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p47phox is a key cytosolic subunit required for activa-
tion of phagocyte NADPH oxidase. The X-ray struc-
ture of the p47phox PX domain revealed two distinct
basic pockets on the membrane-binding surface, each
occupied by a sulfate. These two pockets have differ-
ent speci®cities: one preferentially binds phosphatidyl-
inositol 3,4-bisphosphate [PtdIns(3,4)P2] and is
analogous to the phophatidylinositol 3-phosphate
(PtdIns3P)-binding pocket of p40 phox, while the other
binds anionic phospholipids such as phosphatidic acid
(PtdOH) or phosphatidylserine. The preference of this
second site for PtdOH may be related to previously
observed activation of NADPH oxidase by PtdOH.
Simultaneous occupancy of the two phospholipid-
binding pockets radically increases membrane af®n-
ity. Strikingly, measurements for full-length p47phox

show that membrane interaction by the PX domain is
masked by an intramolecular association with the
C-terminal SH3 domain (C-SH3). Either a site-speci®c
mutation in C-SH3 (W263R) or a mimic of the phos-
phorylated form of p47phox [Ser(303, 304, 328, 359,
370)Glu] cause a transition from a closed to an open
conformation that binds membranes with a greater
af®nity than the isolated PX domain.
Keywords: NADPH oxidase/p40/phagocyte/phosphatidic
acid/phosphoinositide/SH3 domains

Introduction

NADPH oxidase plays a decisive role in the ability of
phagocytes to defend against bacterial infections. The
enzyme catalyses the transfer of an electron from NADPH
to oxygen to form superoxide that acts as a precursor to
microbicidal oxidants. The NADPH oxidase activity also
results in release of proteases within the phagosome
(Reeves et al., 2002). The phagocyte oxidase consists of a
membrane-bound, catalytic gp91phox±p22phox heterodimer
known as ¯avocytochrome b558, and cytosolic regulatory
subunits consisting of p40phox, p47phox, p67phox and Rac
(reviewed in Babior, 1999). p40phox, p47phox and p67phox

form a 1:1:1 complex in the resting state (Lapouge et al.,
2002). Because of the potentially damaging reactions that
can be initiated by the oxidase, the enzymatic activity is
tightly regulated. Electron microscopy studies show that
gp91phox and p22phox are located in the membranes of
speci®c granules, gelatinase granules and secretory
vesicles (reviewed in Seguchi and Kobayashi, 2002).
Activation of the oxidase requires translocation of the
cytosolic subunits to the membrane-bound ¯avocyto-
chrome, yet the mechanism of this translocation is not
clear. The p47phox subunit appears to have a key role in
translocation. Studies of cells from chronic granulomatous
disease (CGD) patients de®cient in p47phox indicate that
this subunit is required for translocation of p40phox and
p67phox (Heyworth et al., 1991; Uhlinger et al., 1993; Dusi
et al., 1996). Translocation of the cytosolic subunits to
membranes could be the consequence of direct membrane
interactions or interactions with membrane-localized
proteins. Interaction between p47phox and the intrinsic
membrane protein p22phox may play a role in translocating
p47phox. Other interactions between NADPH oxidase
cytosolic subunits and membrane-interacting proteins
have been reported, but the signi®cance of these for the
activation of NADPH oxidase is not yet clear, e.g. both
p47phox and p40phox interact with moesin, a protein with
both membrane- and actin-binding domains (Wientjes
et al., 2001), and p67phox interacts with JFC1, a protein
that has a 3-phosphoinositide-binding domain (McAdara
Berkowitz et al., 2001).

Recently, it was shown that both p47phox and p40phox can
interact directly with membranes via their N-terminal PX
domains (Ago et al., 2001; Ellson et al., 2001; Kanai et al.,
2001). These direct membrane interactions may play a role
in translocation, or they may be important for activation of
the NADPH oxidase once the cytosolic subunits have
already associated with the membrane. The PX domain of
p47phox preferentially binds to vesicles containing phos-
phatidylinositol 3,4-bisphosphate [PtdIns(3,4)P2] (Kanai
et al., 2001), whereas the p40phox-PX, like most other PX
domains, has a strong preference for phosphatidylinositol
3-phosphate (PtdIns3P) (Ellson et al., 2001; Kanai et al.,
2001; Yu and Lemmon, 2001). Binding of PtdIns3P to
p40phox-PX stimulates NADPH oxidase activity in vitro
(Ellson et al., 2001). We previously reported the structure
of the p40phox PX domain in a complex with PtdIns3P
(Bravo et al., 2001); however, the lipid-binding pocket in
this structure was very different from the analogous pocket
in the NMR structure of the p47phox-PX (Hiroaki et al.,
2001). We report here a high-resolution X-ray structure of
the p47phox PX domain showing two basic pockets
occupied by sulfates that represent two potential phos-
pholipid-binding sites. Using structure-guided muta-
genesis and phospholipid-binding measurements, we
show that these two sites strongly synergize in membrane

Binding of the PX domain of p47phox to
phosphatidylinositol 3,4-bisphosphate
and phosphatidic acid is masked by an
intramolecular interaction
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binding. In the context of the full-length p47phox,
membrane binding by both sites is masked by intra-
molecular interaction with the C-terminal SH3 domain
(C-SH3) and unmasked in a phosphorylation mimic.

Results

Description of the overall structure
The X-ray structure of the p47phox PX domain was
determined at 2.0 AÊ resolution by multiple anomalous
dispersion (MAD) techniques for a crystal of seleno-
methionine-substituted protein (Table I). The overall fold
consists of a three-stranded antiparallel b-sheet followed
by a helical subdomain containing four a-helices and a
polyproline II region (Figure 1). There are two sulfates
bound on the same surface of the domain. One sulfate is in
a basic pocket with a location analogous to the PtdIns3P-
binding pocket of p40phox-PX (Bravo et al., 2001). The
second sulfate is bound in a distinct shallow pocket that
has no analogue in previously characterized PX domains
(Figure 1).

The Ca positions of the p47phox and p40phox PX domains
closely superimpose throughout the domain except in the
region from 59 to 86 (p47phox numbering) containing helix
a1¢, a distorted, left-handed PPII helix and the succeeding
membrane insertion loop (residues 77±86). This 59±86
region also deviates greatly from what was observed in the
NMR study of the p47phox-PX (Hiroaki et al., 2001).
However, because part of this region forms much of the
contact area between molecules in the asymmetric unit,

some of these differences may arise due to crystal contacts.
The membrane insertion loop is important for the shape of
the phosphoinositide-binding pocket. Unlike the recently
reported NMR structure of the unliganded Vam7p-PX,
which has a PtdIns3P-binding pocket nearly identical to
the p40phox-PX (Lu et al., 2002), the p47phox-PX has a
phosphoinositide-binding pocket with considerable con-
formational differences. This conformational variation in
the membrane insertion loop is not surprising given the
sequence variation among PX domains in this region.

The structure of the phosphoinositide-binding
pocket
Superimposing the p40phox PX domain on p47phox shows
that the sulfate in the p47phox phosphoinositide-binding
pocket is at the position of the 3-phosphate of the
phosphoinositide bound to the p40phox-PX (Figure 2).
The sulfate is hydrogen bonded to Arg43 and is within
van der Waals contact distance of Arg90 (Figure 3). These
two residues are equivalent to Arg58 and Arg105 of the
p40phox PX domain, which are critical for PtdIns3P binding
to the p40phox-PX and interact with the 3-phosphate and 4-
and 5-OH groups, respectively. The most striking feature
of the p47phox-PX phosphoinositide-binding pocket in
comparison with p40phox-PX is the wide crevice between
the C-terminal end of b2 and the N-terminal end of a2
(Figure 4).

