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Interactions between cytosolic components of the NADPH oxidase: p40rhex

interacts with both p67~"* and p47rhox
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The NADPH oxidase of neutrophils and other bone-marrow-
derived phagocytic cells is a multi-component system consisting
of a flavocytochrome b in the plasma membrane and at least four
cytosolic proteins. Three of the cytosolic proteins contain src
homology 3 (SH3) domains, two each in p47#"°* and p67*"°*, and
one in p407"°*, All three translocate from the cytosol to the
flavocytochrome in the membrane upon stimulation of the cells.
A small G-protein, p217*, is also involved in activation of the
oxidase. The three cytosolic phox proteins occur as a complex in
the cytosol and the strongest interaction appeared to be between

p677"°* and p407"°*. We have investigated the interaction between
p407"°* and the other two cytosolic phox proteins by in vitro
binding assays. An affinity-bead approach was used as well as a
biosensor technique (surface plasmon resonance). We observed
the strongest attachment between p407"°* and p67*"°* where
the binding was between the N-terminal half of p67#"°* and the
C-terminal half of p407*°* and did not appear to involve SH3
domains and proline-rich sequences. p40#"** also bound p47°"**
but more weakly than it did p67#"°*.

INTRODUCTION

Upon stimulation, neutrophils and other phagocytic cells under-
go a respiratory burst during which superoxide is produced in the
lumen of the phagocytic vacuole. The enzyme system responsible
for superoxide production is the NADPH oxidase which consists
of two transmembrane subunits, constituting a flavocytochrome
b and a number of cytosolic components which play a role in the
activation of the electron transport (for a recent review, see [1]).

Two cytosolic factors, p47?"°* and p67*"°*, were originally
defined as being required for the oxidase [2,3] because they were
found to be missing in patients with the autosomal recessive form
of Chronic Granulomatous Disease (CGD), which is charac-
terized by the absence of NADPH oxidase activity. A third
cytosolic phox protein, p407"°*, was identified by its co-immuno-
precipitation with p677*°* [4-6]. Its gene has been cloned and
sequenced [4] and the derived amino acid sequence predicted
homology with the N-terminal half of p47#"°*. It is severely
depleted in cells lacking p67¥"°* [4].

When the NADPH oxidase in neutrophils is stimulated by
agonists like N-formyl-methionyl-leucyl-phenylalanine, or by the
protein kinase C agonist phorbol myristate acetate (PMA), these
three phox proteins translocate to the membrane [7] where they
attach to the flavocytochrome b [4,8—11]. All three of these
proteins contain src-homology 3 (SH3) domains, one in p40#***
[4] and two each in p477"°* and p67¥"°* [12—-15]. SH3 domains are
implicated in protein—protein interactions [16] and more speci-
fically in directing signalling molecules to subcellular targets [17],
and are thought to bind to proline-rich domains [18]. p47#"°* and
the small subunit of the flavocytochrome, p22#"°*, both have
several potential proline-rich motifs [19] and p67#"°* has one
(amino acids 227-234), providing numerous possibilities for
interactions of the phox proteins with each other as well as with
other proteins (e.g. cytoskeletal proteins, signalling proteins).

p217¢ was found to be necessary for activation of the NADPH
oxidase in the cell-free assay [20,21] and there is evidence for
involvement of p21™ in the oxidase in the intact cell as well

[22-24]. p21"* translocates to the membrane on activation of the
oxidase, but there is controversy as to which of the oxidase
proteins it interacts with. In vitro experiments indicated an
interaction with p677"°* [25] whereas other reports described an
impaired translocation of p217*¢ in p47#"°*-deficient cells [26] and
in cytochrome-deficient cells [27].

Interactions between the phox proteins have been explored by
several groups using in vitro experiments. Binding of the SH3
domains of p477"°* to a proline-rich motif in the C-terminal part
of p227"° has been reported [19,28]. In one of these studies [28],
evidence was also presented for the masking of the SH3 domains
on p477"°* in the resting state by its own C-terminus. An
interaction between p672"°* and the SH3 domains of p472"°* was
also observed [28], which was inconsistent with other reports in
which the interaction of these proteins was between a proline-
rich motif in amino acids 358-371 on the C-terminal tail of
p47*"°* and the C-terminal SH3 domain of p67#"°* [19,29,30].

