTPase signalling [68,69].

Structural studies on many small GTPases over the last 15 years
have shown that they all share a common fold consisting of a
six-stranded B-sheet and five a-helices (reviewed in [70-72]).
The conformational changes that occur during the interconversion
between the active and the inactive states are by and large con-
fined to two regions of the protein, which have been termed the
switch I and switch II regions. These include amino acids 30-40
(Rac numbering scheme), also known as the effector loop, and
amino acids 60—67 respectively. Not surprisingly, these regions
are generally recognized by regulatory proteins [GDIs (GDP-dis-
sociation inhibitors), GEFs and GAPs] or downstream effectors,
and they can therefore be viewed as the docking stations for
GTPase-binding proteins. The remainder of the GTPase, includ-
ing the insertion helix (amino acids 123-135), which is found
only in Rho-family GTPases, stays unaltered during GDP-GTP
cycling. Rac, however, is an exception to this rule, because its
switch II region does not change its conformation upon GTP bind-
ing, as shown by crystallographic studies on GTP- and GDP-
bound forms of Rac [73-76]. Both Racl and Rac2 are geranyl-
geranylated at the C-terminus, which facilitates their association
with membranes. Nevertheless, both isoforms are kept cytosolic
in the resting state due to an association with the GDI protein
RhoGDI [77], to which Rac binds mainly through its switch II
region and a hydrophobic pocket of the GDI that accommodates
the geranylgeranyl moiety of the GTPase [74,78]. Appropriate
stimuli induce the dissociation from RhoGDI, allowing membrane
translocation independent of the other oxidase subunits [79—-81]
and exchange of GDP against GTP catalysed by GEFs such as
the phosphoinositide-activated exchange factor P-Rex1 and the
haematopoietic cell-specific GEF Vavl1 [82-84].

Two regions of Rac are of particular interest to NADPH oxidase
regulation: the insertion helix and the hypervariable C-terminus,
where most of the differences between Rac1 and Rac2 occur. Racl
is expressed ubiquitously, while Rac2 expression is restricted
to haematopoietic cells [85,86]. Both proteins consist of 192
amino acids and share 92 % sequence homology, and, importantly,
no amino acid substitutions occur in the switch regions or the
insertion helix. Their ability to support O, production is similar in
reconstituted cell-free systems using purified proteins. However,
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Figure 2 Domain structure of the cytosolic subunits p40°"*, p47°"* and p67°"~

The domain structure of the cytoplasmic components is shown as predicted by SMART (http://smart.embl-heidelberg.de/). The positions of consensus PxxP motifs in p47°1%* (amino acids 363-368)
and p67°" (amino acids 226-236) are indicated by thick black bars. The locations of serine and threonine residues that become phosphorylated during activation are indicated by thin black bars.

functional differences between Racl and Rac2 have been found
in assays using neutrophil cytosol, suggesting that regulatory,
non-oxidase proteins have different effects on the two isoforms
[61,83,87]. Interestingly, the two isoforms are found in different
subcellular micro-environments in activated neutrophils. This
distribution has been shown recently to be regulated by the
hypervariable C-terminus and Asp'®® of Rac2, and might explain
apparent differences in oxidase regulation [88].

The cytosolic regulatory subunits

The activity of the phagocytic NADPH oxidase is tightly regulated
by three cytosolic components p67°, p47°"* and p40P"*, These
regulatory factors feature a number of protein—protein and pro-
tein—lipid interaction modules, sometimes in multiple copies, and
undergo a variety of controlled protein—protein interactions at
different stages during the activation process. Some of these inter-
actions are modulated by reversible phosphorylation of serine or
threonine residues, while others are targeted by phospholipids.

p47phox

p477* is a 390-amino-acid protein with a molecular mass of
44.7 kDa that consists of a PX (Phox homology) domain, two
adjacent SH3 domains, a region rich in arginine and lysine resi-
dues (the polybasic region) and a PRR (Figure 2). The PX domain
was first identified in 1996 as a novel domain that is present in the
NADPH oxidase subunits p40™* and p47°* [89], and has since
been shown to specifically recognize phosphoinositides [90,91].
In the case of p47°™~, it recognizes preferentially PtdIns(3,4)P,
and thereby contributes to membrane anchoring of p47°™* after
activation-induced translocation [91]. The two SH3 domains of
p47°™* have been shown to mediate a number of protein—protein
interactions in both the resting and the active states, some of which
are targeted by phosphorylation [1,6,92]. In fact, p47°** is the
most extensively phosphorylated subunit of the NADPH oxidase,
and a total of 11 phosphorylation sites have been identified to
date, all of which map to the region C-terminal of SH3 do-
main B [93-97]. Pure, recombinant p47°"™* is a monomeric pro-
tein free in solution as shown by analytical ultracentrifugation

and neutron scattering, and there is no indication that post-trans-
lational modifications might change this state [98,99]. A number
of reports have suggested that the actin cytoskeleton might play a
role in NADPH oxidase regulation, most likely through an inter-
action with p47™* and possibly other oxidase components
[100-104]. Specifically the PX domains of p47P* and p40P
have been shown to bind moesin, which belongs to the ERM
(ezrin/radixin/moesin) family of actin-binding proteins [105].
The precise effect of association of phox components with the
cytoskeleton remains unknown, but it has recently been suggested
that the moesin—p47 PX domain interaction might be responsible
for membrane translocation of p47°** [106]. Such an interaction is
difficult to reconcile with the phosphoinositide-binding function
of PX domains, which is well documented by biochemical and
structural evidence. Clearly, additional data are required to clarify
the physiological role of the actin cytoskeleton in oxidase
assembly.

p67phox

po7P* is a 526-amino-acid protein with a molecular mass of
59.8 kDa, which consists of a four TPR (tetratricopeptide repeat)
motif-containing domain, a PRR and two SH3 domains that
are separated by a PB1 (Phox and Beml) domain (Figure 2).
The N-terminal portion of p67™* that encompasses the TPR
domain is responsible for mediating the interaction with Rac in a
GTP-dependent manner [107-109]. TPR domains are known to
promote protein—protein interactions and are often found in pro-
teins that are part of multi-protein assemblies [110-113]. In addi-
tion, recent reports have suggested that the TPR domain of p67°™*
may also bind NADPH and exhibit weak dehydrogenase activity
in spite of the absence of any homology with NADPH-binding
sites in other proteins [114]. The significance of this observ-
ation is not understood at present, since it is generally accepted
that the cytochrome contains the binding sites for all the co-fac-
tors that are necessary for efficient oxygen reduction. No binding
partner has yet been identified for the PRR in p677™* nor is it estab-
lished if SH3 domain A participates in the regulation of NADPH
oxidase activity. The PB1 domain is a novel protein—protein
interaction module that interacts with other PB1 domains and
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Table 1 PDB entries for structures of the NADPH oxidase subunits

This Table lists all the PDB entries of structures of NADPH oxidase components that are currently available. aa, amino acids.

Code Protein Binding partner Reference Method Figure
1H6H p40Pnx PX domain di-C4-PtdIns(3)P [189] X-ray 8
1GD5 p47°"x PX domain [194] NMR
1KQ6 p47°"x PX domain M. Wahl, H. Delbrueck, H. Oschkinat and X-ray

U. Heinemann, published in PDB, 2003
107K p47P"x PX domain Sulphate ions [191] X-ray 8
1K4U p47P"x aa 359-390 p67°"* SH3B [136] NMR 4
1NG2 p47P" auto-inhibited (aa 156-340) [144] X-ray 56
1UEC p47P" auto-inhibited (aa 151-340) [145] X-ray
10v3 p47P" a3 156-285 p22°hex peptide (aa 148-162) [144] X-ray 5
10EY p67°"x PB1 domain p40P"* PB1 domain [119] X-ray 3
1HH8 p67°"* TPR domain [177] X-ray
1E96 p67°"* TPR domain Rac [73] X-ray 7

has been named after its occurrence in the phagocytic oxidase and
Beml [115-117]. In the case of p67™*, it forms a heterodimer
with the PB1 domain of p40P™* [118,119]. In addition to its protein
interaction modules, p67°™* contains an ‘activation domain’,
which encompasses amino acids 199-210 and has been shown to
be absolutely required for O, production in a reconstituted cell-
free system [120,121]. It is believed that this region might interact
directly with the flavocytochrome and thereby participate in the
regulation of electron transfer [122].

The shape and oligomerization state of p67°™* in solution is
controversial. Based on neutron scattering data in combination
with analytical gel filtration, it was suggested that it exists as a
dimer; however, the protein used in those studies had a propensity
to aggregate even at low protein concentrations [99]. Analytical
ultracentrifugation data instead indicated that it is an elongated
monomer, which could explain its apparent high molecular
mass on gel filtration [98]. On the other hand, phosphorylation
studies of p67°* using different kinases including p38 MAPK
(mitogen-activated protein kinase) and ERK1/2 (extracellular-
signal-regulated kinase 1/2) suggest that it might exist in an
auto-inhibited state. A new phosphorylation site in the C-terminal
part (amino acids 244-526) of p67™™ appears after removal of
the N-terminal portion of the protein [123], suggesting a confor-
mation in which the C-terminal phosphorylation site is masked by
an N-terminal fragment containing the TPR domain. Inhibition of
phosphorylation was also observed in trans, when N- and C-ter-
minal fragments were mixed, indicating that the interaction
between the two regions must be relatively tight. Taken together
with the neutron scattering data, this may indicate that dimer-
ization of p67°™* occurs in an N- to C-terminal fashion. However,
this model is in disagreement with studies showing that binding of
Rac to the TPR domain of p67P" is not inhibited by the presence
of the remainder of the protein [73,120]. The solution of the
three-dimensional structure of full-length p67°™ will be required
to resolve this question.

p40phox

p40Ph is a 339-amino-acid protein with a molecular mass of
39.0 kDa and consists of a PX domain, an SH3 domain and a PB1
domain (in the context of p40P™*, previously described as a
PC domain, where PC is phox and Cdc24) (Figure 2). p40°™™™ was
the last NADPH oxidase subunit to be identified by co-immuno-
precipitation and co-purification with p47™* and p67Ph
[124-126]. It interacts with p67°' via its PB1 domain, while its
SH3 domain has been suggested to interact with the PRR in p477
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[99,127]. However, this interaction is very weak in comparison
with that between p47° and p67°™, and its physiological
relevance is not clear at present. The PX domain of p40P™* binds
specifically to PtdIns(3)P, which accumulates in phagosomal
membranes, and could thus facilitate oxidase assembly at this
location [90,91]. The overall function of p40P™* in oxidase
regulation is still controversial, and it has been described as both
activator and inhibitor [118,128-130].

PROTEIN-PROTEIN INTERACTIONS IN THE RESTING STATE

Reversible protein—protein interactions mediated by modular
protein interaction domains are key to NADPH oxidase assembly,
and much effort has been put into identifying the regions that are
responsible for mediating complex formation during the different
stages of the activation process. The interactions have been ex-
amined using a variety of techniques including phage display,
yeast-two hybrid assays, oxidase reconstitution assays, GST
(glutathione S-transferase) pull-down experiments, fluorescence
spectroscopy and ITC (isothermal titration calorimetry). In ad-
dition, several crystal and NMR structures of NADPH oxidase
fragments and complexes thereof have been solved recently. The
PDB (Protein Data Bank) entries of these structures are listed in
Table 1. We will first focus on the interactions of the cytosolic
proteins in the resting state as these are the best characterized at
present, and later give an overview of our current understanding
of protein interactions occurring at the membrane in the fully
assembled enzyme.

Early isolation of a complex of the regulatory oxidase subunits
from the cytosol of resting neutrophils detected a molecular mass
of 240-300 kDa by analytical gel filtration and showed that this
complex contained p477"* and p677™ [131,132]. p40°™* had not
been identified at that time, and it was only appreciated later that
it was part of the cytosolic complex. The large apparent molecular
mass suggested that one or more oxidase subunits exist in multiple
copies in this complex. However, recent biophysical studies
employing I'TC and analytical ultracentrifugation have shown that
p40Phox | p4 7P and p67P™* associate with a 1:1:1 stoichiometry
(see also the model in Figure 6), and that the high molecular mass
of the cytosolic complex is likely to be due to a non-globular shape
[98]. This trimeric complex is generally believed to constitute the
resting state of the cytosolic components and will be discussed as
such in the present review. However, a recent report by Yaffe and
co-workers suggested that p47P™™* may actually exist separately
from the p40—p67°™* complex in resting cells, and that formation
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Figure 3 Complex between the PB1 domains of p40*'** and p67°"

phox

p40

Ribbons representation of the complex between the PB1 domains of p40P™* in blue and p67°"™* in magenta (PDB code 10EY) [119]. Residues from the basic clusters (BC1 and BC2) and acidic
clusters (AC1 and AC2), which mediate complex formation are indicated in a ball and stick representation.

of the trimeric complex requires stimulation [133]. Hence this
would constitute the first step along the activation pathway. In
the following sections, we will describe the architecture of the tri-
meric complex and will then discuss possible mechanisms which
may prevent its formation.