Within the p47phox-PX PtdIns(3,4)P2-binding site,
Arg43 [the middle residue of the conserved (R/K)-
(R/K)-(F/Y) motif located in the b3/a1 loop] super-
imposes closely with p40phox Arg58 and presumably has
the same role as the principal 3-phosphate ligand
(Figure 2). Arg90 (in the a2 helix) superimposes with
p40phox Arg105 and, by analogy with p40phox, would be
best placed to act as the ligand of the 4- and 5-positions of
the phosphoinositide. However, if PtdIns(3,4)P2 were
placed in the p47phox pocket in the same orientation as the
PtdIns3P in p40phox, there would be a few steric clashes
caused by differences in the shapes of the pockets. First,
there is no room to accommodate the 4-phosphate because

Table I. Data collection, structure determination and re®nement
statistics

Data collection and MAD phasing statistics
Data set Peakc In¯ectionc

Resolution (AÊ ) 2.0 2.0
Observations/unique re¯ections 83 922/24 307 84 280/24 356
Completeness (last shell) % 93.6 (74.1) 93.7 (74.1)
Rmerge

a 0.050 0.044
<I/s> (last shell) 20.1 (1.5) 19.7 (1.3)
Phasing power (iso)b ± 0.74
Phasing power (anom)b 2.1 1.3

Re®nement statistics

Resolution (AÊ ) 38.9±2.0
Protein atoms 3018
Heterogen atoms 35
Water molecules 204
Rcryst

d 0.22
Rfree

d (% data used) 0.27 (5.0)
R.m.s.d. from idealitye

Bonds 0.020 AÊ

Angles 1.7°
Dihedrals 25°

Overall ®gure of merit 0.43 before solvent ¯attening and 0.88 after
solvent ¯attening.
aRmerge = ShklSi |Ii(hkl) ± <I(hkl)>|/ShklSi Ii(hkl)
bThe phasing power is de®ned as the ratio of the r.m.s. value of the
heavy atom structure factor amplitudes to the r.m.s. value of the lack-
of-closure error.
cData sets were collected at ESRF beamline ID29.
dRcryst and Rfree = S |Fobs ± Fcalc|/SFobs; Rfree calculated with the
percentage of the data shown in parentheses.
eR.m.s. deviations for bond angles and lengths with regard to Engh and
Huber parameters.

Fig. 1. The structure of the p47phox PX domain. The ribbon representa-
tion is coloured from red at the N-terminus to blue at the C-terminus.
Selected residues are shown in stick representation. Residues in the
phosphoinositide pocket are shown in red and those lining the second
anion-binding pocket are coloured magenta. The sulfates bound in the
two pockets are shown in CPK representation.
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of the proximity of Arg90. Secondly, part of the pocket
that binds PtdIns3P in p40phox is sterically hindered by the
Pro78 side chain because the main chain of the region from
78 to 80 adopts a short 310 helix as opposed to the extended
conformation of the analogous region, 90±94, in p40phox

(Figures 2 and 4). In p47phox, Pro78 covers most of the
Phe44 side chain. The residue analogous to Phe44 in
p40phox (Tyr59) is essential for phospholipid binding and
contacts one face of the inositide ring, suggesting either
that phosphoinositides bind somewhat differently to these
two PX domains or that binding to p47phox is accompanied
by a conformational change that removes the occlusion
imposed by Pro78. Given the steric clashes presented by
both Arg90 and the 78±80 turn, it is most likely that the
PtdIns(3,4)P2 headgroup would be rotated in the binding
pocket so that the 3- and 4-phosphates interact with Arg43
and Arg90, respectively, and that the inositide ring would
be shifted into the crevice created between the ends of b2
and a2 (Figure 4C). This crevice provides additional space
that could accommodate the alternative phosphoinositide
orientation in the p47phox-binding pocket relative to p40phox

and is created by the very different conformation of the
p47phox 83±85 turn. In the p40phox pocket, the analogous
region (97±100) folds into the pocket and closes the
crevice (Figure 4).

The structure of the second anion-binding pocket
Besides the bound sulfate in the putative phosphoinositide-
binding pocket, the structure revealed another sulfate

bound in a separate, shallower basic pocket. This second-
ary pocket is on the same surface of the domain as the
phosphoinositide-binding pocket and is separated from it
by a ridge made up of the membrane insertion loop
(Figures 1 and 4). Walls of this pocket are formed by the
side chains of Arg70, Lys55 and His51, giving it a basic
character. The guanidinium group of Arg70 forms an
extensive set of hydrogen bonding interactions both with
the bound sulfate and with the backbone of Pro73 in the
polyproline helix of the conserved PXXP motif (residues
73±76, Figures 1 and 3). The second anion-binding site is
not present in either of the two PX domains whose
structures were determined previously, p40phox-PX and
Vam7p-PX. The presence of two basic residues analogous
to Arg70 and Lys55 is an unusual feature among PX
domain sequences, and only the PX domains from p47phox

and phospholipase D (PLD) appear to have such a feature
(Figure 5).

Arg70 is part of an (R/K)XXPXXP sequence motif that
has been de®ned as a type I SH3-interacting motif (Mayer,
2001). A small subset of PX domains (besides p47phox and
PLD) contain this motif, including the PX domains of the
mammalian proteins FISH and sorting nexin 8, and the
yeast proteins Mvp1 and Bem1, suggesting that these PX
domains may, like p47phox-PX, bind to SH3 domains. In
structures of complexes of SH3 domains with type I motif-
containing peptides, the basic residue of the motif uses its
side chain to interact with the negatively charged speci-
®city pocket of the SH3 domain (Mayer, 2001), and the Cd
atoms of the prolines from the PXXP motif occupy

Fig. 2. A comparison of the phosphoinositide-binding pockets of the
p47phox and p40phox PX domains. The Ca atoms of the two domains
were superimposed. The p47phox-PX is shown as a grey ribbon, while
for p40phox the main chain ribbon (cyan) is shown only in the region of
the phosphoinositide-binding pocket where the structures differ greatly.
The side chains of residues that are critical for phosphoinositide bind-
ing are shown, with residue numbers for p40phox in parentheses. The
side chain of Pro78 that protrudes into the binding pocket in p47phox is
also illustrated. The bound PtdIns3P from the p40phox-PX structure is
also shown (coloured yellow, red and cyan for carbon, oxygen and
phosphorus, respectively). The sulfate in the phosphoinositide-binding
pocket of p47phox-PX (grey bonds and magenta atoms) coincides with
the location of the 3-phosphate of PtdIns3P. Arg42 that is associated
with a CGD mutation points away from the binding site and has a role
in stabilizing p47phox (Heyworth and Cross, 2002).