Fuchs et al. [31] used the two-hybrid system to demonstrate
interactions between p407"°* and both p477"°* and p67*"°* with
the SH3 domain of p40¥"** interacting with p477"°* and the C-
terminus of p40?"°* attaching to p67#"°~.

In this study we have investigated the binding between p407"°*,
p477"° and p67*"°* in neutrophil cytosol, and with recombinant
proteins on immobilized matrices and by plasmon resonance.

MATERIALS AND METHODS
Preparation of neutrophil cytosol

Neutrophils were prepared as described elsewhere [32] from
buffy coat residues. PMA activation was for 3 min at 37 °C (10®
cells/ml, 1 ug of PMA/ml) and the cells were broken by
sonication in the presence of protease inhibitors as described
previously [4,32]. The lysate was centrifuged at 350 g for 5 min at
4 °C and the supernatant was then centrifuged in a Beckman
TLX ultracentrifuge at 125000 g at 4 °C for 15 min (TLA 100.4
rotor). The supernatant of this run provided the neutrophil
cytosol.

Abbreviations used: SH3, src homology 3; GST, glutathione S-transferase; PMA, phorbol myristate acetate.

1 To whom correspondence should be addressed.
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Immunoaffinity chromatography and Western blotting

Affinity-purified anti-p67?"°* antibodies (0.4 mg of protein) were
coupled to a 1-ml Hitrap column (Pharmacia) as described
previously [4]. An aliquot (1 ml) of cytosol was passed through
the column twice to remove p67?"°* and the cytosol was assessed
for the presence of the cytosolic phox proteins by Western
blotting.

A sample (20 ug) of protein was run on 12.5 9%, polyacrylamide
gels and the proteins were transferred on to a nitrocellulose filter
electrophoretically. The antibodies used to detect the phox
proteins on the immunoblots were raised in rabbits against
recombinant proteins made with the pGEX expression system
(Pharmacia) [33]. The antibodies were affinity-purified as de-
scribed previously [4] and the enhanced chemiluminescence
(ECL) system (Amersham) was used to develop the blots.

Recombinant proteins

Full-length cDNAs coding for p67#*°* and p47”"°* were cloned
into the BamHI-EcoRI site of pGEX.2T (Pharmacia) in-frame
with the glutathione S-transferase (GST) gene as described [33].
Because the p40?"°* cDNA contained an internal BamHI site, as
did the p477"** and p67”"°* cDNAs, cloning of the p407"** cDNA
was done in a similar way to that described for p47*"°* and
p67#"°*: using a unique Ncol site at the beginning of the p40?"**
coding sequence, the p40?"°* cDNA was cloned into the pGEX
vector into which the first 130 nucleotides of the p40?"°* coding
sequence had been cloned by PCR.

The N-terminal truncated proteins were made by choosing an
appropriate restriction site together with EcoRI to cut out a 3’
part of the gene, filling in the remaining plasmid with Klenow
DNA polymerase to blunt end and religating. Mutant genes
deleted in SH3 domains were created using the pAlter system
(Promega). Other constructs were made by PCR using primers
containing the appropriate restriction sites. In all cases, the
correct sequence was confirmed by nucleotide sequencing using
an ABI automated sequencer. Figure 1 shows the different
constructs made.

Plasmids were transformed into Escherichia coli XL1Blue and
proteins were induced with isopropylthiogalactoside (0.1 mM) at
37 °C or at lower temperatures (20-26 °C) where the proteins
were insoluble. After harvest, the bacteria were washed twice
with 50 mM Tris/HCI, pH 7.5, 50 mM NaCl, 1 mM EDTA
containing protease inhibitors (1 mM di-isopropylfluoro-
phosphate, 1 mM PMSF, 1 ug/ml pepstatin, 1 xg/ml leupeptin
and 1 ug/ml tosyl-lysylchloromethane). The bacteria were lysed
by one cycle of freezing/thawing followed by sonication (3 x 30 s,
on ice). After removing the cell debris by centrifugation, the
fusion proteins were purified using glutathione—Sepharose (Phar-
macia) and cut with thrombin while bound on the glutathione
beads [10-20 units of thrombin (Sigma) per ml for 10 min at
room temperature]. The final purification was by ion-exchange
chromatography. All proteins were checked for purity and
stability by SDS/PAGE.