The p40rhox—p67Phox jnteraction

The interaction between p40P™* and p67°™* is mediated by their
respective PB1 domains [115,117]. Originally, it was believed
that only p67°"* contained a PB1 domain, while its target region
in p40P™* was designated the PC motif. However, recent se-
quence and structural analysis indicated that both domains are
in fact members of the same family, and that both regions should
be referred to as PB1 domains [116,119,134]. p40°™** and p67°h*
form a very tight complex. Indeed, all of the binding affinity is
contributed by the interaction between the two PB1 domains, as
evidenced by the similar affinities for the isolated domains,
Kys=4nM, and the full-length proteins, K4=10nM [98,119].
This interaction is constitutive, and there is no evidence that it
might be subject to regulation by post-translational modifications
or competing proteins. In fact, it has been suggested that p67™
might stabilize p40P* and act as a kind of chaperone [127,135].
The latter was proposed due to the fact that p40P™* is not essential
for oxidase function and that CGD patients who lack p67°
showed reduced or no expression of p40P™, implying that it is
unstable in the absence of p67°"* [135].

The X-ray crystallographic structure of the complex between
the PB1 domains of p40P™* (amino acids 237-339) and p67°'*
(amino acids 352-429), shown in Figure 3, reveals how this
domain can form heterodimeric complexes through a ‘front-to-
back’ arrangement of the two domains [119]. Each PB1 domain
has the same topology, consisting of a five-stranded B-sheet and
two a-helices that superimpose with an RMS (root mean square)
of 1.6 A (1 A=0.1nm). The complex is not symmetrical, and
p67P" uses its basic ‘back’ to bind the acidic ‘front’ of p40r™*
(Figure 3). The basic surface on p67°"* consists of two clusters
called BC (basic cluster) 1 and BC2, which contain Lys®™ and
Lys*?/Lys** respectively. BC1 interacts with AC (acidic cluster)
1 of p40P™, which is made up of Asp®, Glu®' and Asp™,
while BC2 interacts with AC2, containing Glu*"' and Asp*** (Fig-

ure 3). The importance of these acidic residues in p40P™* was
suggested previously based on yeast two-hybrid data and in vitro
pull-down assays [117]. These residues make up an acidic
DX(D/E)GDX;(D/E)D motif that is conserved in a large subset
of PB1 domains and is called the OPCA [OPR (octicosa-
peptide repeat)/PC/AID (atypical protein kinase C interaction)]
motif. A mutation within this motif, Asp®® — Ala, disrupts bind-
ing to p67™> and abrogates enhancement of membrane trans-
location [118]. In addition, Lys**, conserved among PBI1
domains, constitutes an essential residue on the p67™ side of
the protein interaction interface. Alanine substitution of Lys®**
eliminates heterodimer formation, observed in in vitro pull-
down assays, and reduces NADPH oxidase activation in vivo
[115,118]. The p40—p67°™* crystal structure rationalizes these
observations as these two residues form an important salt bridge
at the protein interface (Figure 3) [119]. In addition to the elec-
trostatic interactions described above, a significant proportion
of the protein—protein interface between p40P™* and p67°™* is
contributed by a C-terminal extension of p40P"™* that is not part
of the conserved PB1 homology domain and whose deletion sup-
presses binding to p67*"* (Figure 3) [117]. These interactions
are partly hydrophobic, partly hydrogen-bond-mediated and con-
tribute to the specificity of this interaction [119].

The p47Ph*—p67Ph jnteraction

p47° associates with the p40—p67°"* complex via its C-terminal
consensus PxxP motif and the second SH3 domain of p67°™* (p67-
SH3g). The binding affinity of 20 nM for complex formation is
atypically high for an SH3 domain/proline-rich target interaction,
but can be explained by additional contacts made outside of
the consensus PxxP motif [136]. The importance of these ad-
ditional contacts is demonstrated by the low-affinity binding (K4 =
20 uM) of a peptide encompassing only the PxxP motif (amino
acids 360-370) to p67-SH3;. The remaining binding energy is
contributed by the region C-terminal to this motif which, never-
theless, is not able to bind to p67™™* on its own. However, exten-
sion of this region to include Arg*® restores binding to p67-SH3g
with an affinity of 10 uM. The NMR structure of a complex be-
tween p67-SH3g and p47°™* (amino acids 359-390), shown in
Figure 4, rationalizes these observations and illustrates how amino
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Figure 4 C-terminal SH3 domain of p67°"* in complex with the C-terminal
region of p47°hox

p67-SH3B is shown in blug in a ribbon representation, while the C-terminal region of p47°nox
encompassing amino acids 359-390 is shown in a surface representation with underlying
ribbons (PDB code 1KU4) [136]. The side chains of Ser®®?, Sers™® and Ser®®, which become
phosphorylated during activation, and of Arg®®, 11e3™ and Thr2, which are important for
complex formation, are shown in a ball and stick representation. Furthermore, the positions of
Pro®® and Pro%, which are part of the consensus PxxP motif are indicated.

acids 360-370 bind as a PPII (polyproline type II) helix in a typical
class II orientation, while the region C-terminal to this motif forms
two antiparallel a-helices that make extensive contacts with the
SH3 domain [136]. Importantly, this region contacts a surface on
p67-SH3; that has not been shown previously to mediate protein—
protein interactions through SH3 domains. As a result of this
additional binding site, the affinity is increased almost 1000-fold.
Mutational analysis shows that Ile*™ in helix o1 and Thr*** in helix
a2 are very important for complex formation, and that mutation
of either residue to alanine weakens the interactions to 3.0 uM
and 1.1 uM respectively (Figure 4) [136].

The SH3 domain of p40P™* has also been suggested to interact
with the PRR of p47°™* and thereby link p477* and p67°>
[99,137-139]. However, this interaction is relatively weak (K,
~5 uM), as estimated by analytical ultracentrifugation [98] and
small-angle neutron scattering [99]. It would therefore not be
expected to be able to compete with p67°™* that binds with
a 250-fold higher affinity, even if complex formation can be
observed using the isolated domains. Instead, p67™* serves as
a bridge between p47°"* and p40P™™* by interacting with both
co-regulators simultaneously as shown in the model in Figure 6
[98,118]. This model in which p67™* is regarded as the central
component of the trimeric complex is well supported by binding
data and structural studies, yet still leaves a number of unanswered
questions: what are the targets of the SH3 domain of p40P™*, the
N-terminal SH3 domain of p67"™* and the PRR adjacent to this
domain? Is it possible that these domains are ‘orphans’ in the
resting state, but become involved in protein—protein interactions
at later stages along the activation pathway? Or may they possibly
interact with yet unidentified proteins and thereby modulate
oxidase activity? Likewise, how can the recent suggestion that
p477* is not associated with the p40—p677™* complex in resting
neutrophils [133] be reconciled with the fact that unmodified
p477* and p67°™* interact with nanomolar affinity? Interestingly
the PRR of p47™* is surrounded by a number of serine residues

© 2005 Biochemical Society

(Ser*”, Ser’ and Ser’”), which are known to become phos-
phorylated during NADPH oxidase activation, as shown in Fig-
ure 4. Phosphorylation of these residues significantly weakens the
interaction with p67°** (F. Hussain and K. Rittinger, unpublished
work), raising the possibility that there is a basal level of phos-
phorylation that could prevent the interaction between p47w>
and p67™*. According to this model, NADPH oxidase assembly
would then have to include activation of a phosphatase to allow
formation of the trimeric complex. Alternatively p67-SH3g or
the PRR of p47°"* may be associated with other molecules that
prevent their association. More data are now required to decide if
the p40—p67—-p47°"* complex constitutes the true resting state or
if this complex is only formed after initial activation.

The auto-inhibited conformation of p47°"* in the resting state

One of the main roles of p47™* in NADPH oxidase function is
to control and facilitate the translocation of the cytoplasmic p40—
p67—p47P™* complex to the membrane and correctly position it
with respect to the cytochrome. Translocation and anchoring to
the membrane is achieved through an interaction between the SH3
domains of p47"™* and a conventional PxxP motif in the cyto-
plasmic portion of p22P"*, This interaction of the active state as
well as its inhibition during the resting state has been the subject
of many studies, and has led to a number of models for the different
conformations of p47""* during oxidase assembly. Initially, it
was believed that the PRR in the C-terminus of p47"™* bound in
an intramolecular fashion to its SH3 domains [53,140], thereby
preventing them from interacting with p22°**. However, more
recent biochemical studies have suggested that the polybasic
region, C-terminal to SH3g, interacts with the SH3 domains
instead [141-143]. Ago et al. [141] investigated which minimal
fragment was responsible for masking the SH3 domains and
found that while a core region (PPRR) is important, the highest
affinity to the SH3 domains required the whole polybasic region
(residues 296-340). Interestingly, both of the SH3 domains were
required to achieve binding [141]. This observation has now
been consolidated by the three-dimensional structure of the auto-
inhibited core of p47°"* (comprising amino acids 156-340) that
shows how the tandem SH3 domains of p47°™* interact with the
polybasic region in a novel and unexpected fashion [144—146]
(Figure 5).

Each SH3 domain adopts the conserved SH3 domain fold
in the auto-inhibited structure; however, the two domains are
arranged in such a fashion that their conserved ligand-binding
surfaces are juxtaposed and contact one another across the inter-
face, burying 579 A? of solvent-accessible surface. This particular
orientation of the two domains creates a novel ligand-binding
surface that accommodates the sequence RGAPPRRSS (amino
acids 296-304) in the N-terminal portion of the polybasic region
in an arrangement that has been termed the ‘SuperSH3 domain’
(Figure 5) [144]. Residues GAPPR form a PPII helix, charac-
teristic of SH3 domain ligands, in spite of the absence of a con-
sensus PxxP motif. This structure represents a novel interaction
between SH3 domains and binding partners as two SH3 domains
bind a single target simultaneously. Apart from interactions made
by the core peptide GAPPRR, an extensive network of interactions
is generated by the rest of the polybasic region, with the linker
connecting both SH3 domains and the back of SH3; (Figure 5).
Binding studies using ITC revealed that these additional contacts
contribute significantly to auto-inhibition, increasing the affinity
of the polybasic region for the tandem SH3 domains by a factor of
20 compared with that of a peptide comprising only amino acids
296-304 [144]. This unexpected structure of the auto-inhibited
fragment challenges some of the earlier suggestions about the
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polybasic region

Figure 5 Regulation of p47*"* activity

Left-hand side: in the auto-inhibited conformation of p47°"*, the tandem SH3 domains (blue) are masked by an intramolecular interaction with the polybasic region (yellow) where a core region
interacts with conserved Trp™® and Trp? residues (red) (PDB code 1NG2) [144]. The positions of serine residues 303, 304 and 328, which are important for activation, are indicated in red. The
auto-inhibited core of p47°" crystallized as a domain-swapped dimer, but the monomer is shown in this Figure. Right-hand side: a proline-rich peptide from the cytoplasmic region of p22°1o*
encompassing residues 151-160 (yellow) binds to the same SuperSH3 arrangement as the core of the polybasic region (PDB code 10V3) [144]. In addition to the consensus PxxP core that is
involved in hydrophobic contacts with both conserved ligand-binding surfaces of the SH3 domains (blue), there are extensive additional contacts between SH3, and the p22 peptide.

interactions made by SH3p, in particular with respect to the
PX domain. This will be discussed in more detail in a later
section.