Fig. 3. Interactions with the sulfates bound in the phosphoinositide-
binding and second anion-binding pockets of p47phox-PX. Dashed lines
represent hydrogen bonding interactions with the protein. Ordered
waters associated with the sulfates are shown as red spheres.
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adjacent hydrophobic pockets on the surface of the SH3
domain. In p47phox, only one proline (Pro76) from the
PXXP motif is accessible for interaction, while the other

(Pro73) is buried (Hiroaki et al., 2001; and Figure 1). In
addition, the Arg70±Pro73 backbone interaction that we
see in p47phox would preclude Arg70 binding in an SH3
domain speci®city pocket. These observations suggest that
if the proline-rich region of the p47phox-PX were to interact
with the C-SH3 in a typical manner, p47phox-PX would
have to undergo a conformational change.

Phosphoinositide speci®city of the
p47phox PX domain
In order to determine the roles of the two apparent
phospholipid-binding sites suggested by the structure and
to elucidate the mechanism of membrane binding, we
measured the vesicle binding of wild-type and a series of
site-speci®c mutants by surface plasmon resonance (SPR)
and sedimentation measurements.

We ®rst measured the binding of wild-type p47phox-PX
to various phosphoinositide-containing lipid vesicles
immobilized to the sensor surface by kinetic SPR analysis
to determine the effects of phosphoinositides on
membrane binding of p47phox-PX. In the absence of
phosphoinositide, p47phox-PX has extremely low af®nity
for 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC)/1-palmitoyl-2-oleoyl-sn-glycero-phosphoethanol-
amine (POPE) (80:20) vesicles (Kd >20 mM). Increasing
the concentration of PtdIns(3,4)P2 in the vesicles from 0 to
3% dramatically increases the af®nity (Kd = 38 nM)
(Table II). To validate the Kd value determined from the
kinetic SPR analysis, we also determined the Kd for
p47phox-PX by equilibrium SPR analysis and by a
sedimentation assay using lipid-coated beads (Kim et al.,
1997) and radiolabelled PX domain. As shown in Figure 6,
the Kd values (38 6 0.1 and 30 6 7 nM) calculated from
the equilibrium binding isotherms agree well with the Kd

determined from the kinetic analysis. Table II shows that
p47phox-PX has 18- to 26-fold greater af®nity for
PtdIns(3,4)P2 than for any other tested phosphoinositide,
con®rming the reported speci®city of the p47phox-PX for
PtdIns(3,4)P2 (Kanai et al., 2001).

The enhanced membrane af®nity of the p47phox-PX
domain due to 3 mol% PtdIns(3,4)P2 is almost entirely due
to a decrease in the kd, with the ka remaining nearly
constant. This is consistent with our previous ®nding that
short-range speci®c interactions increase membrane
af®nity mainly by decreasing the kd (Stahelin and Cho,
2001). The only other phosphoinositide-binding domain
known to bind speci®cally PtdIns(3,4)P2 is the C-terminal
PH domain of TAPP1 (TAPP1-PHCT) (Dowler et al.,
2000; Thomas et al., 2001; Kimber et al., 2002). Using
SPR, we compared the af®nities of the p47phox PX domain
and the TAPP1 PHCT domain for POPC/POPE/
PtdIns(3,4)P2 vesicles. As previously reported (Dowler
et al., 2000), the TAPP1-PHCT has a high af®nity for
PtdIns(3,4)P2, and this necessitated measurements with
vesicles containing only 0.5% PtdIns(3,4)P2. Under these
conditions, the af®nity of the TAPP1 PHCT domain is
1.5 nM as compared with 2.6 mM for the p47phox PX
domain (Table III). In addition to the difference in
af®nities, there is a difference in the modes of lipid
interaction. The TAPP1-PHCT af®nity is dictated largely
by the PtdIns(3,4)P2 headgroup binding (Ferguson et al.,
2000), whereas the p47phox-PX binds the soluble head-
group only very weakly (af®nity >50 mM as measured by

Fig. 4. Solid representations of the p40phox and p47phox PX domains.
(A) View of the PtdIns3P (magenta) bound to the p40phox-PX. The
principal ligands of the phosphoinositide, Arg58 and Arg105, are high-
lighted in blue, and Tyr59 at the bottom of the pocket is shown in
yellow. (B) View of the membrane-binding surface of the p47phox-PX
showing both phospholipid-binding sites with basic residues highlighted
in blue. The sulfate in the phosphoinositide-binding site is shown in
stick representation (coloured cyan). PtdIns3P from the superimposed
structure of the p40phox-PX is illustrated (stick representation). The
3-phosphate of the PtdIns3P coincides with the bound sulfate in the
p47phox phosphoinositide pocket. The Pro78 that sterically clashes with
the PtdIns3P is highlighted in brown. The sulfate in the second anion-
binding site is shown in CPK representation (coloured red and brown).
(C) A model of a PtdIns(3,4)P2 bound in the p47phox-PX phosphoinosi-
tide-binding pocket. To avoid steric clashes, the inositide ring has been
rotated ~90° while maintaining the 3- and 4-phosphates in contact with
the side chains of Arg43 and Arg90, respectively. The 4-phosphate
(yellow) is extending into the crevice between b2 and a2. This crevice
is ®lled by residues 97±100 in p40phox [as seen in (A)].
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isothermal titration calorimetry, data not shown). These
differences are likely to manifest themselves in the
behaviours of the two domains in cells.

Distinct speci®cities of the two
phospholipid-binding pockets in the
p47phox PX domain
The roles of the two phospholipid-binding pockets were
clari®ed by measuring the binding of a series of site-
speci®c mutants to vesicles containing PtdIns(3,4)P2 and
different anionic lipids. We ®rst measured the binding of
mutants to POPC/POPE/PtdIns(3,4)P2 (77:20:3) vesicles
by SPR analysis. Results are summarized in Table III.
Clearly, mutations in the putative phosphoinositide-
binding pocket strongly reduce binding to PtdIns(3,4)P2-
containing vesicles. Arg43, the putative 3-phosphate
ligand, has the most decisive role in recognizing
PtdIns(3,4)P2. The R43Q mutation decreased the af®nity
for POPC/POPE/PtdIns(3,4)P2 vesicles by 245-fold. The
putative 4-phosphate ligand, Arg90, also has a substantial
role in binding. The R90A mutation decreased the af®nity
for POPC/POPE/PtdIns(3,4)P2 vesicles by 84-fold. The
decreased membrane af®nities of the R43Q and R90A
mutants are due mostly to large increases in the kd,
consistent with our ®nding that speci®c phosphoinositide
headgroup interactions primarily result in longer mem-
brane residence time (Stahelin et al., 2002). The p47phox-
PX binding to PtdIns(3,4)P2 and the importance of Arg90
was also apparent in semi-quantitative multilamellar

vesicle (MLV) sedimentation assays (Figure 7). When
compared with R43Q and R90A mutations, the mutation
of a putative 1-phosphate ligand, K79A, showed a smaller
impact on PtdIns(3,4)P2 binding (a 6-fold reduction)
(Table III). In contrast to mutations in the phosphoinosi-
tide-binding pocket, mutation of Arg70, which is the
principal sulfate ligand in the second anion-binding
pocket, resulted in only a 2-fold decrease in af®nity
for POPC/POPE/PtdIns(3,4)P2 vesicles, indicating that
PtdIns(3,4)P2 does not interact productively with the
second anion-binding pocket. Lastly, Lys52, which is
remote from both sulfate-binding pockets, also has no
in¯uence on PtdIns(3,4)P2 binding.