Binding assay on beads

Samples (2-5 mg) of the recombinant full-length or mutant phox
proteins were bound covalently to 1-ml Hitrap columns, and the
efficiency of binding was determined by measuring the protein
concentration before and after coupling with a protein dye
method (Bio-Rad). The loaded beads were extracted from the
columns and used in a batch procedure. They were blocked with
Tris-buffered saline (50 mM Tris, pH 7.5, 150 mM NaCl) con-
taining 0.05 9% Tween 20, 19, (w/v) gelatin and 3 9%, (w/v) BSA.

phox recombinant proteins

p67 constructs

full length 1 - - 52
p67ASH3N ! e — 526
P67ASH3C 1 - 460
P6TASH3NC 1 TRA 460
p67N238 1 —————— 36

p67N192 1 —— 9 2

p47constructs

full length 1 m—— e e 3}

p47ASH3 1 L ‘_/_\A = 390

p47N346 1 e—— s (1,

p47N162 1 r—— | 6,7

p47C 205 = i———— 390

p47SH3s 163 NN 283

p40 constructs

full length 1 e 339

p40ASH3 1 L\ 339
p40N | — 175

p40C 225 m—— 339
P 40C+ 175  Il———— 339

Figure 1 Schematic representation of the phox protein constructs used in

this study

All genes were cloned at the 5 end in frame after the GST gene in pGEX.2T. The proteins are
presented as bars with the positions of the SH3 domains and deletions (/\) indicated. The
numbers left and right of the bars are first and last amino acids, respectively.

For binding, usually 200 pmol of a full-length phox protein was
incubated with an equimolar amount of a series of truncated/
deleted variants of another phox protein bound to beads. The
same volume of beads was used in all samples. The negative
control consisted of de-activated beads without protein. In-
cubation was for 15 min at room temperature with constant
agitation. The beads were washed three times with 20 vol. of
wash buffer (Tris-buffered saline plus 0.059, Tween 20), re-
suspended in sample buffer and subjected to SDS/PAGE and
Western blotting. The phox protein binding to the beads was
determined with rabbit antibodies (see above) and **I-Protein A
(Amersham) and quantified with a Fujibas phosphorimager.

Strongest binding was usually observed with the full-length
phox protein bound to beads, and binding to mutated forms is
expressed as a percentage of that.

Surface plasmon resonance with the BlAcore instrument

The basic principles of operation of the Pharmacia instrument
BIAcore have been described by Jonsson et al. [34]. The running
buffer consisted of 20 mM Hepes, pH 7.4, 150 mM NaCl, 3.4 mM
EDTA, 0.005 9, Tween-20, and proteins were transferred to this
buffer using small disposable desalting columns (Pharmacia).
For the measurement of p40”"°*/p67°*°* interactions, a goat
antiserum against GST, supplied by Pharmacia, was immobilized
on a biosensor surface activated by N-hydroxysuccinimide
and N-ethyl-N’-(3-dimethylaminopropyl)carbodiimide hydro-
chloride (Pharmacia) for coupling through free amino groups.
Unreacted groups were blocked with an injection of 1M
ethanolamine and non-covalently associated material was re-
moved by two 4-ul pulses of 0.2 M glycine, pH 2.2, 0.05 %, SDS.
Purified GST-p407"°* was injected over the immobilized antibody
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at a concentration of 100 ug/ml followed by running buffer for
5 min after which time a stable baseline was attained. Purified
p677"* protein was then injected at various concentrations and
its interaction with the antibody-bound GST-—p407"°* monitored.
The response obtained upon injection of p67*"°* on antibody
alone (no GST-—p407"°*) was subtracted to correct for small
differences in the bulk refractive index, due to non-associating
protein and buffer differences. The association and dissociation
kinetics were analysed with the BIA evaluation software supplied
with the instrument, as described [35].