PHOSPHORYLATION, OXIDASE ASSEMBLY AND PROTEIN-PROTEIN
INTERACTIONS IN THE ACTIVE ENZYME COMPLEX

Phosphorylation

Phosphorylation has long been recognized as one of the key events
in NADPH oxidase activation, and most oxidase components
(apart from Rac and gp91°™*) have been shown to become phos-
phorylated to various degrees during the activation process. In the
case of p477™, it is well established that multiple phosphoryl-
ation events are required to relieve auto-inhibition and allow
translocation to the membrane. There association with the flavo-
cytochrome occurs by virtue of an interaction between the tandem
SH3 domains and a PRR in the C-terminal cytoplasmic tail of
p22°h*, Neither p40P"* nor p67°™* is able to translocate in the
absence of p477™*, as evidenced by the cytoplasmic location
of p40—p67°™* in stimulated cells from CGD patients that lack
a functional p47™* [135]. The phosphorylation of p47°™* is ex-
tensive, and 11 phosphorylation sites have been mapped including
serine residues 303, 304, 310, 315, 320, 328, 345, 348, 359, 370
and 379 [93-97,147,148]. It is not clear if all serine residues
become phosphorylated while the protein is still cytosolic, nor is
the sequence of phosphorylation events known in detail. Several
kinases have been shown to be involved in the phosphorylation of
p477**, Protein kinase C plays a dominant role, mainly through the
isoforms B, § and ¢ [96,149,150], but, additionally, p38-activated
protein kinases [93-95,151], PAK (p21-activated kinase) [152],
casein kinase 2 [153] and protein kinase B/Akt [154] were
shown to contribute to phosphorylation of p47°™*. Serine residues
303, 304, 310, 315, 320 and 328 are located in the polybasic
region, as indicated in Figure 2, and are hence part of the auto-
inhibitory segment. Mutagenesis studies and cell-free NADPH
oxidase activation assays have shown that phosphorylation of
Ser’®, Ser*® and Ser*?® are particularly important for activation
[93-96,141,155], an observation that can easily be rationalized
based on the structure of auto-inhibited p47°* (Figure 5) [144].
Ser’® forms a hydrogen bond with the side chain of Glu*!, and

phosphorylation of this serine residue will therefore lead to charge
repulsion. Furthermore, its proximity to arginine residues in the
polybasic region and the potential for electrostatic interactions
may provide a means whereby the polybasic region could ‘drag’
the region around Ser’® and Ser’* away from the SuperSH3 do-
main, thereby vacating the binding site for p22/. Ser’® is
involved in hydrogen bonding interactions with the side chain of
Arg*” in SH3;, and introduction of a bulky phosphate group might
lead to a steric clash. Serine residues 345 and 348 are located
within MAPK consensus sequences, and were shown to become
phosphorylated during oxidase activation [93], yet the signifi-
cance of phosphorylation at these positions is not well understood.
In addition to phosphorylation of serine residues located within
the polybasic region, three further phosphorylation sites were
found within the binding site for p67-SH3;g, including serine
residues 359, 370 and 379 (see Figures 2 and 4). Interestingly,
mutation of Ser’” to alanine prevents membrane translocation
and leads to a complete loss of NADPH oxidase activity, a
behaviour that is similar to a mutant in which all serine residues
that become phosphorylated have been replaced by alanine
residues [156]. Similarly, substitution of alanine for Ser* or Ser®™
dramatically reduces phosphorylation of other residues, impairs
protein translocation to the membrane and severely reduces O,
production [157]. Phosphorylation and translocation of these
mutants is restored by the introduction of glutamate residues to
mimic the effect of a phosphoserine, but oxidase activity was still
severely impaired. This has led to a model in which phosphoryl-
ation of Ser* or Ser’ initiates activation and precedes phos-
phorylation of other serine residues. It furthermore induces trans-
location to the membrane, an event that may happen before or
after phosphorylation of the remaining serine residues [97,157].
Only the most extensively phosphorylated forms of p47™* seem
to associate with the membrane, and indeed membrane attachment
might be required for some phosphorylation events [158,159]. On
the other hand, given the large basis of biochemical and structural
data supporting the notion that phosphorylation of serine residues
303, 304 and 328 in the polybasic region are required and
sufficient for translocation to the membrane and for interaction
with p22P"* it is not obvious how phosphorylation of Ser*” and
Ser’”® might initiate activation. Furthermore, these residues are
distant from the auto-inhibitory region that is responsible for
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Figure 6 Model of the resting state of the NADPH oxidase

A model for the protein—protein interactions formed during the resting state of the NADPH oxidase, based on available X-ray and NMR structures (PDB codes 107K, 1NG2, 1KU4, 10EY, 1E96 and
1H6H). The structures of the SH3 domains of p67°™™ (SH3A) and of p40P™ have not yet been solved, nor have their binding partners been identified. In their place, a surface representation of
the structure of an archetypal SH3 domain is shown in transparent grey (PDB code 2SEM). The positions of the activation domain (AD) and PxxP motif in p67°" are indicated in red and black
respectively. At present, the molecular details of the cross-talk between the PX domain and tandem SH3 domains of p47P"* are not understood (see text). This is represented by the grey and orange

circles on top of the PX and SuperSH3 domains of p47°".

keeping p47°" in an inactive conformation (see Figure 2). Instead,
they are part of the binding interface for p67°"* and may regulate
the interaction with this oxidase subunit.

The cytoplasmic regulatory proteins p40°"™* and p67°"* are also
known to become phosphorylated; however, the physiological role
of these events is less clear [160-163]. The phosphorylation sites
on p40"™™* have been mapped to Thr'**, which is situated close
to its central SH3 domain, and Ser’” in the C-terminal portion
of the PB1 domain (Figure 2) [164]. Based on cell-free oxidase
assays with p40P™* phosphorylated at Thr'**, it has been suggested
that this phosphorylated form might act as an oxidase inhibitor,
while the unphosphorylated form might act as an activator. The
main difference between the two forms was speculated to be
a conformational change that might possibly expose its SH3
domain. Further evidence is required to support such a model,
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in which phosphorylation induces conformational changes and
thereby regulates the function of p40°"*. Nevertheless, this is an
attractive hypothesis which might explain the controversial results
obtained so far in search of the function of p40P™. At present,
only one phosphorylation site has been mapped on p67°", Thr?*,
but the presence of further sites in the N- and C-terminal portions
of p677™* has been suggested (Figure 2) [123,165].

Oxidase assembly

Activation of the NADPH oxidase requires conformational
changes in the cytoplasmic complex to allow the assembly of the
heterohexameric enzyme at the membrane. Docking of the p47—
p67-p40P"* complex to the membrane bound cytochrome bss is
supported by an interaction between the tandem SH3 domains of
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p477* and the cytoplasmic tail of p22P"* [53,54,143,166,167].
The crystal structure of the tandem SH3 domains of p47°™*
in complex with a peptide derived from the C-terminal tail of
p22Ph* (amino acids 149-166) revealed that both SH3 domains co-
operate to mediate this interaction (Figure 5) [144]. As observed
in the auto-inhibited structure of p47°"*, the tandem SH3 domains
act in conjunction to form a SuperSH3 domain and bind the
peptide simultaneously through conserved residues from both
domains. SH3 domain A makes a larger contribution to complex
formation, as demonstrated by its ability to interact with the
peptide in the absence of SH3;. However, the interaction between
p477h* and p22°* is strengthened significantly through additional
contacts made with SH3; [144].

Once at the membrane, additional contacts between p47°™*
and the cytochrome take place, which are believed to either help
position p67°* correctly or possibly induce a conformational
change within the cytochrome. These interactions have been
mapped to the first cytoplasmic loop of gp91P"* [37,42], and
to two regions in the cytoplasmic domain of gp917*: to amino
acids 450-457 adjacent to the NADPH-binding site and to the
extreme C-terminus of the molecule as highlighted in Figure 1
[37,44,168]. Studies using atomic force microscopy support the
notion that oxidase assembly, and specifically association with
p677"*, induce a conformational change in the cytochrome [169].
In contrast, no evidence has yet been found for a direct interaction
between p40P™* and the cytochrome.

The Rac—p67°"* complex

A crucial step in oxidase assembly is the interaction between
p67°7™* and active, GTP-bound Rac that occurs after both pro-
teins have, independently from one another, translocated to the
membrane. These two proteins, together with the cytochrome,
are sufficient to induce electron transfer, although significantly
higher concentrations of either are required in the absence
of p47°** [170,171]. The precise mechanism by which the Rac—
p67Ph* complex participates in oxygen reduction is controversial,
and various models have been put forward that differ primarily
in the role of Rac. It is either seen solely as a scaffold that ensures
the correct positioning of p67°™ towards the cytochrome
[81,172,173] or as a direct participant in the electron transfer
reaction [174]. These different models have been discussed in
detail in recent reviews [175,176]. In the present review, we will
only comment on the models in light of the crystal structure of
a complex between the four TPR motif-containing N-terminal
domain of p67** and Rac.GTP, that is shown in Figure 7 [73].
The two proteins interact with an affinity of 2-3 M as determined
by ITC. The remainder of p67°* neither positively nor negatively
influences complex formation as indicated by the similar affinities
of Racl for either the truncated or full-length protein, suggesting
that the TPR domain is not involved in auto-inhibitory interactions
with the C-terminal portion of the protein [73]. Furthermore,
no conformational changes take place upon complex formation,
as demonstrated by comparison of the complex with the apo
structures of Rac and p67 TPR respectively [76,177]. The affinities
of p67°"* for Racl and Rac2 are similar [73], in accordance
with previous studies, which used a fluorescence-based assay to
characterize the Rac—p67™™* interaction, although the dissociation
constants determined in that study were approx. 20-fold lower
overall [109]. The reason for these discrepancies is not clear at
present.

The individual TPR motifs consist of two antiparallel a-helices
that pack against one another in a regular fashion to create an
extended structure with a right-handed superhelical twist. A 20-
amino-acid insertion in p67""* between TPR motifs three and four

forms two antiparallel S-sheets, which have been called the g-
hairpin insertion. This insertion, which is not present in other TPR
proteins, together with the loops that connect TPR1 with TPR2
and TPR2 with TPR3, form the binding site for Rac and accounts
for most of the protein—protein contacts (Figure 7) [73,108]. This
binding mode is very different from other TPR-domain-mediated
protein interactions, in which protein partners interact with the
groove created by the superhelical twist of the domain [110].
Instead, this groove is occupied in an intramolecular interaction
with amino acids 168-186 in p67™*. The Rac binding site in
p67P"* has previously been suggested to include amino acids 170—
199 based on dot-blot assays [178]. However, the Rac—p67°™*
complex structure clearly indicates that this is not the case and
suggests that the results obtained in that study might be an artifact
due to the exposure of a hydrophobic surface on p67°™ that
interacts non-specifically with other proteins. The p67°"*-bind-
ing surface on Rac is formed by the highly conserved switch I
region and a region in the C-terminal portion of the protein,
including amino acids Ala'®, Leu'® and GIn' (Figure 7). Rather
surprisingly, the complex interface contains only two residues,
Ala? and Gly*, that differ between Rac and its close homologue
Cdc42, which is neither able to activate the oxidase nor able to
interact with p67°"*, Mutation of both amino acids in Rac results
in complete loss of binding [73] and oxidase activation [179]. In
contrast, introduction of the corresponding residues from Rac into
Cdc42 produces a protein which is able to interact with p67°™*
and activate the NADPH oxidase [73,179], confirming that these
two amino acids are sufficient to explain the biologically observed
specificity.

Two regions in the Rac—p67™* complex have particular
significance for oxidase activity: the activation domain in p67°"*
(amino acids 199-210) and the insertion helix in Rac (amino
acids 123-135, highlighted in Figure 7). The activation domain
of p67°™* has been shown by deletion and mutational analysis
to be pivotal for regulating electron transfer in a cell-free system
and has been suggested to interact directly with the cytochrome
[120,122]. Such a direct interaction has since been shown by
overlay techniques and GST pull-down assays. The activation do-
main is not absolutely required for complex formation [180,181],
suggesting that other regions of p67°™* are responsible for medi-
ating the interaction with the cytochrome. The fragment of p67°'>
that was crystallized in complex with Rac.GTP contained only
amino acids 1-204 and hence was missing part of the activation
domain [73]. However, there was no electron density for amino
acids 182-204, suggesting that this region might be flexible and
disordered. The structure of the isolated TPR domain of p67°™*
included the activation domain in the crystallized fragment, but,
again, there was no electron density after amino acid 193 [177],
suggesting that, even in the presence of the activation domain,
it does not adopt a defined structure and might only do so upon
interaction with the cytochrome.