Given that the second sulfate-binding pocket is shallow,
we thought that it might bind an anionic lipid with a
smaller headgroup such as phosphatidic acid (PtdOH) or
phosphatidylserine (PtdSer). To test this notion, we
measured the binding of mutants to vesicles contain-
ing 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidic acid
(POPA) or 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-
serine (POPS). Increasing POPA or POPS composition
to 3 mol% in POPC/POPE/POPA(S) vesicles (i.e. 77:20:3)
did not signi®cantly enhance the af®nity of p47phox-PX
(data not shown). However, 30 mol% of POPS in the
vesicles was nearly as effective as 3 mol% PtdIns(3,4)P2 in
enhancing vesicle af®nity of the p47phox-PX (see Table III).
Furthermore, 30 mol% POPA had an even more pro-
nounced effect: the Kd for the p47phox-PX for POPC/POPE/
POPA (50:20:30) vesicles was 1.2 6 0.3 nM. To assess the

Fig. 5. Sequence alignment of several PX domains. The secondary structure elements and residue numbers of p47phox are shown above its sequence.
The p47phox residues shown by mutagenesis to be involved in membrane binding and the p40phox residues that interact with the bound PtdIns3P are
underlined. The basic residues in the second anion-binding pocket of p47phox are marked with asterisks. The regions containing the strongly conserved
(R/K)-(R/K)-(Y/F) and PXXP motifs are boxed with thin lines. The portions of p40phox, p47phox and Vam7p that structurally superimpose the best are
enclosed in boxes with thick lines. The sequences of PLD1 and PLD2 suggest that their PX domains, like p47phox, may have a second anion-binding
pocket.

Table II. Effect of phosphoinositides on membrane binding of p47phox-PX determined by SPR analysis

Phosphoinositide ka (M±1 s±1) kd (s±1) Kd (M) Fold increase in Kd
a

PtdIns(3,4)P2 (1.6 6 0.3) 3 104 (6.1 6 0.7) 3 10±4 (3.8 6 0.8) 3 10±8 1
PtdIns(4,5)P2 (9.0 6 1.1) 3 103 (8.5 6 0.8) 3 10±3 (9.5 6 3.4) 3 10±7 25
PtdIns(3,4,5)P2 (8.8 6 0.9) 3 103 (7.3 6 0.7) 3 10±3 (8.3 6 1.2) 3 10±7 22
PtdIns3P (7.8 6 0.8) 3 103 (7.1 6 0.7) 3 10±3 (9.1 6 1.3) 3 10±7 24
PtdIns4P (7.8 6 0.8) 3 103 (8.1 6 0.9) 3 10±3 (1.0 6 1.5) 3 10±6 26
PtdIns5P (9.8 6 1.2) 3 103 (6.9 6 0.6) 3 10±3 (7.0 6 1.1) 3 10±7 18

Values represent the mean and standard deviation from ®ve determinations. All measurements were performed with POPC/POPE/phosphoinositide
vesicles (77:20:3) in 20 mM Tris±HCl pH 7.4 containing 0.1 M KCl.
aIncrease in Kd relative to binding to POPC/POPE/PtdIns(3,4)P2 vesicles.
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roles of the two binding pockets in PtdOH or PtdSer
binding, we ®rst measured the effects of critical mutants in
each of the pockets on POPC/POPE/POPS (50:20:30)
vesicles in the absence of phosphoinositide. As shown in
Table III, a mutation in the phosphoinositide pocket
(R90A) did not affect POPS-dependent binding. However,
a mutation in the second anion-binding pocket (R70Q)
decreased binding by 18-fold. This shows that only the
second pocket binds POPS.

In order to determine whether both pockets can be
occupied simultaneously by their preferred lipids, we
carried out measurements using POPC/POPE/POPS/
PtdIns(3,4)P2 or POPC/POPE/POPA/PtdIns(3,4)P2 (74:
20:3:3) vesicles. When compared with POPC/POPE/
PtdIns(3,4)P2 (77:20:3) vesicles, the af®nity of p47phox-
PX increased 63-fold when 3% POPA was included in the
PtdIns(3,4)P2-containing vesicles and 25-fold for 3%
POPS (Table III). This indicates that simultaneous occu-
pation of the two lipid-binding sites synergistically
increases the membrane binding of p47phox-PX [note that
3 mol% of POPA or POPS had little effect on the af®nity
of p47phox-PX for POPC/POPE (80:20) vesicles]. The
synergistic effect of PtdIns(3,4)P2 and POPS increases the
membrane af®nity of the p47phox-PX to about the same as
the TAPP1-PHCT af®nity (Table III).

The p47phox-PX mutants R43Q and R90A that showed
245- and 84-fold decreases, respectively, in af®nity for
POPC/POPE/PtdIns(3,4)P2 (77:20:3) vesicles exhibited
less pronounced 87- and 37-fold reductions, respectively,
in af®nity for POPC/POPE/POPS/PtdIns(3,4)P2 (74:20:
3:3) vesicles. A similar trend was seen with POPC/POPE/
POPA/PtdIns(3,4)P2 (74:20:3:3) vesicles. Thus, the occu-
pation of the second anion site by POPA or POPS lessens

Fig. 6. Determination of the Kd for p47phox-PX by equilibrium binding
measurements. (A) Binding isotherms for p47phox-PX and POPC/POPE/
PtdIns(3,4)P2 (77:20:3) vesicles from equilibrium SPR measurements.
A solid line represents a theoretical curve constructed from Rmax

(45 6 0.1) and Kd (38 6 0.1 nM) values determined by non-linear
least-squares analysis of the isotherm using an equation, Req = Rmax/
(1 + Kd/P0). (B) Binding isotherm for p47phox-PX and beads coated
with POPC/POPE/PtdIns(3,4)P2 (77:20:3). Phospholipid-coated beads
(1.5 mM bulk concentration) were incubated with 14C-labelled p47phox-
PX (10±400 nM) in 20 mM Tris±HCl buffer pH 7.4 containing 0.1 M
KCl and 1 mM BSA. A solid line represents a theoretical curve con-
structed from n (19 6 1) and Kd (30 6 7 nM) values determined by
non-linear least-squares analysis of the isotherm using Equation 1.

Fig. 7. Binding of p47phox constructs to MLVs. (A) The proteins were
incubated with MLVs containing 1 mM total lipid of POPC:POPE
(50:50), POPC:POPE:POPA (47.5:47.5:5), POPC:POPE:PtdIns(3,4)P2

(47.5:47.5:5) and POPE:POPE:POPA:PtdIns(3,4)P2 (45:45:5:5). P and
S indicate `pellet' and `supernatant' fractions after centrifugation.
Samples were analysed by SDS±PAGE, and three representative gels
for the p47phox-PX, p47phox full-length wild-type, and p47phox full-length
with the W263R mutation in the C-SH3 are shown. (B) The intensities
of the stained `pellet' bands were quantitated by densitometry, and the
percentage of protein bound was determined. The values represent at
least four independent measurements. (C) SDS±PAGE analysis of His6-
p47phox constructs used in the binding studies. An estimated 0.5 mg of
each protein was loaded on a 4±20% gradient SDS±polyacrylamide gel.
The gel was stained with SimplyBlue SafeStain. All proteins were
expressed with a His6 af®nity tag, and puri®ed as described.
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the deleterious effect of mutations in the phosphoinositide-
binding site, underscoring the complementary nature of
the two binding sites. In contrast, R70Q, which has 50% of
wild-type af®nity for POPC/POPE/PtdIns(3,4)P2 (77:20:3)
vesicles, has >20-fold reduced af®nity for POPC/POPE/
POPS (or POPA)/PtdIns(3,4)P2 (74:20:3:3) vesicles.
Together, these data indicate that POPA or POPS show a
strong preference for the second anion-binding site and
that PtdIns(3,4)P2 does not interact effectively with this
anion-binding site.