RESULTS
Immunoabsorption of p40°"* together with p67°"

In an initial experiment we investigated whether all p40”*°* and
p47°"* are in a complexed form with p67”"°*. Cytosol from
resting cells (1 ml containing approx. 10 mg of protein) was
passed through a column containing antibodies to p677"°«.
Western blotting showed that all of both p67#"** and p40»"**
were extracted from the cytosol by this column (Figure 2). Also

1 2

pETphox — femm

paOphox — lems

Figure 2 Absorption of p40°™* on an anti-p67°" affinity column

Immunoblot of neutrophil cytosol (prepared from resting cells) before (1) and after (2) passage
through an anti-p67”" affinity column. The blot was stained for p40°™ and p67°™. The bands
were visualized with the ECL system using goat anti-(rabbit IgG) horseradish peroxidase-
conjugated second antibodies.

Table 1
versa

Binding of recombinant p40°"* to p67°"* and p47°"* and vice

200 pmol of protein bound to beads was used (either full-length or mutated protein as
indicated). Incubation was with 200 pmol of the complementary phox protein and after
SDS/PAGE and Western blotting, the amount of protein was determined with 23|-Protein A and
a phosphorimager. Values are given as percentages (with binding to full-length protein taken
as 100%) and are the means +S.D. of 4—6 determinations.

Protein Relative p40 binding Relative p67 binding Relative p47 binding
on beads (%) (%) (%)
pe771x 100 - -
p67N192 59422 - -
p67N238 51420 - -
p67ASH3C 74+16 - -
p67ASH3N 68420 - -
pa7Phox 100 - -
p47N346 0 - -
p47SH3s 0 — -
p47ASH3 0 - -

p47C 49411 - -
p40Pr - 100 100
p40ASH3 - 39416 39413
p40N - 5+5 10+9
p40C - 45417 1717
p40C + - 100 100

A

PMA - + - + - +
p40phox
T T T T 9 O
2333588
‘c"u -, .
F¥Fges
X X X X
p67phox = ——
T T ©-W T
5 2 AR REF
TS 83
ggggm:
x &8 5x T W

Figure 3 Binding of phox proteins from cytosol to affinity beads

Beads (200 pmol of protein) were incubated with cytosol (0.3 ml; 3 mg of protein) and were
processed as described in the Materials and methods section and, after immunostaining, bands
were visualized with the ECL system. (A) p40”™ pulled out of cytosol by p67°" on beads but
not by p47°". Cytosol was from resting (lanes 1, 3 and 5; lanes numbered from left to right)
or PMA-activated cells (lanes 2, 4 and 6). Lanes 1 and 2: p67”" beads; lanes 3 and 4: p47°"
beads; lanes 5 and 6: control beads. Blot was stained for p40°™. (B) p67°™* pulled out of
cytosol from resting neutrophils by p47°" and p40°™ on beads. Beads contained: 1, p47°™*;
2, pATN346; 3, pA7TASH3; 4, p40”"; 5, p4A0ASH3; 6, p40SH3. Blot was stained for p67°",

most, but not all, of the p47#"** was extracted (results not
shown).

Binding to full-length and modified recombinant proteins on beads
Binding of p40”™ to p67°™ and p47°™ constructs

p40?"°* bound to full-length p677"°* (Table 1). It also bound
equally to constructs of the first 192 and 238 amino acids,
indicating that the binding site for p407"°* is towards the N-
terminus of p67#"°* and does not involve the proline-rich motif in
position 226-235.

p407"°* also bound to p47?"°* although with lower affinity.
Binding of p40¥"°* to p47¥"°* beads was approx. 20 %, of that to
p677"°* beads in molar terms (22+89,, n=15). Binding of
p407"°* was not observed to truncated forms of p477"°* consisting
of the N-terminal 162 (results not shown) or 346 amino acids,
p477"= deleted in both SH3 domains, or to the SH3 domains
themselves (Table 1). Some binding was observed to the C-
terminal half of p47#"o«.