The role of the insertion helix in Rac has been investigated
by many groups, but its role in NADPH oxidase activity remains
controversial. While some studies show a clear requirement of this
region for oxidase activity, and in some cases even for complex
formation with p67°* [172,174], others do not see a decrease
in O, production upon deletion [182,183]. The Rac—p67°*
structure demonstrates that the insertion helix is not required
for complex formation and is far away from the protein—protein
interface, and hence fully accessible for a potential interaction
with the cytochrome (Figure 7). An interesting study by Diebold
and Bokoch [174] provides evidence that active GTP-bound Rac2
binds directly to the cytochrome in an insertion-helix-dependent
fashion and thereby stimulates the first step of the electron
transfer reaction. Only the second step of the reaction requires
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insertion helix

Figure 7 Complex formation between Rac and p67°"™

Complex formation between the active form of Rac in blue and the TPR domain of p67°" in orange occurs at the membrane (PDB code 1E96) [73]. The B-hairpin insertion, which contains Arg'®
that is crucial for complex formation, is highlighted in yellow. Switch |, switch Il and the insertion helix of Rac are highlighted in light green. The positions of Ala?” and Gly®, which determine
specificity, and of Asp'®, which appears to be important for subcellular localization, are indicated by red balls.

complex formation between Rac and p67**. This model was
originally based on experiments using a p67°™ deletion mutant
(A178-184), which was believed not to interact with Rac. As
discussed above, this region is not involved in complex formation,
making the interpretation of these results difficult. However,
these experiments have since been repeated with structure-based
mutants in the Rac—p67™* interface, and similar results have
been obtained [175]. A recent study by Pick and colleagues using
Rac—p67° chimaeras which are covalently linked, but contain
mutations that prevent a functional Rac—p67™* interaction, lends
support to the idea that Rac is required to anchor p67™* to the
membrane on one hand, and also to promote an ‘active form’ of
p67°"* [184]. Given the observation that complex formation alone
does not appear to induce a conformational change in p67™* (as
judged by the similar affinities and energetics for the interaction
between Rac and truncated or full-length p67™), this study
strengthens further the idea that complex formation between
membrane-anchored Rac and p67°™* is required to bring p67°™*
into a correct position to interact productively with the cyto-
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chrome. Such a ‘productive’ interaction could then lead to changes
in the structure of either p67°™ or the cytochrome.

LIPID BINDING AND OXIDASE ASSEMBLY

The interaction of the PX domains of p40P"* and p47°"* with
phospholipids constitutes an additional mechanism to orches-
trate the association of the cytoplasmic components with the mem-
brane. PX domains are recently identified lipid-binding modules
that are approx. 120 amino acids in length and recognize phos-
phoinositides with varying specificities (reviewed in [185-188]).
The PX domain of p40™™* interacts selectively with PtdIns(3)P
[91,189], while the PX domain of p47°™* preferentially recognizes
PtdIns(3,4)P, [91,190-192]. Both recombinant full-length p40r™*
and p47°*, as well as the isolated PX domains, are monomers
in solution and interact very tightly with their preferred lipids
with affinities of 1.4 nM for the p40P™* PX domain and 38 nM
for the p47°"* PX domain [189,191,193]. Interestingly the af-
finity of the p40°™* PX domain for the soluble phospholipid
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o1

PPII helix

Ptdins(3)P

Figure 8 The PX domain as a phosphoinositide-binding module

The structure of the PX domain of p40P" bound to di-C4-Ptdins(3)P in a ribbon representation
(PDB code TH6H) [189]. Helix a1, which is important for solubility, but not part of the PX
domain, is coloured blue. The phospholipid is shown in a ball-and-stick representation. The
PPII helix is highlighted in pink. The positions of residues Tyr®®, Arg® and Arg'®, which make
important contacts with di-C4-PtdIns(3)P are indicated.

di-C,-PtdIns(3)P measured by ITC is significantly lower (5 uM),
suggesting that other factors may contribute to tight interaction
with the lipid bilayer [189]. The structures of a number of PX
domains, including p47°"* and p40P™*, have been solved by NMR
spectroscopy (p47PX) [194] and X-ray crystallography (p47PX
and p40PX) [189,191]. These structures show that PX domains
have a fairly flat shape and adopt a novel fold that consists of an
N-terminal three-stranded antiparallel 8-sheet (81-3) that packs
against a C-terminal a-helical domain, which consists of four
a-helices (for which a varying nomenclature is used in the three
structures of PX domains available). P40?'* contains an additional
a-helix (called o1 in this structure) before 8-sheet 81 that is not
present in other PX domain structures solved so far, but whose
presence is absolutely required for the solubility of the domain
(Figure 8). The crystal structures of p40PX and p47PX are very
similar and the Ca-positions superimpose with an RMS of 1.4 A
for 100 atoms. The major differences occur in the region following
helix 2, including the PPII helix and the membrane interaction
loop (see below). Interestingly, this is also the region where
significant differences were found between the X-ray and NMR
structures of p47PX. The structure of p40PX has been solved
in complex with the ligand di-C,-PtdIns(3)P, while the structure
of p47PX is known in the apo form (NMR) and bound to two
sulphate ions, which are believed to mimic the phosphate groups
of phosphoinositides and phosphatidic acid respectively [191].
The two sulphate ions are found in basic pockets, and one of the
sulphates binds in the position that is occupied by the phosphate
in the phosphoinositide-bound p40PX structure, while the second
sulphate is located in a previously unnoticed pocket. Biochemical
studies show that both lipid-binding sites function independently,

but synergistically, to increase the membrane affinity of p47°"
[191].

The crystal structure of the p40™>* PX domain in complex
with di-C,-PtdIns(3)P shows that the phosphoinositide-binding
pocket is formed by residues from the N-terminal portions of
strand B2 and helix «3, by the 83-«2 loop and by the loop
connecting helices «2 and «3 that contains the PxxP motif
(Figure 8) [189]. Two conserved arginine residues, Arg® in the
B3—a2 loop and Arg'® in helix a3, make extensive contacts with
the phosphoinositide, and mutation of either abrogates complex
formation. Additionally, Tyr®, which is a tyrosine or phenyl-
alanine residue in other PX domains, is involved in stacking
interactions with the inositol ring and thereby protects one side of
the carbohydrate from the solvent. Chemical shift changes have
been detected in the loop connecting the proline-rich motif with
helix o3 during micelle binding of the PX domain of VAM7p
(vesicle-associated membrane protein 7). It was suggested that
this loop may play the role of a ‘membrane-interaction loop’
and aid correct orientation of the PX domain with respect to
the membrane [195]. Both p40PX and p47PX domains contain
exposed hydrophobic residues in this loop, suggesting that they
may also contain such a membrane-attachment loop.

Is the PX domain of p47°" a dual protein interaction module?

Most PX domains contain a consensus PxxP motif between heli-
ces 2 and o3, and have therefore been predicted to be able
to interact with SH3 domains. This motif is highlighted in Fig-
ure 8 in pink. Interestingly, some PX domains contain a basic
residue in the P-3 position, suggesting that they would bind their
target SH3 domain in a class I orientation, while many other
PX domains contain a basic ligand C-terminal to the core PxxP
motif, which would make them a class II ligand. A direct PX—
SH3 domain interaction has been observed for the PX domain
of p47°* and its SH3; domain (Ky=50 uM, determined by
NMR chemical shift perturbations) [194]. This observation led to
amodel in which an intramolecular PX—SH3 interaction regulates
the lipid-binding ability of p47?™* and thereby helps to maintain
p47°"* in the cytoplasm in the resting state. This model is sup-
ported by biochemical data showing that phospholipid binding
to full-length p47°* is 34-fold weaker than to the isolated PX
domain (1.3 uM compared with 38 nM) [191]. Inhibition can be
released by mutation of a conserved tryptophan residue in SH3g,
Trp*® — Arg, increasing the affinity to 2.4 nM, 15-fold higher
than for the isolated PX domain. Importantly, phosphorylation of
a number of serine residues in the polybasic region, which are
known to induce oxidase activation, also restores phospholipid
binding (serine to glutamate mutations to mimic phosphorylation
increase the affinity to 13 nM). Similar data have been obtained
from liposome-binding assays [155]. However, in spite of these
convincing data indicating that the PX domain communicates with
the remainder of the protein, the recently solved crystal structure
of the auto-inhibited core of p47°** clearly demonstrates that the
model of a direct PX-SH3j interaction is too simple and that
cross-talk between the different domains must occur in an uncon-
ventional manner [144]. As described above, both SH3 domains
are occupied in an intramolecular interaction by the polybasic
region of p47"*, thereby preventing the conserved ligand-binding
surface of SH3; from binding another ligand. Furthermore,
differences in the affinities of the tandem SH3 domains for the PX
domain and polybasic region clearly indicate that the polybasic
region is the preferred target. It binds, even in trans, with an
affinity of 1.5 uM to the tandem SH3 domains, which is not
reduced by the presence of the PX domain (construct 1-295
binds with an affinity of 0.5 uM) [144]. In contrast, the PX-SH3;
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interaction is over 30-fold weaker, although it has been proposed
that the presence of SH3, might increase this affinity. Taken
together, these data suggest that the PX domain does indeed
interact in an auto-inhibitory fashion with the remainder of p4 77"~
However, the binding target of the PX domain seems to be the
whole of the auto-inhibited core rather than the isolated SH3y
domain, as shown schematically in Figure 6. This model is com-
patible with the results of the Trp**® — Arg mutation, as well as
phosphorylation of serine residues 303, 304 and 328, as either
will disrupt the tandem SH3—polybasic interaction and thereby
the proposed PX-domain-binding surface. The three-dimensional
structure of full-length p47°"* is now required to fully resolve this
issue.

Conclusions

The production of O, anions through the multi-protein enzyme
NADPH oxidase is crucial for our ability to fight invading micro-
organisms, but can also induce tissue damage and promote inflam-
matory diseases. For this reason, an intricate system has evolved
which ensures that oxidase subunits only assemble and form
the active enzyme complex when appropriate signals have been
received. Many of the interactions between oxidase components
are mediated by modular protein interaction domains: relatively
small, globular domains that are used extensively in signalling
pathways to build multi-protein complexes and networks. Much
has been learned about the interactions that connect NADPH
oxidase components and the mechanisms that modulate these
protein—protein interactions. In particular, phosphorylation has
emerged as a major regulator of NADPH oxidase activation and
assembly. Binding to phospholipids drives the activation process
further and contributes to membrane association. In parallel,
formation of active GTP-bound Rac is not only crucial for oxidase
activity, but also plays key roles in the process of phagocytosis and
contributes, directly and indirectly, to the activation of kinases that
phosphorylate oxidase components. Structural studies of isolated
domains or fragments of oxidase components and complexes (see
Table 1) have helped immensely to extend our understanding
of the molecular mechanisms that govern oxidase assembly. Yet
many questions still remain, and the structures of full-length
proteins and their complexes are now required to guide us along
the activation pathway towards the cytochrome and the active
membrane-associated enzyme.

We are grateful to Farah Hussain and Steve Smerdon for critical reading of the manuscript,
and to Daniela Jozic and Lesley Rapallini for help with the preparation of Figures. We
apologize to any investigators whose work, owing to space limitations, has not been
discussed. K.R. is funded by the U.K. Medical Research Council and Y. G. is supported by
the Max-Planck-Society.

REFERENCES

1 Vignais, P. V. (2002) The superoxide-generating NADPH oxidase: structural aspects and
activation mechanism. Cell. Mol. Life Sci. 59, 1428—1459

2 Reeves, E. P, Lu, H., Jacobs, H. L., Messina, C. G., Bolsover, S., Gabella, G., Potma,
E. 0., Warley, A., Roes, J. and Segal, A. W. (2002) Killing activity of neutrophils is
mediated through activation of proteases by K* flux. Nature (London) 416, 291-297

3 Babior, B. M. (1999) NADPH oxidase: an update. Blood 93, 1464—1476

4 Cross, A. R. and Segal, A. W. (2004) The NADPH oxidase of professional phagocytes —
prototype of the NOX electron transport chain systems. Biochim. Biophys. Acta 1657,
1-22

5 Roos, D., van Bruggen, R. and Meischl, C. (2003) Oxidative killing of microbes by
neutrophils. Microbes Infect. 5, 1307-1315

6 Nauseef, W. M. (2004) Assembly of the phagocyte NADPH oxidase.
Histochem. Cell Biol. 122, 277-291

7 Dinauer, M. C. and Orkin, S. H. (1992) Chronic granulomatous disease. Annu. Rev. Med.
43,117-124

© 2005 Biochemical Society

10
1

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

Thrasher, A. J., Keep, N. H., Wientjes, F. and Segal, A. W. (1994) Chronic granulomatous
disease. Biochim. Biophys. Acta 1227, 1-24

Heyworth, P. G., Cross, A. R. and Curnutte, J. T. (2003) Chronic granulomatous disease.
Curr. Opin. Immunol. 15, 578-584

Babior, B. M. (2000) Phagocytes and oxidative stress. Am. J. Med. 109, 33-44

Benard, V., Bokoch, G. M. and Diebold, B. A. (1999) Potential drug targets: small
GTPases that regulate leukocyte function. Trends Pharmacol. Sci. 20, 365-370

Meng, T. C., Fukada, T. and Tonks, N. K. (2002) Reversible oxidation and inactivation of
protein tyrosine phosphatases in vivo. Mol. Gell 9, 387-399

Lee, S. R., Kwon, K. S., Kim, S. R. and Rhee, S. G. (1998) Reversible inactivation of
protein-tyrosine phosphatase 1B in A431 cells stimulated with epidermal growth factor.
J. Biol. Chem. 273, 15366—15372

Finkel, T. (2003) Oxidant signals and oxidative stress. Curr. Opin. Cell Biol. 15,
247-254

Lambeth, J. D. (2002) Nox/Duox family of nicotinamide adenine dinucleotide
(phosphate) oxidases. Curr. Opin. Hematol. 9, 11-17

Lambeth, J. D. (2004) NOX enzymes and the biology of reactive oxygen.