Hydrophobic residues surrounding the
lipid-binding pockets contribute to
membrane af®nity
Both the PtdIns(3,4)P2 and the secondary anion-binding
pockets are ¯anked by exposed hydrophobic residues that
protrude from the putative membrane-binding surface.
Mutation of Trp80, which is in the membrane insertion
loop between the two lipid-binding pockets, reduces the
af®nity 29- or 50-fold depending on the vesicle compos-
ition (Table III). Mutation of Ile65 (I65A), which is
adjacent to the anionic-lipid-binding pocket, reduced the

af®nity 5- to 7-fold (Table III). This suggests that these
hydrophobic residues have a role in membrane penetration
during binding.

The PX domain lipid binding is masked in the
full-length p47phox

It was reported previously that the C-SH3 of p47phox

interacts with the PXXP motif of the PX domain
(Hiroaki et al., 2001). In order to determine the effect of
this interaction on membrane binding, we compared
binding of the full-length p47phox with binding by the
isolated PX domain. Remarkably, the full-length protein
shows no signi®cant interaction with PtdIns(3,4)P2 in
MLV sedimentation assays (Figure 7). SPR measurements
show that the af®nity of the full-length p47phox for POPC/
POPE/PtdIns(3,4)P2 (77:20:3) vesicles is 34-fold lower
than that of the isolated PX domain (Table IV). However,
the W263R mutation in the C-SH3 that was reported to
abrogate binding to p47phox-PX resulted in a huge increase
in binding (540-fold) compared with the full-length wild-
type protein, suggesting that the mutation unmasks the
lipid-binding surface of the PX domain. Lipid binding by

Table III. Binding parameters for p47phox-PX and mutants determined from SPR analysis

Proteins ka (M±1 s±1) kd (s±1) Kd (M) Fold increase
in Kd

a

POPC/POPE/PtdIns(3,4)P2 (77:20:3)
p47phox-PX (1.6 6 0.3) 3 104 (6.1 6 0.7) 3 10±4 (3.8 6 0.8) 3 10±8 1
R43Q (7.0 6 0.6) 3 103 (6.5 6 0.7) 3 10±2 (9.3 6 1.3) 3 10±6 245
K52A (1.5 6 0.2) 3 104 (6.0 6 0.8) 3 10±4 (4.0 6 0.8) 3 10±8 1
I65A (1.3 6 0.2) 3 104 (2.8 6 0.4) 3 10±3 (2.2 6 0.5) 3 10±7 6
R70Q (1.0 6 0.2) 3 104 (6.0 6 0.7) 3 10±4 (6.0 6 1.4) 3 10±8 2
K79A (9.0 6 1.0) 3 103 (2.1 6 0.4) 3 10±3 (2.3 6 0.5) 3 10±7 6
W80A (1.7 6 0.3) 3 105 (2.0 6 0.3) 3 10±3 (1.1 6 0.3) 3 10±6 29
R90A (8.4 6 0.7) 3 103 (2.7 6 0.3) 3 10±2 (3.2 6 0.4) 3 10±6 84

POPC/POPE/PtdIns(3,4)P2 (79.5:20:0.5)
TAPP1-PHCT (1.6 6 0.4) 3 105 (2.4 6 0.5) 310±4 (1.5 6 0.5) 3 10±9 1
p47phox-PX (1.0 6 0.5) 3104 (2.6 6 0.4) 3 10±2 (2.6 6 1.4) 3 10±6 1700b

POPC/POPE/POPS/PtdIns(3,4)P2 (49.5:20:30:0.5)
p47phox-PX (1.1 6 0.3) 3 105 (5.5 6 0.6) 3 10±4 (5.0 6 1.5) 3 10±9

POPC/POPE/POPS (50:20:30)
p47phox-PX (1.2 6 0.3) 3 105 (6.0 6 0.5) 3 10±3 (5.0 6 1.3) 3 10±8 1
R70Q (2.3 6 0.4) 3 104 (2.1 6 0.2) 3 10±2 (9.1 6 1.8) 3 10±7 18
R90A (1.1 6 0.2) 3 105 (7.0 6 0.8) 3 10±3 (6.3 6 1.4) 3 10±8 1

POPC/POPE/POPS/PtdIns(3,4)P2 (74:20:3:3)
p47phox-PX (9.6 6 0.9) 3 104 (1.4 6 0.2) 3 10±4 (1.5 6 0.3) 3 10±9 1
R43Q (8.4 6 0.7) 3 104 (1.1 6 0.1) 3 10±2 (1.3 6 0.2) 3 10±7 87
K52A (5.0 6 0.6) 3 104 (1.8 6 0.2) 3 10±4 (3.6 6 0.6) 3 10±9 2
I65A (8.6 6 0.9) 3 104 (6.1 6 0.5) 3 10±4 (7.1 6 0.9) 3 10±9 5
R70Q (8.5 6 0.8) 3 104 (3.1 6 0.5) 3 10±3 (3.6 6 0.7) 3 10±8 24
K79A (8.0 6 0.7) 3 104 (3.8 6 0.4) 3 10±4 (4.8 6 0.7) 3 10±9 3
R90A (7.1 6 0.8) 3 104 (3.9 6 0.3) 3 10±3 (5.5 6 0.8) 3 10±8 37

POPC/POPE/POPA/PtdIns(3,4)P2 (74:20:3:3)
p47phox-PX (1.5 6 0.3) 3 105 (9.0 6 0.8) 3 10±5 (6.0 6 0.1) 3 10±10 1
R43Q (4.0 6 0.5) 3 104 (1.9 6 0.3) 3 10±3 (4.8 6 1.0) 3 10±8 80
K52A (6.4 6 0.7) 3 104 (1.0 6 0.2) 3 10±4 (1.7 6 0.4) 3 10±9 3
I65A (8.8 6 1.0) 3 104 (4.3 6 0.5) 3 10±4 (4.1 6 0.7) 3 10±9 7
R70Q (3.8 6 0.3) 3 104 (5.0 6 0.4) 3 10±4 (1.3 6 0.1) 3 10±8 22
K79A (9.0 6 0.8) 3 104 (2.4 6 0.4) 3 10±4 (2.6 6 0.5) 3 10±9 4
W80A (6.6 6 0.7) 3 104 (2.0 6 0.4) 3 10±3 (3.0 6 0.7) 3 10±8 50
R90A (5.8 6 0.6) 3 104 (1.4 6 0.3) 3 10±3 (1.6 6 0.4) 3 10±8 27

Values represent the mean and standard deviation from ®ve determinations. All measurements were performed in 20 mM Tris±HCl pH 7.4 containing
0.1 M KCl.
aIncrease in Kd relative to the wild-type binding to the same vesicles.
bIncrease in Kd relative to the TAPP1-PHCT binding to the same vesicles.
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p47phox-1±286, a construct containing the PX domain and
the two SH3 domains but lacking the C-terminal tail, is
also unmasked only in the W263R variant (as judged by
MLV binding, Figure 7), but the binding was somewhat
weaker than that of the full-length W263R. A mutation in
the PtdIns(3,4)P2-binding pocket (R43Q) of the unmasked
full-length protein (R43Q/W263R) reduced binding to
approximately the same level as the masked, wild-type
form (Table IV). Consistent with this, a construct lacking
the PX domain either with or without the W263R mutation
shows no measurable binding in the MLV assay (data not
shown). These results indicate that high af®nity lipid
binding of the full-length p47phox depends on the PX
domain interacting with phospholipids, although other
regions of the protein also contribute. The observation that
the 1±286 W263R p47phox has a somewhat weaker
membrane binding than the full-length W263R p47phox

suggests that the C-terminal tail (287±390) accounts for
some of these additional interactions.