When cytosol from resting or PMA-activated cells was passed
over the beads, p407"°* from both activated and non-activated
cytosol was found to bind to p67#"°*, whereas no p40*"** bound
to the p47#"°* beads or control beads (Figure 3A). Since p40#"°*
and p677"°* are already complexed in the cytosol, this presumably
means that the interaction between the two proteins is reversible,
allowing p40?"°* to interact with p67?"°* on the beads. On the
other hand, the interaction between p40?"°* and p47*"°* is
apparently too weak for a detectable binding to occur under
these conditions (see also the section on the biosensor experi-
ments).
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Figure 4 Measurement of binding of full-length and mutant p67*" to
p40°®* by plasmon resonance

GST—p40°™ fusion protein was immobilized on anti-GST antibody on a sensor chip and the
p67°"* variants were injected at = 100 s. Injection was ended at = 480 s. Binding is
recorded in arbitrary response units. (A) p67°™* and its SH3 deletions. Curve a, p67ASH3C;
b, full-length p677"*; ¢, p67ASH3N; d, p67ASH3NC. (B) p67°" and its truncated forms.
Curve a, full-length p677™* b, p67N192; ¢, p67N238. Different protein concentrations were
used in the experiments of (A) and (B).

Binding of p677" and p47”" to p40”™ constructs

Table 1 also shows the binding of p477"°* and p67*"°* to constructs
of p407"*  Binding to full-length p407"°* is shown as well as to
the protein with its SH3 domain deleted and to constructs
consisting of the N-terminal half, ending before the SH3 domain,
and of the C-terminal half, with and without the SH3 domain.

Both p677"°* and p477"°* bound to full-length p40?"°* on
beads. It was not possible to make direct comparisons of the
relative quantities of each protein bound because of the different
binding efficiencies of the two antisera used for quantification.

Little binding of either protein was observed to the N-terminal
half of p407"°*, Both proteins bound to the C-terminus containing
the SH3 domain, and this interaction was reduced, in the case of
p477"°* almost abolished, by removal of the SH3 domain. Binding
of both proteins was also reduced to about half by the removal
of the SH3 domain from the full-length p407"°*. This suggests a
role for the p40”"** SH3 domain in binding p47*"°*, although this
binding was not dependent upon the SH3 domain alone because
there was some binding of p47?"°* to p4A0ASH3. The p407"°* SH3
domain alone, or as a GST fusion protein, gave inconsistent
results (not shown) indicative of weak binding.

With respect to p672"°, its binding to p40C is consistent with
its binding to p40ASH3 which was also observed when cytosol
was incubated with the beads: both p40¥"°* and p40ASH3 bound
p677"* from neutrophil cytosol (Figure 3B).
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Figure 5 Binding constant of binding of p67°"* to immobilized GST—p40°"*

A series of concentrations of p67°"™ were injected over immobilized GST—p40”" and the
response obtained at equilibrium was plotted. The insert shows the transformation of the data
to a Scatchard plot, the slope of which was used to derive the binding constant of the interaction.

Interaction between p47°" and p67°"™

When cytosol from resting or PMA-activated cells was passed
over beads containing immobilized recombinant p47*"°* or
p67*"°*, binding of the complementary protein was observed.
Figure 3(B) shows binding of cytosolic p67#"°* to p477"** beads.

Binding of the recombinant full-length and mutant proteins to
the full-length complementary protein on the beads was also
observed but was not very strong. The data (not shown) indicated
that p477"°* interacted with p67#"°* and that the C-terminal SH3
domain of p67#"°* was involved in this interaction.

p67*"°* bound to p47?"°* but not to p47N346, to the SH3
domains and only sparingly to the protein deleted in the SH3
domains. This could be interpreted as an (apparently weak)
interaction between the C-terminal SH3 domain of p677"°* and
the C-terminus of p477"°*.

Surface plasmon resonance measurements

In order to corroborate these findings and to obtain quantitative
data on the kinetics and affinities involved we investigated the
interactions of these proteins by surface plasmon resonance with
the BIAcore instrument.