Nat. Rev. Immunol. 4, 181-189

Geiszt, M. and Leto, T. L. (2004) The Nox family of NAD(P)H oxidases: host defense and
beyond. J. Biol. Chem. 279, 51715-51718

Wallach, T. M. and Segal, A. W. (1997) Analysis of glycosylation sites on gp91phox, the
flavocytochrome of the NADPH oxidase, by site-directed mutagenesis and translation

in vitro. Biochem. J. 321, 583-585

Kleinberg, M. E., Rotrosen, D. and Malech, H. L. (1989) Asparagine-linked glycosylation
of cytochrome bssg large subunit varies in different human phagocytic cells. J. Immunol.
143, 4152-4157

Harper, A. M., Chaplin, M. F. and Segal, A. W. (1985) Cytochrome b-245 from human
neutrophils is a glycoprotein. Biochem. J. 227, 783788

Sumimoto, H., Sakamoto, N., Nozaki, M., Sakaki, Y., Takeshige, K. and Minakami, S.
(1992) Cytochrome bssg, a component of the phagocyte NADPH oxidase, is a
flavoprotein. Biochem. Biophys. Res. Commun. 186, 1368-1375

Doussiere, J., Buzenet, G. and Vignais, P. V. (1995) Photoaffinity labeling and
photoinactivation of the 0, ~-generating oxidase of neutrophils by an azido derivative of
FAD. Biochemistry 34, 1760-1770

Babior, B. M. and Kipnes, R. S. (1977) Superoxide-forming enzyme from human
neutrophils: evidence for a flavin requirement. Blood 50, 517-524

Rotrosen, D., Yeung, C. L., Leto, T. L., Malech, H. L. and Kwong, C. H. (1992)
Cytochrome bssg: the flavin-binding component of the phagocyte NADPH oxidase.
Science 256, 1459-1462

Koshkin, V. and Pick, E. (1994) Superoxide production by cytochrome bssq: mechanism
of cytosol-independent activation. FEBS Lett. 338, 285-289

Nisimoto, Y., Otsuka-Murakami, H. and Lambeth, D. J. (1995) Reconstitution of flavin-
depleted neutrophil flavocytochrome bssg with 8-mercapto-FAD and characterization

of the flavin-reconstituted enzyme. J. Biol. Chem. 270, 16428-16434

Doussiere, J., Brandolin, G., Derrien, V. and Vignais, P. V. (1993) Critical assessment of
the presence of an NADPH binding site on neutrophil cytochrome bssg by photoaffinity
and immunochemical labeling. Biochemistry 32, 8880-8887

Biberstine-Kinkade, K. J., Yu, L., Stull, N., LeRoy, B., Bennett, S., Cross, A. and Dinauer,
M. C. (2002) Mutagenesis of p22°"* histidine 94: a histidine in this position is not
required for flavocytochrome bssg function. J. Biol. Chem. 277, 30368—30374
Biberstine-Kinkade, K. J., DeLeo, F. R., Epstein, R. I., LeRoy, B. A., Nauseef, W. M. and
Dinauer, M. C. (2001) Heme-ligating histidines in flavocytochrome bssg: identification of
specific histidines in gp91°"™*. J. Biol. Chem. 276, 3110531112

Yu, L., Quinn, M. T,, Cross, A. R. and Dinauer, M. C. (1998) Gp91°"* is the heme
binding subunit of the superoxide-generating NADPH oxidase. Proc. Natl.

Acad. Sci. U.S.A. 95, 7993-7998

Cross, A. R., Erickson, R. W. and Curnutte, J. T. (1999) Simultaneous presence of
p47°"* and flavocytochrome b-245 are required for the activation of NADPH oxidase

by anionic amphiphiles: evidence for an intermediate state of oxidase activation.

J. Biol. Chem. 274, 15519-15525

Doussiere, J., Gaillard, J. and Vignais, P. V. (1996) Electron transfer across the 0,
generating flavocytochrome b of neutrophils: evidence for a transition from a low-spin
state to a high-spin state of the heme iron component. Biochemistry 35, 1340013410
Isogai, Y., lizuka, T. and Shiro, Y. (1995) The mechanism of electron donation to
molecular oxygen by phagocytic cytochrome bssg. J. Biol. Chem. 270, 78537857
Koshkin, V., Lotan, 0. and Pick, E. (1997) Electron transfer in the superoxide-generating
NADPH oxidase complex reconstituted in vitro. Biochim. Biophys. Acta 1319,

139-146

Taylor, W. R., Jones, D. T. and Segal, A. W. (1993) A structural model for the nucleotide
binding domains of the flavocytochrome b-245 g-chain. Protein Sci. 2, 1675-1685



Activation and assembly of the NADPH oxidase 413

36

37

38

39

40

4

42

43

44

45

46

47

48

49

50

51

52

53

54

55

Imajoh-Ohmi, S., Tokita, K., Ochiai, H., Nakamura, M. and Kanegasaki, S. (1992)
Topology of cytochrome bssg in neutrophil membrane analyzed by anti-peptide
antibodies and proteolysis. J. Biol. Chem. 267, 180184

DeLeo, F. R., Yu, L., Burritt, J. B., Loetterle, L. R., Bond, C. W., Jesaitis, A. J. and

Quinn, M. T. (1995) Mapping sites of interaction of p47-phox and flavocytochrome

b with random-sequence peptide phage display libraries. Proc. Natl.

Acad. Sci. U.S.A. 92, 7110-7114

Burritt, J. B., Foubert, T. R., Baniulis, D., Lord, C. I, Taylor, R. M., Mills, J. S.,

Baughan, T. D., Roos, D., Parkos, C. A. and Jesaitis, A. J. (2003) Functional epitope

on human neutrophil flavocytochrome bssg. J. Immunol. 170, 6082—-6089

Burritt, J. B., DeLeo, F. R., McDonald, C. L., Prigge, J. R., Dinauer, M. C., Nakamura, M.,
Nauseef, W. M. and Jesaitis, A. J. (2001) Phage display epitope mapping of human
neutrophil flavocytochrome bssg: identification of two juxtaposed extracellular domains.
J. Biol. Chem. 276, 2053-2061

Burritt, J. B., Quinn, M. T., Jutila, M. A., Bond, C. W. and Jesaitis, A. J. (1995)
Topological mapping of neutrophil cytochrome b epitopes with phage-display libraries.
J. Biol. Chem. 270, 16974-16980

Rotrosen, D., Kleinberg, M. E., Nunoi, H., Leto, T., Gallin, J. . and Malech, H. L. (1990)
Evidence for a functional cytoplasmic domain of phagocyte oxidase cytochrome bssg.

J. Biol. Chem. 265, 8745-8750

DeLeo, F. R., Nauseef, W. M., Jesaitis, A. J., Burritt, J. B., Clark, R. A. and Quinn, M. T.
(1995) A domain of p47phox that interacts with human neutrophil flavocytochrome bssg.
J. Biol. Chem. 270, 26246-26251

Dahan, I., Issaeva, |., Gorzalczany, Y., Sigal, N., Hirshberg, M. and Pick, E. (2002)
Mapping of functional domains in the p22P™* subunit of flavocytochrome bssg
participating in the assembly of the NADPH oxidase complex by “peptide walking”.

J. Biol. Chem. 277, 8421-8432

Leusen, J. H., de Boer, M., Bolscher, B. G., Hilarius, P. M., Weening, R. S., Ochs, H. D.,
Roos, D. and Verhoeven, A. J. (1994) A point mutation in gp91-phox of cytochrome bssg
of the human NADPH oxidase leading to defective translocation of the cytosolic proteins
p47-phox and p67-phox. J. Clin. Invest. 93, 2120-2126

Leusen, J. H., Meischl, C., Eppink, M. H., Hilarius, P. M., de Boer, M., Weening, R. S.,
Anlin, A., Sanders, L., Goldblatt, D., Skopczynska, H. et al. (2000) Four novel mutations
in the gene encoding gp91-phox of human NADPH oxidase: consequences for oxidase
assembly. Blood 95, 666-673

Stasia, M. J., Lardy, B., Maturana, A., Rousseau, P., Martel, C., Bordigoni, P.,
Demaurex, N. and Morel, F. (2002) Molecular and functional characterization of a new
X-linked chronic granulomatous disease variant (X91+) case with a double missense
mutation in the cytosolic gp91°"™ C-terminal tail. Biochim. Biophys. Acta 1586,
316-330

Huang, J., Hitt, N. D. and Kleinberg, M. E. (1995) Stoichiometry of p22-phox and
gp91-phox in phagocyte cytochrome bssg. Biochemistry 34, 1675316757

Yu, L., DeLeo, F. R., Biberstine-Kinkade, K. J., Renee, J., Nauseef, W. M. and Dinauer,
M. C. (1999) Biosynthesis of flavocytochrome bsss: gp91°" is synthesized as a 65-kDa
precursor (p65) in the endoplasmic reticulum. J. Biol. Chem. 274, 4364-4369

Yu, L., Zhen, L. and Dinauer, M. C. (1997) Biosynthesis of the phagocyte NADPH oxidase
cytochrome bssg: role of heme incorporation and heterodimer formation in maturation
and stability of gp91P" and p22°" subunits. J. Biol. Chem. 272, 27288-27294
Deleo, F. R., Burritt, J. B., Yu, L., Jesaitis, A. J., Dinauer, M. C. and Nauseef, W. M.
(2000) Processing and maturation of flavocytochrome bssg include incorporation of
heme as a prerequisite for heterodimer assembly. J. Biol. Chem. 275, 13986-13993
Dinauer, M. C., Pierce, E. A., Erickson, R. W., Muhlebach, T. J., Messner, H., Orkin,

S. H., Seger, R. A. and Curnutte, J. T. (1991) Point mutation in the cytoplasmic domain
of the neutrophil p22-phox cytochrome b subunit is associated with a nonfunctional
NADPH oxidase and chronic granulomatous disease. Proc. Natl. Acad. Sci. U.S.A. 88,
11231-11235

Leusen, J. H., Bolscher, B. G., Hilarius, P. M., Weening, R. S., Kaulfersch, W., Seger,

R. A, Roos, D. and Verhoeven, A. J. (1994) '%Pro — Gln substitution in the light chain
of cytochrome bssg of the human NADPH oxidase (p22-phox) leads to defective
translocation of the cytosolic proteins p47-phox and p67-phox. J. Exp. Med. 180,
2329-2334

Leto, T. L., Adams, A. G. and de Mendez, I. (1994) Assembly of the phagocyte NADPH
oxidase: binding of Src homology 3 domains to proline-rich targets. Proc. Natl.

Acad. Sci. U.S.A. 91, 10650-10654

Sumimoto, H., Kage, Y., Nunoi, H., Sasaki, H., Nose, T., Fukumaki, Y., Ohno, M.,
Minakami, S. and Takeshige, K. (1994) Role of Src homology 3 domains in assembly
and activation of the phagocyte NADPH oxidase. Proc. Natl. Acad. Sci. U.S.A. 91,
5345-5349

Regier, D. S., Waite, K. A., Wallin, R. and McPhail, L. C. (1999) A phosphatidic
acid-activated protein kinase and conventional protein kinase C isoforms phosphorylate
p22°"x an NADPH oxidase component. J. Biol. Chem. 274, 36601-36608

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

4

72

73

74

75

76

7

78

79

80

81

Regier, D. S., Greene, D. G., Sergeant, S., Jesaitis, A. J. and McPhail, L. C. (2000)
Phosphorylation of p22°"* is mediated by phospholipase D-dependent and
-independent mechanisms: correlation of NADPH oxidase ativity and p22°n
phosphorylation. J. Biol. Chem. 275, 28406—28412

Doussiere, J., Pilloud, M. C. and Vignais, P. V. (1988) Activation of bovine neutrophil
oxidase in a cell free system: GTP-dependent formation of a complex between a
cytosolic factor and a membrane protein. Biochem. Biophys. Res. Commun. 152,
993-1001

Gabig, T. G., English, D., Akard, L. P. and Schell, M. J. (1987) Regulation of neutrophil
NADPH oxidase activation in a cell-free system by guanine nucleotides and fluoride:
evidence for participation of a pertussis and cholera toxin-insensitive G protein.