A mimic of the phosphorylated state of p47 is
`open' and capable of binding PtdIns(3,4)P2

The p47phox subunit is phosphorylated on up to nine sites in
the C-terminal tail. Functionally important sites of phos-
phorylation include serines 303, 304, 328, 359 and 370.
Mimicking phosphorylation by replacing serines 303, 304
and 328 with glutamates led to an open conformation of
p47phox that was able to bind to p22phox (Ago et al., 1999).
Replacement of serines 359 and 370 with alanines results
in a p47phox that has dramatically reduced phosphorylation
and fails to translocate to membranes, but mutation of
these residues into glutamates results in a p47phox subunit
for which normal phosphorylation and translocation are
observed (Johnson et al., 1998). To examine the effect of
phosphorylation on phosphoinositide binding, we made
a quintuple mutant S303E/S304E/S228E/S359E/S370E
(p47phox-5SE), which mimics the phosphorylated form.
The p47phox-5SE mutant binds PtdIns(3,4)P2 with an
af®nity that is ~100-fold greater than that of the wild-
type p47phox and only ~5-fold weaker than that of the
W263R mutant (Table IV). Like the W263R mutant of the
C-SH3, this phosphorylation mimic appears to have an
`open' conformation with an unmasked PX domain, in
contrast to the full-length wild-type p47phox, even though
none of the sites of pseudo-phosphorylation are within
the C-SH3.

Discussion

Synergistic membrane binding of the PX domain
using two distinct lipid-binding pockets
The structure of the p47phox PX domain and the lipid-
binding studies of the wild-type and site-speci®c mutants
reveal that the domain has two distinct lipid-binding sites.
Simultaneous occupancy of the phosphoinositide site by
PtdIns(3,4)P2 and the second anion-binding site by PtdOH
(or less preferentially PtdSer) leads to a great synergistic
increase in membrane af®nity. The ability of PtdOH to
increase p47phox membrane binding substantially is con-
sistent with reports that PtdOH can interact directly with
cytosolic subunits of NADPH oxidase and activate it via a
kinase-independent mechanism (Erickson et al., 1999;
Palicz et al., 2001). One interesting question is whether PX
domains of p40phox and p47phox can synergize in membrane
binding in the context of the p40phox±p47phox±p67phox

heterotrimer and, if so, are the speci®c ligands of the
two domains [PtdIns(3,4)P2, PtdIns3P and PtdOH] present
at the same time and place.

Masking of the lipid-binding surface of the p47phox

PX domain by intramolecular interactions
The p47phox subunit contains an N-terminal PX domain
followed by two SH3 domains (N-SH3 and C-SH3) and a
C-terminal tail. The N-SH3 interacts with a proline-rich
region in the C-terminus of p22phox and is necessary for
both translocation of the cytosolic complex to the mem-
brane and activation of the NADPH oxidase (Leto et al.,
1994; Sumimoto et al., 1994, 1996; Leusen et al., 1996;
Huang and Kleinberg, 1999). However, in the context of
full-length, unphosphorylated p47phox, the N-SH3 is
masked by interaction with the p47phox C-terminal tail.
The phosphorylation of p47phox causes a conformational
change (Swain et al., 1997) that releases the C-terminal
tail from its association with the tandem SH3 domains,
freeing the N-SH3 to bind the ¯avocytochrome (Ago et al.,
1999; Huang and Kleinberg, 1999). It has been shown that
the C-SH3 can interact with the p47phox PX domain via the
PXXP motif (Hiroaki et al., 2001). However, because the
C-SH3 does not interact with the ¯avocytochrome b558, it
was not clear what might be the consequence of this
interaction for the function of the oxidase. A study using a
cell-free assay suggested that the role of the PX domain is
not simply to mask the C-SH3 because a p47phox construct

Table IV. Binding parameters for p47phox and p47phox-PX determined from SPR analysis

Proteins ka (M±1 s±1) kd (s±1) Kd (M) Fold increase
in Kd

a

POPC/POPE/PtdIns(3,4)P2 (77:20:3)
p47phox-PX (1.6 6 0.3) 3104 (6.1 6 0.7) 3 10±4 (3.8 6 0.8) 3 10±8 1
p47phox (8.7 6 0.7) 3 103 (1.1 6 0.2) 3 10±2 (1.3 6 0.3) 3 10±6 34
W263R p47phox (4.2 6 0.4) 3 104 (1.0 6 0.1) 3 10±4 (2.4 6 0.3) 3 10±9 0.06
R43Q/W263R p47phox (1.6 6 0.2) 3 104 (1.8 6 0.2) 3 10±2 (1.1 6 0.2) 3 10±6 29
5SE p47phox [S(303,304,328,359,370)E] (3.8 6 0.7) 3 104 (5.0 6 0.4) 3 10±4 (1.3 6 0.3) 3 10±8 0.34
R43Q/5SE p47phox (1.3 6 0.4) 3 104 (1.3 6 0.2) 3 10±2 (1.0 6 0.3) 3 10±6 26

Values represent the mean and standard deviation from ®ve determinations. All measurements were performed in 20 mM Tris±HCl pH 7.4 containing
0.1 M KCl.
aIncrease in Kd relative to the binding of the p47phox PX domain to the same vesicles.
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lacking the PX domain was not able to activate the oxidase
(Hata et al., 1998).

We demonstrate here that the full-length p47phox in its
basal, `closed' form does not bind phosphoinositides due
to a masking of the PX domain by the C-SH3. A site-
speci®c mutation (W263R) in the C-SH3 of p47phox

unmasks the lipid-binding surface of the PX domain.
However, this mutant has an even higher membrane
af®nity than the isolated PX, suggesting that additional
sites of membrane interaction, probably in the C-terminal
tail, are exposed in the full-length protein.

Phosphorylation of p47phox leads to an open
conformation with an unmasked PX domain
Formation of the active oxidase complex is critically
dependent on phosphorylation of p47phox (Heyworth et al.,
1989; Rotrosen and Leto, 1990; El Benna et al., 1994;
Johnson et al., 1998). Our binding study of a quintuple
phosphorylation mimic suggests that the phosphorylation-
induced `open' conformation of p47phox that enables
interaction of the N-SH3 with p22phox also enables
interaction of the p47phox PX domain with PtdIns(3,4)P2,
as illustrated schematically in Figure 8. This would be
consistent with observations that phosphorylation of
p47phox results in its translocation to the plasma membrane
in vivo (Leto et al., 1994; Sumimoto et al., 1994, 1996;
Leusen et al., 1996; Huang and Kleinberg, 1999).