Purified GST-p40#"°* was immobilized on an anti-GST anti-
body on a sensor chip and the various p677"°* mutant proteins
were injected. The data in Figure 4(A) show a comparison
between full-length p67**°* and its SH3-deleted mutants. Figure
4(B) compares full-length p67#"°* with p67N192 and p67N238,
the N-terminal region of p677"°* without and with the proline-
rich motif, respectively. All proteins bound to p407"°* in agree-
ment with the results obtained with the affinity beads.

In order to estimate the affinity of the p40?"°*/p677"°* in-
teraction, various concentrations of p677"°* were injected over
the immobilized p40#"°*. The response at equilibrium (in arbitrary
resonance units) was plotted versus the p67*"°* concentration,
and the data analysed in a Scatchard plot (Figure 5). This
analysis gave a binding constant of 43 nM, indicative of a high-
affinity interaction. The association and dissociation rate con-
stants were also estimated directly from the interaction curves
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(results not shown). Only at low concentrations of p67#"°* did the
observed responses fit into a simple, one-to-one binding model,
with an association rate constant of 4.9x10°M™'-s™! and a
dissociation rate constant of 5x 107 s7'. These numbers should
only be considered as approximate estimates of the kinetic
constants.

Binding of p477"°* to p40*"°* was also observed in the BIAcore
system, but the results were not consistent, presumably due to
the lower affinity between these proteins.

DISCUSSION

This study has revealed that the strongest interaction of the phox
proteins is between p677"°* and p40”*°*, and that all the p40»"**
in cytosol is bound to p677"°*. This binding occurs between the
N-terminus of p67#"°* and the C-terminus of p40?*°*. Neither the
proline-rich domain nor the SH3 domains of p677"°* are required,
whereas the SH3 domain of p40**** enhances the association.
p217*© also binds to p677"°* in its N-terminal domain [25]. We did
not observe competition between p407"°* and p217* for binding
to p677"°* (results not shown).

p407"°* binds less strongly to p47*"°* than to p67”"°*. Binding
to p477"* occurs between the C-terminus of p47?"°*, which
contains a proline-rich domain and an SH3 domain, and the C-
terminus and SH3 domain of p407"°*, This result is less easy to
interpret because if p40”"°* binds to the C-terminal part of
p477"* it would also be expected to bind to the p477"°* construct
deleted in the SH3 domains, which it does not. It is possible that
the construct lacking the SH3 domains has additional con-
formational changes that further compromise the already weak
affinity of p407"°* for p47?"°*. The binding domain for the SH3
domain of p40¥"°* in the C-terminal part of p477"°* could involve
one of the three proline-rich sequences located in this region [19].
Figure 6 is a model which summarizes the interactions between
the phox proteins.

One previous study examined the association between these
proteins using the two-hybrid system [31]. This system only
detects the presence or absence of an interaction rather than the
relative strength of such an interaction. It was observed that the

Figure 6 Model showing the interactions between the phox proteins

This model shows the interactions between the NADPH oxidase components as found by us
and others. Black boxes are SH3 domains, open boxes the proline-rich sequences interacting
with them.

C-terminus of p40”"°* was required for interaction with p677°%,
without requirement of the SH3 domain for binding to p672"°*.
These authors also found that the p407"°* SH3 domain bound to
p477"=, That study did not investigate the regions of p67*"°* and
p477"* required for binding to p407"°~.

Four studies [19,28-30] have investigated the interactions
between p477"°* and p677"°*, which we found to be much weaker
than those involving p407*°* and p67°"°* or p47*"**. Three of
these studies had similar findings to those in the current study,
with a dominant interaction between the C-terminal SH3 domain
of p67?"°* and the C-terminus of p477",

The description of the associations between p407"°* and p67*"°*
and p47*"** provide for a wide variety of interactions between the
phox proteins. These proteins also bind to the cytoskeleton and
the flavocytochrome b in the membrane, as well as to the small
G-protein p217. Detailed understanding of these interactions
and their variation with activation will help our understanding of
the mechanism by which electron transport is accomplished
across the wall of the phagocytic vacuole.

We thank Angela Boyhan and Carmel Teahan for making some of the plasmids,
Michael Haas for assistance in purification of proteins and Keith Parker for help with
DNA sequencing. The work described here was supported by the Wellcome Trust.
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