J. Biol. Chem. 262, 1685-1690

Ligeti, E., Tardif, M. and Vignais, P. V. (1989) Activation of O, generating oxidase of
bovine neutrophils in a cell-free system: interaction of a cytosolic factor with the plasma
membrane and control by G nucleotides. Biochemistry 28, 71167123

Seifert, R., Burde, R. and Schultz, G. (1989) Activation of NADPH oxidase by purine and
pyrimidine nucleotides involves G proteins and is potentiated by chemotactic peptides.
Biochem. J. 259, 813-819

Abo, A., Pick, E., Hall, A., Totty, N., Teahan, C. G. and Segal, A. W. (1991) Activation of
the NADPH oxidase involves the small GTP-binding protein p217". Nature (London)
353, 668670

Knaus, U. G., Heyworth, P. G., Evans, T., Curnutte, J. T. and Bokoch, G. M. (1991)
Regulation of phagocyte oxygen radical production by the GTP-binding protein Rac 2.
Science 254, 1512-1515

Dinauer, M. C. (2003) Regulation of neutrophil function by Rac GTPases.

Curr. Opin. Hematol. 10, 8-15

Werner, E. (2004) GTPases and reactive oxygen species: switches for killing

and signaling. J. Cell Sci. 117, 143-153

Van Aelst, L. and D'Souza-Schorey, C. (1997) Rho GTPases and signaling networks.
Genes Dev. 11, 2295-2322

Bishop, A. L. and Hall, A. (2000) Rho GTPases and their effector proteins. Biochem. J.
348, 241-255

Etienne-Manneville, S. and Hall, A. (2002) Rho GTPases in cell biology.

Nature (London) 420, 629-635

Bourne, H. R., Sanders, D. A. and McCormick, F. (1991) The GTPase superfamily:
conserved structure and molecular mechanism. Nature (London) 349, 117-127
Bourne, H. R., Sanders, D. A. and McCormick, F. (1990) The GTPase superfamily:

a conserved switch for diverse cell functions. Nature (London) 348, 125-132

Vetter, I. R. and Wittinghofer, A. (2001) The guanine nucleotide-binding switch in three
dimensions. Science 294, 1299-1304

Kjeldgaard, M., Nyborg, J. and Clark, B. F. (1996) The GTP binding motif: variations on
a theme. FASEB J. 10, 1347-1368

Sprang, S. R. (1997) G protein mechanisms: insights from structural analysis.

Annu. Rev. Biochem. 66, 639-678

Lapouge, K., Smith, S. J., Walker, P. A., Gamblin, S. J., Smerdon, S. J. and Rittinger, K.
(2000) Structure of the TPR domain of p67°" in complex with Rac.GTP. Mol. Cell 6,
899-907

Scheffzek, K., Stephan, I., Jensen, 0. N., lllenberger, D. and Gierschik, P. (2000)

The Rac—RhoGDI complex and the structural basis for the regulation of Rho proteins by
RhoGDI. Nat. Struct. Biol. 7, 122—126

Tarricong, C., Xiao, B., Justin, N., Walker, P. A., Rittinger, K., Gamblin, S. J. and
Smerdon, S. J. (2001) The structural basis of Arfaptin-mediated cross-talk between Rac
and Arf signalling pathways. Nature (London) 411, 215-219

Hirshberg, M., Stockley, R. W., Dodson, G. and Webb, M. R. (1997) The crystal structure
of human rac1, a member of the rho-family complexed with a GTP analogue.

Nat. Struct. Biol. 4, 147-152

Regazzi, R., Kikuchi, A., Takai, Y. and Wollheim, C. B. (1992) The small GTP-binding
proteins in the cytosol of insulin-secreting cells are complexed to GDP dissociation
inhibitor proteins. J. Biol. Chem. 267, 17512—17519

Hoffman, G. R., Nassar, N. and Cerione, R. A. (2000) Structure of the Rho family
GTP-binding protein Cdc42 in complex with the multifunctional regulator RhoGDI.
Cell 100, 345-356

Heyworth, P. G., Bohl, B. P, Bokoch, G. M. and Curnutte, J. T. (1994) Rac translocates
independently of the neutrophil NADPH oxidase components p47°"™ and p67°"°:
evidence for its interaction with flavocytochrome bssg. J. Biol. Chem. 269, 30749-30752
Dorseuil, 0., Quinn, M. T. and Bokoch, G. M. (1995) Dissociation of Rac translocation
from p47°1*/p67P"™* movements in human neutrophils by tyrosine kinase inhibitors.
J. Leukocyte Biol. 58, 108—113

Gorzalczany, Y., Sigal, N., Itan, M., Lotan, 0. and Pick, E. (2000) Targeting of Rac1

to the phagocyte membrane is sufficient for the induction of NADPH oxidase assembly.
J. Biol. Chem. 275, 40073-40081

© 2005 Biochemical Society



414

Y. Groemping and K. Rittinger

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

Welch, H. C., Coadwell, W. J., Ellson, C. D., Ferguson, G. J., Andrews, S. R.,
Erdjument-Bromage, H., Tempst, P, Hawkins, P. T. and Stephens, L. R. (2002) P-Rex1,
a Ptdins(3,4,5)P3- and G, -regulated guanine-nucleotide exchange factor for Rac.

Cell 108, 809-821

Price, M. 0., Atkinson, S. J., Knaus, U. G. and Dinauer, M. C. (2002) Rac activation
induces NADPH oxidase activity in transgenic COSP™* cells, and the level of
superoxide production is exchange factor-dependent. J. Biol. Chem. 277, 19220-19228
Kim, C., Marchal, C. C., Penninger, J. and Dinauer, M. C. (2003) The hemopoietic
Rho/Rac guanine nucleotide exchange factor Vav1 regulates N-formyl-methionyl-
leucyl-phenylalanine-activated neutrophil functions. J. Immunol. 171, 4425-4430

Gu, Y, Jia, B., Yang, F. C., D'Souza, M., Harris, C. E., Derrow, C. W., Zheng, Y. and
Williams, D. A. (2001) Biochemical and biological characterization of a human Rac2
GTPase mutant associated with phagocytic immunodeficiency. J. Biol. Chem. 276,
15929-15938

Roberts, A. W., Kim, C., Zhen, L., Lowe, J. B., Kapur, R., Petryniak, B., Spaetti, A.,
Pollock, J. D., Borneo, J. B., Bradford, G. B. et al. (1999) Deficiency of the hematopoietic
cell-specific Rho family GTPase Rac2 is characterized by abnormalities in neutrophil
function and host defense. Immunity 10, 183-196

Heyworth, P. G., Knaus, U. G., Settleman, J., Curnutte, J. T. and Bokoch, G. M. (1993)
Regulation of NADPH oxidase activity by Rac GTPase activating protein(s).

Mol. Biol. Cell 4, 1217-1223

Filippi, M. D., Harris, C. E., Meller, J., Gu, Y., Zheng, Y. and Williams, D. A. (2004)
Localization of Rac2 via the C terminus and aspartic acid 150 specifies superoxide
generation, actin polarity and chemotaxis in neutrophils. Nat. Immunol. 5, 744-751
Ponting, C. P. (1996) Novel domains in NADPH oxidase subunits, sorting nexins,

and Ptdlns 3-kinases: binding partners of SH3 domains? Protein Sci. B, 2353-2357
Ellson, C. D., Gobert-Gosse, S., Anderson, K. E., Davidson, K., Erdjument-Bromage, H.,
Tempst, P, Thuring, J. W., Cooper, M. A,, Lim, Z. Y., Holmes, A. B. et al. (2001)
PtdIns(3)P regulates the neutrophil oxidase complex by binding to the PX domain of
p40Ph Nat. Cell Biol. 3, 679-682

Kanai, F, Liu, H., Field, S. J., Akbary, H., Matsuo, T., Brown, G. E., Cantley, L. C. and
Yaffe, M. B. (2001) The PX domains of p47°"* and p40P" bind to lipid products of
PI(3)K. Nat. Cell Biol. 3, 675678

Quinn, M. T. and Gauss, K. A. (2004) Structure and regulation of the neutrophil
respiratory burst oxidase: comparison with nonphagocyte oxidases. J. Leukocyte Biol.
76, 760781

El Benna, J., Faust, L. P. and Babior, B. M. (1994) The phosphorylation of the respiratory
burst oxidase component p47°" during neutrophil activation: phosphorylation of sites
recognized by protein kinase C and by proline-directed kinases. J. Biol. Chem. 269,
23431-23436

El Benna, J., Faust, R. P, Johnson, J. L. and Babior, B. M. (1996) Phosphorylation of
the respiratory burst oxidase subunit p47°"* as determined by two-dimensional
phosphopeptide mapping: phosphorylation by protein kinase C, protein kinase A,

and a mitogen-activated protein kinase. J. Biol. Chem. 271, 6374-6378

El Benna, J., Han, J., Park, J. W., Schmid, E., Ulevitch, R. J. and Babior, B. M. (1996)
Activation of p38 in stimulated human neutrophils: phosphorylation of the oxidase
component p47°"* by p38 and ERK but not by JNK. Arch. Biochem. Biophys. 334,
395-400

Fontayne, A., Dang, P. M., Gougerot-Pocidalo, M. A. and El Benna, J. (2002)
Phosphorylation of p47°"* sites by PKC «, By, 8, and ¢: effect on binding to p22°h°x
and on NADPH oxidase activation. Biochemistry 41, 7743-7750

Inanami, O., Johnson, J. L., McAdara, J. K., Benna, J. E., Faust, L. R., Newburger, P. E.
and Babior, B. M. (1998) Activation of the leukocyte NADPH oxidase by phorbol ester
requires the phosphorylation of p47PHOX on serine 303 or 304. J. Biol. Chem. 273,
9539-9543

Lapouge, K., Smith, S. J., Groemping, Y. and Rittinger, K. (2002) Architecture of the
p40—p47-p67°"* complex in the resting state of the NADPH oxidase: a central role for
p67°"*_ J. Biol. Chem. 277, 1012110128

Grizot, S., Grandvaux, N., Fieschi, ., Faure, J., Massenet, C., Andrieu, J. P, Fuchs, A.,
Vignais, P. V., Timmins, P. A., Dagher, M. C. and Pebay-Peyroula, E. (2001) Small angle
neutron scattering and gel filtration analyses of neutrophil NADPH oxidase cytosolic
factors highlight the role of the C-terminal end of p47°"* in the association with p40P"°,
Biochemistry 40, 3127-3133

van Bruggen, R., Anthony, E., Fernandez-Borja, M. and Roos, D. (2004) Continuous
translocation of Rac2 and the NADPH oxidase component p67°" during phagocytosis.
J. Biol. Chem. 279, 9097-9102

Nauseef, W. M., Volpp, B. D., McCormick, S., Leidal, K. G. and Clark, R. A. (1991)
Assembly of the neutrophil respiratory burst oxidase: protein kinase C promotes
cytoskeletal and membrane association of cytosolic oxidase components. J. Biol. Chem.
266, 5911-5917

© 2005 Biochemical Society

102

103

104

105

106

107

108

109

10

m

112

13

114

15

116

17

18

19

120

121

122

123

El Benna, J., Ruedi, J. M. and Babior, B. M. (1994) Cytosolic guanine nucleotide-
binding protein Rac2 operates in vivo as a component of the neutrophil respiratory burst
oxidase: transfer of Rac2 and the cytosolic oxidase components p47°"* and p67°™ to
the submembranous actin cytoskeleton during oxidase activation. J. Biol. Chem. 269,
6729-6734

Kobayashi, T., Tsunawaki, S. and Seguchi, H. (2001) Evaluation of the process for
superoxide production by NADPH oxidase in human neutrophils: evidence

for cytoplasmic origin of superoxide. Redox Rep. 6, 27-36

Grogan, A., Reeves, E., Keep, N., Wientjes, F., Totty, N. F., Burlingame, A. L., Hsuan, J. J.
and Segal, A. W. (1997) Cytosolic phox proteins interact with and regulate the assembly
of coronin in neutrophils. J. Cell Sci. 110, 3071-3081