Conclusions
The functional role of the two phospholipid-binding sites
of the p47phox PX domain in vivo needs to be determined.
The non-overlapping speci®cities of the phospholipid-
binding pockets may affect the types of membranes to
which p47phox binds or the timing and duration of NADPH
oxidase activation in relation to levels of PtdIns(3,4)P2 or
PtdOH. A previous report had shown that the p47phox-PX
could be visualized in membrane ruf¯es that form in
response to insulin-like growth factor 1 (Zhan et al., 2002).
However, the study provided no quanti®cation to indicate

that the domain was enriched in these structures. Although
it is uncertain whether it is the driving force in trans-
location to plasma membranes, the p47phox-PX may be
important for the regulatory complex achieving a pro-
ductive orientation on the membrane to enable activation
of the oxidase. The results presented here establishing the
structure, binding characteristics and phosphorylation-
dependent regulation of two distinct phospholipid-binding
sites in the p47phox PX domain provide a foundation upon
which further studies aimed at correlating membrane
binding and NADPH oxidase activity in vivo can build.

Materials and methods

Materials
POPC, POPS, POPE, egg L-a phosphatidic acid, brain L-a phosphatidyl-
choline and brain L-a phosphatidylethanolamine were from Avanti Polar
Lipids (Alabaster, AL). 1,2-dipalmitoyl derivatives of PtdIns3P,
phosphatidylinositol 4-phosphate (PtdIns4P), phosphatidylinositol-5-
phosphate (PtdIns5P), PtdIns(3,4)P2, phosphatidylinositol 4,5-bisphos-
phate [PtdIns(4,5)P2], and phosphatidylinositol 3,4,5-trisphosphate
[PtdIns(3,4,5)P3] used in SPR measurements were a generous gift of Dr
Karol Bruzik of the University of Illinois at Chicago. For MLV
sedimentation assays, di-C16PtdIns(3,4)P2 and di-C16PtdIns3P were
purchased from Echelon Research Labs (P-3416 and P-3016). For SPR
studies, phospholipid concentrations were determined by phosphate
analysis (Kates, 1986). For MLV sedimentation assays, lipid concentra-
tions were based on the masses supplied by the manufacturer. The
Liposofast microextruder and 100 nm polycarbonate ®lters were from
Avestin (Ottawa, Ontario, Canada). Fatty acid-free bovine serum albumin
(BSA) was from Bayer, Inc. (Kankakee, IL). [3-(3-cholamidopropyl)-
dimethylammonio]-1-propane-sulfonate and octyl glucoside were from
Sigma and Fisher Scienti®c, respectively. Pioneer L1 sensor chip was
from Biacore AB (Piscataway, NJ).

Protein expression and puri®cation
A PCR product encoding residues 1±123 of human p47phox was cloned
into vector pJL using NdeI±HindIII sites. The vector codes for an MAH6

af®nity tag immediately preceding residue Met1. Protein was expressed
in Escherichia coli strain C41(DE3), grown in 23 TY/Amp at 37°C to a
density of 1 OD600, then induced with 1 mM isopropyl-b-D-thiogalacto-
pyranoside (IPTG) at 22°C for 5 h. The protein for crystallography
was puri®ed by Ni2+ af®nity, heparin±Sepharose and gel ®ltration
chromatography. For mutants used in binding studies, the heparin
chromatography was omitted. The gel ®ltration was run in a buffer
consisting of 20 mM Tris pH 7.4 (4°C), 100 mM NaCl. The protein was
concentrated to 4.5 mg/ml and frozen in liquid nitrogen. Seleno-
methionine-substituted (Se-Met) protein was grown in the methionine-
requiring auxotrophic strain 834(DE3) using a medium consisting of
23 M9 minimal medium supplemented with 1 mg/l ribo¯avin, 1 mg/l
niacinamide, 1 mg/l thiamine, 0.1 mg/l pyridoxine monohydrate, 0.4%
D(+)-glucose, 2 mM MgSO4, 25 mg/l FeSO4, 40 mg/l of each amino acid
except methionine, 80 mg/l seleno-D,L-methionine and 0.1 g/l ampicillin.
Mutations in the p47phox-PX were constructed using the overlap extension
method. All of the mutants except I65A were cloned in the pJL vector.
The I65A mutant was subcloned into the pET21a vector containing a His6

tag. The full-length p47phox, the 1±286 deletion variant, the 124±390
deletion variant and mutations of these constructs were cloned with the
same N-terminal tag as the p47phox-PX (MAH6). The TAPP1-PHCT was
cleaved from a GST fusion and puri®ed as previously described (Thomas
et al., 2001). All constructs were checked by DNA sequencing. Protein
concentration was determined by OD280 using calculated molar extinction
coef®cients (for crystallography and MLV sedimentation assays) or using
the Pierce BCA method (for SPR studies).

Protein refolding
The R70Q mutant in the p47phox-PX was expressed as an inclusion body
and thus needed to be refolded. The inclusion body pellet was
resuspended in 25 ml Tris±HCl pH 8.0 containing 50 mM NaCl, 0.8%
(v/v) Triton X-100 and 0.8% (w/v) sodium deoxycholate. After
centrifugation at 48 000 g for 15 min, the pellet was resuspended in
25 ml of 50 mM Tris±HCl pH 8.0 containing 5 M urea. The pellet was
stirred at room temperature for 1 h, and then the suspension was

Fig. 8. Activation-dependent membrane binding of p47phox. In the rest-
ing state, p47phox is locked in a closed state by an intramolecular
interaction between the C-SH3 and the PXXP motif of the PX domain,
preventing phospholipid binding. Phosphorylation of sites in the
C-terminal tail releases the lock, freeing the PX domain to bind to
membranes with both PX phospholipid-binding pockets and a basic
region in the C-terminal tail.
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centrifuged at 100 000 g for 25 min. The supernatant was collected and
dialysed against 50 mM Tris±HCl pH 8.0 and 1.5 M urea for 16 h, and
then against 50 mM Tris±HCl pH 8.0 for 24 h. The refolded R70Q
mutation was puri®ed by Ni2+ af®nity and gel ®ltration chromatography.

Crystallization
The protein was crystallized in sitting drops using the vapour diffusion
method. The drops contained 1 ml of protein mixed with 1 ml of reservoir
solution. Initial crystals were obtained from Hampton Crystal Screen II,
condition 42. The optimized reservoir solution consisted of 1.0 M
NH2SO4, 0.1 M Tris pH 8.5 (4°C) and 12% glycerol. Crystals used for
data collection were grown by hair seeding. The Se-Met protein
crystallized in space group I222 with cell dimensions a = 74.2 AÊ ,
b = 92.2 AÊ , c = 144.0 AÊ .