Wientjes, F. B., Reeves, E. P,, Soskic, V., Furthmayr, H. and Segal, A. W. (2001) The
NADPH oxidase components p47°"™* and p40°"* bind to moesin through their PX
domain. Biochem. Biophys. Res. Commun. 289, 382—388

Zhan, Y., He, D., Newburger, P. E. and Zhou, G. W. (2004) p47°"* PX domain of NADPH
oxidase targets cell membrane via moesin-mediated association with the actin
cytoskeleton. J. Cell. Biochem. 92, 795-809

Diekmann, D., Abo, A., Johnston, C., Segal, A. W. and Hall, A. (1994) Interaction of Rac
with p67P" and regulation of phagocytic NADPH oxidase activity. Science 265,
531-533

Koga, H., Terasawa, H., Nunoi, H., Takeshige, K., Inagaki, F. and Sumimoto, H. (1999)
Tetratricopeptide repeat (TPR) motifs of p67°™* participate in interaction with the small
GTPase Rac and activation of the phagocyte NADPH oxidase. J. Biol. Chem. 274,
25051-25060

Nisimoto, Y., Freeman, J. L., Motalebi, S. A., Hirshberg, M. and Lambeth, J. D. (1997)
Rac binding to p67°"*: structural basis for interactions of the Rac1 effector region and
insert region with components of the respiratory burst oxidase. J. Biol. Chem. 272,
1883418841

Scheufler, C., Brinker, A., Bourenkov, G., Pegoraro, S., Moroder, L., Bartunik, H., Hartl,
F. U. and Moarefi, I. (2000) Structure of TPR domain—peptide complexes: critical
elements in the assembly of the Hsp70—-Hsp90 multichaperone machine. Cell 101,
199-210

Das, A. K., Cohen, P. W. and Barford, D. (1998) The structure of the tetratricopeptide
repeats of protein phosphatase 5: implications for TPR-mediated protein-protein
interactions. EMBO J. 17, 11921199

Blatch, G. L. and Lassle, M. (1999) The tetratricopeptide repeat: a structural motif
mediating protein—protein interactions. BioEssays 21, 932-939

D'Andrea, L. D. and Regan, L. (2003) TPR proteins: the versatile helix.

Trends Biochem. Sci. 28, 655-662

Dang, P. M., Babior, B. M. and Smith, R. M. (1999) NADPH dehydrogenase activity of
p67°H0X "3 cytosolic subunit of the leukocyte NADPH oxidase. Biochemistry 38,
5746-5753

Ito, T., Matsui, Y., Ago, T., Ota, K. and Sumimoto, H. (2001) Novel modular domain PB1
recognizes PC motif to mediate functional protein—protein interactions. EMBO J. 20,
3938-3946

Ponting, C. P, Ito, T, Moscat, J., Diaz-Meco, M. T., Inagaki, F. and Sumimoto, H. (2002)
OPR, PC and AID: all in the PB1 family. Trends Biochem. Sci. 27, 10

Nakamura, R., Sumimoto, H., Mizuki, K., Hata, K., Ago, T., Kitajima, S., Takeshige, K.,
Sakaki, Y. and lto, T. (1998) The PC motif: a novel and evolutionarily conserved
sequence involved in interaction between p40P" and p67°", SH3 domain-containing
cytosolic factors of the phagocyte NADPH oxidase. Eur. J. Biochem. 251, 583-589
Kuribayashi, F., Nunoi, H., Wakamatsu, K., Tsunawaki, S., Sato, K., Ito, T. and
Sumimoto, H. (2002) The adaptor protein p40°"* as a positive regulator of the
superoxide-producing phagocyte oxidase. EMBO J. 21, 6312—6320

Wilson, M. 1., Gill, D. J., Perisic, 0., Quinn, M. T. and Williams, R. L. (2003) PB1
domain-mediated heterodimerization in NADPH oxidase and signaling complexes of
atypical protein kinase C with Par6 and p62. Mol. Cell 12, 39-50

Han, C. H., Freeman, J. L., Lee, T, Motalebi, S. A. and Lambeth, J. D. (1998) Regulation
of the neutrophil respiratory burst oxidase: identification of an activation domain in
p67°"%.J. Biol. Chem. 273, 1666316668

Han, C. H. and Lee, M. H. (2000) Activation domain in p67P" regulates the steady state
reduction of FAD in gp91°™*_J. Vet. Sci. 1, 27-31

Nisimoto, Y., Motalebi, S., Han, C. H. and Lambeth, J. D. (1999) The p67°"* activation
domain regulates electron flow from NADPH to flavin in flavocytochrome bssg.

J. Biol. Chem. 274, 22999-23005

Dang, P. M., Morel, F,, Gougerot-Pocidalo, M. A. and Benna, J. E. (2003)
Phosphorylation of the NADPH oxidase component p67°H% by ERK2 and P38MAPK:
selectivity of phosphorylated sites and existence of an intramolecular regulatory domain
in the tetratricopeptide-rich region. Biochemistry 42, 4520-4526



Activation and assembly of the NADPH oxidase 415

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

Someya, A., Nagaoka, |. and Yamashita, T. (1993) Purification of the 260 kDa cytosolic
complex involved in the superoxide production of guinea pig neutrophils. FEBS Lett.
330, 215-218

Tsunawaki, S., Mizunari, H., Nagata, M., Tatsuzawa, Q. and Kuratsuiji, T. (1994) A novel
cytosolic component, p40P™, of respiratory burst oxidase associates with p67°"* and
is absent in patients with chronic granulomatous disease who lack p67°".

Biochem. Biophys. Res. Commun. 199, 1378-1387

Wientjes, F. B., Hsuan, J. J., Totty, N. F. and Segal, A. W. (1993) p40°P™*, a third cytosolic
component of the activation complex of the NADPH oxidase to contain src homology 3
domains. Biochem. J. 296, 557-561

Fuchs, A., Dagher, M. C. and Vignais, P. V. (1995) Mapping the domains of interaction of
P40 with both p47°"* and p67°"* of the neutrophil oxidase complex using the
two-hybrid system. J. Biol. Chem. 270, 5695-5697

Lopes, L. R., Dagher, M. C., Gutierrez, A., Young, B., Bouin, A. P, Fuchs, A. and Babior,
B. M. (2004) Phosphorylated p40PH°X as a negative regulator of NADPH oxidase.
Biochemistry 43, 3723-3730

Sathyamoorthy, M., de Mendez, I., Adams, A. G. and Leto, T. L. (1997) p40ph*
down-regulates NADPH oxidase activity through interactions with its SH3 domain.

J. Biol. Chem. 272, 9141-9146

Cross, A. R. (2000) p40°™* participates in the activation of NADPH oxidase by
increasing the affinity of p47°P"* for flavocytochrome bssg. Biochem. J. 349, 113-117
Park, J. W., Benna, J. E., Scott, K. E., Christensen, B. L., Chanock, S. J. and

Babior, B. M. (1994) Isolation of a complex of respiratory burst oxidase

components from resting neutrophil cytosol. Biochemistry 33, 2907-2911

Park, J. W., Ma, M., Ruedi, J. M., Smith, R. M. and Babior, B. M. (1992) The cytosolic
components of the respiratory burst oxidase exist as a M; approximately 240,000
complex that acquires a membrane-binding site during activation of the oxidase

in a cell-free system. J. Biol. Chem. 267, 17327-17332

Brown, G. E., Stewart, M. Q,, Liu, H., Ha, V. L. and Yaffe, M. B. (2003) A novel assay
system implicates PtdIns(3,4)P,, PtdIns(3)P, and PKCS in intracellular production of
reactive oxygen species by the NADPH oxidase. Mol. Cell 11, 35-47

Yoshinaga, S., Kohjima, M., Ogura, K., Yokochi, M., Takeya, R., Ito, T., Sumimoto, H.
and Inagaki, F. (2003) The PB1 domain and the PC motif-containing region are
structurally similar protein binding modules. EMBO J. 22, 4888—4897

Dusi, S., Donini, M. and Rossi, F. (1996) Mechanisms of NADPH oxidase activation:
translocation of p40°P"* Rac1 and Rac2 from the cytosol to the membranes in human
neutrophils lacking p47°" or p67°"*. Biochem. J. 314, 409-412

Kami, K., Takeya, R., Sumimoto, H. and Kohda, D. (2002) Diverse recognition of
non-PxxP peptide ligands by the SH3 domains from p67°", Grb2 and Pex13p.

EMBO J. 21, 4268-4276

Ito, T., Nakamura, R., Sumimoto, H., Takeshige, K. and Sakaki, Y. (1996) An SH3
domain-mediated interaction between the phagocyte NADPH oxidase factors p40P
and p47°"*, FEBS Lett. 385, 229-232

Fuchs, A., Dagher, M. C., Faure, J. and Vignais, P. V. (1996) Topological organization of
the cytosolic activating complex of the superoxide-generating NADPH-oxidase:
pinpointing the sites of interaction between p47°1%*, p67°"* and p40°™* using the
two-hybrid system. Biochim. Biophys. Acta 1312, 39-47

Wientjes, F. B., Panayotou, G., Reeves, E. and Segal, A. W. (1996) Interactions between
cytosolic components of the NADPH oxidase: p40°"® interacts with both p67°"* and
p47Ph Biochem. J. 317, 919-924

Finan, P, Shimizu, Y., Gout, I., Hsuan, J., Truong, O., Butcher, C., Bennett, P., Waterfield,
M. D. and Kellig, S. (1994) An SH3 domain and proline-rich sequence mediate an
interaction between two components of the phagocyte NADPH oxidase complex.

J. Biol. Chem. 269, 13752-13755

Ago, T., Nunoi, H., Ito, T. and Sumimoto, H. (1999) Mechanism for phosphorylation-
induced activation of the phagocyte NADPH oxidase protein p47P": triple replacement
of serines 303, 304, and 328 with aspartates disrupts the SH3 domain-mediated
intramolecular interaction in p47°", thereby activating the oxidase. J. Biol. Chem.
274, 33644-33653

Huang, J. and Kleinberg, M. E. (1999) Activation of the phagocyte NADPH oxidase
protein p47°™*: phosphorylation controls SH3 domain-dependent binding to p22°"x.
J. Biol. Chem. 274, 19731-19737

de Mendez, I., Homayounpour, N. and Leto, T. L. (1997) Specificity of p47°P"* SH3
domain interactions in NADPH oxidase assembly and activation. Mol. Cell. Biol. 17,
2177-2185

Groemping, Y., Lapouge, K., Smerdon, S. J. and Rittinger, K. (2003) Molecular basis of
phosphorylation-induced activation of the NADPH oxidase. Cell 113, 343-355
Yuzawa, S., Suzuki, N. N., Fujioka, Y., Ogura, K., Sumimoto, H. and Inagaki, F. (2004)
A molecular mechanism for autoinhibition of the tandem SH3 domains of p47°" the
regulatory subunit of the phagocyte NADPH oxidase. Genes Cells 9, 443-456

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

Yuzawa, S., Ogura, K., Horiuchi, M., Suzuki, N. N., Fujioka, Y., Kataoka, M.,

Sumimoto, H. and Inagaki, F. (2004) Solution structure of the tandem Src homology 3
domains of p47°" in an autoinhibited form. J. Biol. Chem. 279, 29752-29760

Dang, P. M., Fontayne, A., Hakim, J., El Benna, J. and Perianin, A. (2001) Protein kinase
C¢ phosphorylates a subset of selective sites of the NADPH oxidase component p47°ox
and participates in formyl peptide-mediated neutrophil respiratory burst. J. Immunol.
166, 1206-1213

Chen, Q., Powell, D. W,, Rane, M. J., Singh, S., Butt, W., Klein, J. B. and McLeish, K. R.
(2003) Akt phosphorylates p47°"* and mediates respiratory burst activity in human
neutrophils. J. Immunol. 170, 5302-5308

Kawakami, N., Takemasa, H., Yamaguchi, T., Hayakawa, T., Shimohama, S. and
Fujimoto, S. (1998) Indication of a protein kinase C-independent pathway for NADPH
oxidase activation in human neutrophils. Arch. Biochem. Biophys. 349, 89-94

Reeves, E. P, Dekker, L. V., Forbes, L. V., Wientjes, F. B., Grogan, A., Pappin, D. J. and
Segal, A. W. (1999) Direct interaction between p47°" and protein kinase C: evidence for
targeting of protein kinase C by p47°" in neutrophils. Biochem. J. 344, 859-866
Dewas, C., Fay, M., Gougerot-Pocidalo, M. A. and El Benna, J. (2000) The mitogen-
activated protein kinase extracellular signal-regulated kinase 1/2 pathway is involved in
formyl-methionyl-leucyl-phenylalanine-induced p47°"* phosphorylation in human
neutrophils. J. Immunol. 165, 5238-5244

Knaus, U. G., Morris, S., Dong, H. J., Chernoff, J. and Bokoch, G. M. (1995) Regulation
of human leukocyte p21-activated kinases through G protein-coupled receptors.
Science 269, 221-223

Park, H. S., Lee, S. M., Lee, J. H., Kim, Y. S., Bag, Y. S. and Park, J. W. (2001)
Phosphorylation of the leucocyte NADPH oxidase subunit p47°™* by casein kinase 2:
conformation-dependent phosphorylation and modulation of oxidase activity.

Biochem. J. 358, 783-790

Hoyal, C. R., Gutierrez, A., Young, B. M., Catz, S. D., Lin, J. H., Tsichlis, P. N. and
Babior, B. M. (2003) Modulation of p47°H%X activity by site-specific phosphorylation:
Akt-dependent activation of the NADPH oxidase. Proc. Natl. Acad. Sci. U.S.A. 100,
5130-5135

Ago, T., Kuribayashi, F., Hiroaki, H., Takeya, R., Ito, T., Kohda, D. and Sumimoto, H.
(2003) Phosphorylation of p47°"™* directs phox homology domain from SH3 domain
toward phosphoinositides, leading to phagocyte NADPH oxidase activation. Proc. Natl.
Acad. Sci. U.S.A. 100, 4474-4479

Faust, L. R., el Benna, J., Babior, B. M. and Chanock, S. J. (1995) The phosphorylation
targets of p47P" a subunit of the respiratory burst oxidase: functions of the individual
target serines as evaluated by site-directed mutagenesis. J. Clin. Invest. 96, 1499-1505
Johnson, J. L., Park, J. W., Benna, J. E., Faust, L. P,, Inanami, 0. and Babior, B. M.
(1998) Activation of p47°1%X a cytosolic subunit of the leukocyte NADPH oxidase:
phosphorylation of ser-359 or ser-370 precedes phosphorylation at other sites and is
required for activity. J. Biol. Chem. 273, 35147-35152

Heyworth, P. G. and Badwey, J. A. (1990) Continuous phosphorylation of both the

47 and the 49 kDa proteins occurs during superoxide production by neutrophils.
Biochim. Biophys. Acta 1052, 299-305

Rotrosen, D. and Leto, T. L. (1990) Phosphorylation of neutrophil 47-kDa cytosolic
oxidase factor: translocation to membrane is associated with distinct phosphorylation
events. J. Biol. Chem. 265, 19910-19915

Dusi, S. and Rossi, F. (1993) Activation of NADPH oxidase of human neutrophils
involves the phosphorylation and the translocation of cytosolic p67°"*. Biochem. J.
296, 367-371

Benna, J. E., Dang, P. M., Gaudry, M., Fay, M., Morel, F., Hakim, J. and
Gougerot-Pocidalo, M. A. (1997) Phosphorylation of the respiratory burst oxidase
subunit p67°" during human neutrophil activation: regulation by protein kinase
C-dependent and independent pathways. J. Biol. Chem. 272, 17204-17208

Forbes, L. V., Moss, S. J. and Segal, A. W. (1999) Phosphorylation of p67°" in the
neutrophil occurs in the cytosol and is independent of p47P"*. FEBS Lett. 449, 225-229
Someya, A., Nunoi, H., Hasebe, T. and Nagaoka, I. (1999) Phosphorylation of p40-phox
during activation of neutrophil NADPH oxidase. J. Leukocyte Biol. 66, 851-857

Bouin, A. P, Grandvaux, N., Vignais, P. V. and Fuchs, A. (1998) p40P" is
phosphorylated on threonine 154 and serine 315 during activation of the phagocyte
NADPH oxidase: implication of a protein kinase c-type kinase in the phosphorylation
process. J. Biol. Chem. 273, 30097-30103

Forbes, L. V., Truong, 0., Wientjes, F. B., Moss, S. J. and Segal, A. W. (1999) The major
phosphorylation site of the NADPH oxidase component p67°™ is Thr?®. Biochem. J.
338, 99-105

Sumimoto, H., Hata, K., Mizuki, K., Ito, T., Kage, Y., Sakaki, Y., Fukumaki, Y.,

Nakamura, M. and Takeshige, K. (1996) Assembly and activation of the phagocyte
NADPH oxidase: specific interaction of the N-terminal Src homology 3 domain of
p47Phox with p22°h° i required for activation of the NADPH oxidase. J. Biol. Chem.
271, 22152-22158

© 2005 Biochemical Society



416

Y. Groemping and K. Rittinger

167

168

169

170

17

172

173

174

175

176

177

178

179

180

181

Shiose, A. and Sumimoto, H. (2000) Arachidonic acid and phosphorylation
synergistically induce a conformational change of p47°"* to activate the phagocyte
NADPH oxidase. J. Biol. Chem. 275, 13793-13801

Kleinberg, M. E., Malech, H. L. and Rotrosen, D. (1990) The phagocyte 47-kilodalton
cytosolic oxidase protein is an early reactant in activation of the respiratory burst.

J. Biol. Chem. 265, 15577-15583

Paclet, M. H., Coleman, A. W., Vergnaud, S. and Morel, F. (2000) P67-phox-mediated
NADPH oxidase assembly: imaging of cytochrome bssg liposomes by atomic force
microscopy. Biochemistry 39, 9302-9310

Koshkin, V., Lotan, 0. and Pick, E. (1996) The cytosolic component p47°"% is not a sine
qua non participant in the activation of NADPH oxidase but is required for optimal
superoxide production. J. Biol. Chem. 271, 30326-30329

Freeman, J. L. and Lambeth, J. D. (1996) NADPH oxidase activity is independent of
p47P"™ in vitro. J. Biol. Chem. 271, 2257822582

Freeman, J. L., Abo, A. and Lambeth, J. D. (1996) Rac “insert region” is a novel effector
region that is implicated in the activation of NADPH oxidase, but not PAKGS5.

J. Biol. Chem. 271, 19794-19801

Gorzalczany, Y., Alloul, N., Sigal, N., Weinbaum, C. and Pick, E. (2002) A prenylated
p67°"™—Rac1 chimera elicits NADPH-dependent superoxide production by phagocyte
membranes in the absence of an activator and of p47P": conversion of a pagan NADPH
oxidase to monotheism. J. Biol. Chem. 277, 1860518610

Diebold, B. A. and Bokoch, G. M. (2001) Molecular basis for Rac2 regulation of
phagocyte NADPH oxidase. Nat. Immunol. 2, 211-215

Bokoch, G. M. and Diebold, B. A. (2002) Current molecular models for NADPH oxidase
regulation by Rac GTPase. Blood 100, 2692—-2696

Bokoch, G. M. and Knaus, U. G. (2003) NADPH oxidases: not just for leukocytes
anymore! Trends Biochem. Sci. 28, 502-508

Grizot, S., Fieschi, F., Dagher, M. C. and Pebay-Peyroula, E. (2001) The active
N-terminal region of p67°"*: structure at 1.8 A resolution and biochemical
characterizations of the A128V mutant implicated in chronic granulomatous disease.

J. Biol. Chem. 276, 21627-21631

Anhmed, S., Prigmore, E., Govind, S., Veryard, C., Kozma, R., Wientjes, F. B., Segal, A. W.
and Lim, L. (1998) Cryptic Rac-binding and p21°¢42s/Rec_activated Kinase
phosphorylation sites of NADPH oxidase component p67°". J. Biol. Chem. 273,
15693-15701

Kwong, C. H., Malech, H. L., Rotrosen, D. and Leto, T. L. (1993) Regulation of the human
neutrophil NADPH oxidase by rho-related G-proteins. Biochemistry 32, 5711-5717
Dang, P. M., Cross, A. R. and Babior, B. M. (2001) Assembly of the neutrophil
respiratory burst oxidase: a direct interaction between p67°"%X and cytochrome bssg.
Proc. Natl. Acad. Sci. U.S.A. 98, 3001-3005

Dang, P. M., Cross, A. R., Quinn, M. T. and Babior, B. M. (2002) Assembly of the
neutrophil respiratory burst oxidase: a direct interaction between p67™1% and
cytochrome bssg II. Proc. Natl. Acad. Sci. U.S.A. 99, 4262-4265

Received 3 November 2004/2 December 2004; accepted 10 December 2004
Published as BJ Immediate Publication 10 December 2004, DOI 10.1042/BJ20041835

© 2005 Biochemical Society

182

183

184

185

186

187

188

189

190

191

192

193

194

195

Alloul, N., Gorzalczany, Y., Itan, M., Sigal, N. and Pick, E. (2001) Activation of the
superoxide-generating NADPH oxidase by chimeric proteins consisting of segments of
the cytosolic component p67°" and the small GTPase Rac1. Biochemistry 40,
14557-14566

Toporik, A., Gorzalczany, Y., Hirshberg, M., Pick, E. and Lotan, 0. (1998) Mutational
analysis of novel effector domains in Rac1 involved in the activation of nicotinamide
adenine dinucleotide phosphate (reduced) oxidase. Biochemistry 37, 7147-7156
Sarfstein, R., Gorzalczany, Y., Mizrahi, A., Berdichevsky, Y., Molshanski-Mor, S.,
Weinbaum, C., Hirshberg, M., Dagher, M. C. and Pick, E. (2004) Dual role of Rac in the
assembly of NADPH oxidase, tethering to the membrane and activation of p67°":

a study based on mutagenesis of p67°"—Rac1 chimeras. J. Biol. Chem. 279,
16007-16016

Ellson, C. D., Andrews, S., Stephens, L. R. and Hawkins, P. T. (2002) The PX domain:

a new phosphoinositide-binding module. J. Cell Sci. 115, 1099-1105

Xu, Y., Seet, L. F, Hanson, B. and Hong, W. (2001) The Phox homology (PX) domain, a
new player in phosphoinositide signalling. Biochem. J. 360, 513-530

Wientjes, F. B. and Segal, A. W. (2003) PX domain takes shape. Curr. Opin. Hematol.
10,2-7

Sato, T. K., Overduin, M. and Emr, S. D. (2001) Location, location, location: membrane
targeting directed by PX domains. Science 294, 1881-1885

Bravo, J., Karathanassis, D., Pacold, C. M., Pacold, M. E., Ellson, C. D., Anderson, K. E.,
Butler, P. J., Lavenir, ., Perisic, 0., Hawkins, P. T. etal. (2001) The crystal structure of the
PX domain from p40P"™* bound to phosphatidylinositol 3-phosphate. Mol. Cell 8,
829-839

Ago, T, Takeya, R., Hiroaki, H., Kuribayashi, F., Ito, T., Kohda, D. and Sumimoto, H.
(2001) The PX domain as a novel phosphoinositide-binding module. Biochem. Biophys.
Res. Commun. 287, 733738

Karathanassis, D., Stahelin, R. V., Bravo, J., Perisic, 0., Pacold, C. M., Cho, W. and
Williams, R. L. (2002) Binding of the PX domain of p47P" to phosphatidylinositol
3,4-bisphosphate and phosphatidic acid is masked by an intramolecular interaction.
EMBO J. 21, 5057-5068

Zhan, Y., Virbasius, J. V., Song, X., Pomerleau, D. P. and Zhou, G. W. (2002)

The p40°™* and p47°"™ PX domains of NADPH oxidase target cell membranes

via direct and indirect recruitment by phosphoinositides. J. Biol. Chem. 277,
4512-4518

Stahelin, R. V., Burian, A., Bruzik, K. S., Murray, D. and Cho, W. (2003) Membrane
binding mechanisms of the PX domains of NADPH oxidase p40°™* and p47°n.

J. Biol. Chem. 278, 14469-14479

Hiroaki, H., Ago, T., Ito, T., Sumimoto, H. and Kohda, D. (2001) Solution structure of the
PX domain, a target of the SH3 domain. Nat. Struct. Biol. 8, 526-530

Cheever, M. L., Sato, T. K., de Beer, T., Kutateladze, T. G., Emr, S. D. and Overduin, M.
(2001) Phox domain interaction with PtdIns(3)P targets the Vam7 t-SNARE to vacuole
membranes. Nat. Cell Biol. 3, 613-618