Diffraction data collection
For data collection, crystals were cryo-protected in paratone-N
(Hampton). Data for the Se-Met-substituted crystals were collected at
wavelengths corresponding to the peak and in¯ection point of the
¯uorescence spectrum for Se (12.664 and 12.662 keV, respectively). Data
were processed with MOSFLM (Leslie, 1992) and CCP4 (1994). Se sites
were located and re®ned using autoSHARP (C.Vonrhein, E.Blanc,
P.Roversi and G.Bricogne, in preparation) and SHARP (de La Fortelle
and Bricogne, 1997). Solvent ¯attening was carried out with a solvent
content of 44.6%. The asymmetric unit of the crystal consists of three
molecules related to each other by a 3-fold rotation axis. The overall fold
of the p47phox-PX from the crystal structure agrees with the fold that was
determined by NMR (Hiroaki et al., 2001); however, the NMR structure
was not suf®ciently similar to be useful as a model for molecular
replacement. The models were built independently for the three chains in
the asymmetric unit then re®ned using REFMAC (Murshudov et al.,
1997) with isotropic B-factors and wARP (Perrakis et al., 1999). All
residues in chain A of the trimer are visible in the electron density, while
the three N-terminal residues are disordered in chains B and C. The
N-terminal MAH6 tag was disordered for all three chains. The loop
between b1 and b2 (residues 16±22) is disordered in chain C. Non-
crystallographic symmetry (NCS) was tightly restrained for residues not
involved in crystal contacts during the initial stages of re®nement. In the
later stages of re®nement, the NCS restraints were relaxed and ®nally
removed. At each stage of relaxing the NCS restraints, the free R-factor
decreased. Table I gives statistics for data collection and re®nement.

MLV sedimentation binding assay
Protonation of di-C16PtdIns(3,4)P2 was essential for obtaining repro-
ducible lipid binding. Prior to use in the assay, solid di-C16PtdIns(3,4)P2

was resuspended in CHCl3:MeOH:1 M HCl (volume ratios 2:1:0.01),
dried with argon, then vacuum desiccated for 1 h, followed by three
cycles of chloroform resuspension and desiccation and ®nally storage in
chloroform at ±70°C. Phospholipids in chloroform were mixed, dried
and desiccated under vacuum for 1 h. The phospholipids were then
resuspended in 500 ml of binding buffer [20 mM Tris pH 7.4, 100 mM
NaCl, 1 mM dithiothreitol (DTT)] and rehydrated on ice for 2 h. The lipid
mixture was then vortexed to produce MLVs. Protein stock and MLVs
were mixed in 100 ml reactions to yield solutions containing 1 mM total
lipid and 5 mM protein. The reactions were incubated for 15 min (20°C),
then centrifuged for 10 min at 14 000 r.p.m. in a microfuge at room
temperature. Supernatants were removed carefully and the pellets were
resuspended in SDS sample buffer. Both the pellets and the supernatants
were analysed by SDS±PAGE. Gels were stained in SimplyBlue
SafeStain (Invitrogen), and quantitated with a ChemiGenius densitometer
(SynGene) using GeneTools analysis software.

SPR experiments
A detailed protocol for coating the L1 sensor chip has been described
elsewhere (Bittova et al., 2001; Stahelin and Cho, 2001). Brie¯y, after
washing the sensor chip surface, 90 ml of 0.5 mM vesicles of a given
composition [e.g. POPC/POPE/PtdIns(3,4)P2 = 77:20:3)] were injected at
5 ml/min to give a response of 4000 RU. Similarly, a control surface was
coated with the same vesicles minus the phosphoinositide of interest (e.g.
POPC/POPE = 80:20) to give the same RU response as the active binding
surface. This control surface was selected over the bare chip surface to
circumvent any potential artefacts caused by the hydrophobic nature of
the L1 chip. No binding was detected to this surface beyond the refractive
index change for p47phox-PX and other proteins used. Each lipid layer was
stabilized by injecting 10 ml of 50 mM NaOH three times at 100 ml/min,
which showed no decrease in lipid signal after the second injection. The
coating ef®ciency of each surface was tested using a 25 ml injection of

0.1 mg/ml BSA. The BSA response was ~100 RU compared with
1200 RU of BSA for an uncoated chip surface. Control experiments with
vesicles containing 5-carboxy¯uorescein con®rmed that vesicles
remained intact on the chip. After stabilization of signal (i.e. <0.3 RU/
min drift), experiments were peformed at 60 ml/min. A 90 ml aliquot of
protein in 20 mM Tris pH 7.4 containing 0.1 M KCl was injected to give
an association time of 90 s, while the dissociation was monitored for 500 s.
The protein concentrations used were within a 10-fold range above and
below the Kd values listed in Tables II±IV. After sensorgrams were
obtained for ®ve or more concentrations of each protein and corrected
for refractive index changes, the association and dissociation phases
of all sensorgrams were globally ®t to a 1:1 Langmuir binding
model: protein + (protein-binding site on vesicle) « (complex), using
BIAevaluation 3.0 software (Biacore). The association phase was
analysed using the equation:

R = [kaC/(kaC + kd)] Rmax (1 ± e±(kaC + kd)(t ± t0)) + RI

where RI = refractive index change, Rmax is the theoretical binding
capacity, C is analyte concentration, ka is the association rate constant,
and t0 is the time at start of ®t data. The dissociation phase was analysed
using an equation:

R = R0e±kd(t ± t0)

where kd is the dissociation rate constant and R0 is the response at the start
of ®t data. The dissociation constant (Kd) was then calculated from the
equation, Kd = kd/ka. It should be noted that in our SPR analysis, Kd is
de®ned in terms of not the molarity of phospholipids but the molarity of
protein-binding sites on the vesicle. Thus, if each protein-binding site on
the vesicle is composed of n lipids, nKd is the dissociation constant in
terms of molarity of lipid monomer (Cho et al., 2001). Due to dif®culty
involved in accurate determination of the concentration of lipids coated
on the sensor chip, however, only Kd was determined in our SPR analysis
and the relative af®nity was calculated as a ratio of Kd values assuming
that n values are essentially the same for wild-type and mutants. The 1:1
Langmuir binding model gives a good ®t to the data with random
residuals. Each measurement was repeated three or more times to
calculate a standard deviation.

To verify the Kd determined from kinetic measurements for p47phox-PX
binding to POPC/POPE/PtdIns(3,4)P2 (77:20:3) vesicles, we also
performed equilibrium SPR measurements. For this purpose, the ¯ow
rate was reduced to 1 ml/min, and 90 ml of p47phox-PX (10±600 nM) was
injected and bound to a saturating value. These saturating (equilibrium)
values (Req) were then plotted versus protein concentration ([P]0) and the
Kd value was determined by a non-linear least-squares analysis of the
binding isotherm using the equation:

Req = Rmax/(1 + Kd/([P]0))

where Rmax is a maximal Req value. Furthermore, n and Kd values were
determined for the binding of radiolabelled p47phox-PX to hydrophobic
beads coated with POPC/POPE/PtdIns(3,4)P2 (77:20:3) as described
previously (Cho et al., 2001). Radiolabelling of the p47phox-PX was
performed as described (Stahelin et al., 2002). Parameters n and Kd were
determined by non-linear least-squares analysis of the bound ([P]b) versus
[P]0 plot using a standard binding equation, Equation 1 (Cho et al., 2001):

�P�b �
�P�o � Kd � �PL�o=nÿ

����������������������������������������������������������������������������
��P�o � Kd � �PL�o=n�2 ÿ 4�P�o�PL�o=n

q
2

�1�

where [PL]o represents total phospholipid concentration. The Kd value for
p47phox-PX determined from non-linear least square analysis of the
binding isotherms (30 6 7 nM) is comparable with that determined from
the kinetic SPR analysis under the same condition (38 nM). The n value
(19 6 1) for p47phox-PX suggests that each molecule interacts with ~19
phospholipid molecules. Thus the apparent dissociation constant in terms
of total lipid concentration (nKd) is ~0.6 mM for the p47phox-PX.
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