
P
i

H
*
K

R

m
o
i
w
D
o
o
b
w
c
d
d
p
t
i
p
o
i

e
c
a
r
w
a
k
d
t
i
n
c
b

G
f

2

Biochemical and Biophysical Research Communications 259, 38–42 (1999)

Article ID bbrc.1999.0721, available online at http://www.idealibrary.com on

0
C
A

hosphorylation Induces Conformational Changes
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The leukocyte NADPH oxidase of neutrophils is a
embrane-bound enzyme that catalyzes the reduction

f oxygen to O2
. at the expense of NADPH. The enzyme

s dormant in resting neutrophils but becomes active
hen the cells are exposed to appropriate stimuli.
uring oxidase activation, the highly basic cytosolic
xidase component p47phox becomes phosphorylated
n several serines and migrates to the plasma mem-
rane. We report here that phosphorylation of p47phox

ith protein kinase C induces conformational
hanges, as reflected by a fluorescence change of N,N*-
i-methyl-N(iodoacetyl)-N*-(7-nitrobenz-2-oxa-1,3-
iazol-4-yl) ethyleneamine (IANBD)-labeled p47phox. We
ropose that this alteration in conformation results in
he appearance of a binding site through which p47phox

nteracts with cytochrome b558 during the activation
rocess. In addition, the present study indicates that
ther oxidase components, such as p67phox and p22phox,
nfluence the conformation of p47phox. © 1999 Academic Press

The NADPH oxidase of phagocytes, an important
lement of host defense against microbial infection,
atalyzes the reduction of oxygen to O2

2• using NADPH
s the electron donor (1). The oxidase is dormant in
esting neutrophils, but acquires catalytic activity
hen cells are exposed to appropriate stimuli. Oxidase
ctivity is located in the plasma membrane, but it is
nown that in resting cells the oxidase components are
istributed between a membrane fraction and the cy-
osol, and that when activation takes place either in
ntact cells or in a cell-free system, the oxidase compo-
ents p47phox and p67phox, which exist as a ;240 kDa
omplex (2-4), and the small guanine nucleotide-
inding protein Rac2, which also participates in oxi-
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he p47phox.p67phox complex associates with a phagocyte-
pecific membrane-integrated flavocytochrome b558, a
eterodimer of p22phox and gp91phox, to assemble the
unctioning oxidase (7-12).

In whole cells and under certain circumstances in
he cell-free system, phosphorylation of p47phox appears
o play an important role in the activation of oxidase
nd the translocation of the p47phox.p67phox complex
rom the cytosol to the membrane (9, 13, 14). The
ytosolic oxidase component p47phox is a basic protein
hat becomes extensively phosphorylated when the ox-
dase is activated (15, 16). The phosphorylation target
s known to be a group of serines (residues 303-379) in
he highly basic carboxyl-terminal quarter of the pep-
ide (17, 18), and suggested a number of kinases, in-
luding protein kinase C (19), and p21rac/cdc42-activated
inase (20), and other kinases yet to be characterized
21, 22), are potentially responsible for the phosphory-
ation of p47phox. However, several lines of evidence
ave clearly established that protein kinase C is com-
etent to activate the oxidase in intact neutrophil cells
19, 23, 24) as well as in the cell-free system (14). It has
een proposed that phosphorylation could lead to a
hange in the conformation of p47phox that causes the
ranslocation of p47phox to the membrane during the
ctivation of the leukocyte NADPH oxidase (13). How-
ver, to date, very little evidence is available on the
tructural basis of activation.
Recently, we have developed a fluorescence spectros-

opy approach to monitor conformational changes in
47phox (25). The purified recombinant p47phox was labeled
ith the cysteine-reactive and environmentally sensitive
uorescent probe N,N9-dimethyl-N(iodoacetyl)-N9-(7-
itrobenz-2-oxa-1,3-diazol-4-yl)ethyleneamine (IANBD).
y monitoring the fluorescence emission of IANBD-

abeled p47phox upon phosphorylation with protein kinase
, we have observed evidence for an apparent conforma-

ional change which occurs in p47phox during the activa-
ion process.
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Materials. Chemicals, enzymes, and molecular biology reagents
ere obtained from the following sources: Glutathione (GSH), GSH-
garose, carboxymethyl (CM)-Sepharose, human plasma thrombin,
henylmethylsulfonyl fluoride (PMSF), iodoacetamide, and potas-
ium iodide from Sigma (St. Louis, MO); IANBD from Molecular
robe (Eugene, OR); rat brain protein kinase C from Calbiochem (La
olla, CA); and Bio-Rad protein assay kit from Bio-Rad (Hercules,
A). The synthetic peptide KQPPSNPPPRPPAE, encompassing a
roline-rich sequence of p22phox, was synthesized, purified, and con-
rmed by the Korean Collection for Type Cultures (Taejon, Korea).

Expression and purification of recombinant proteins. E. coli
ransformed with pGEX-1lT containing an insert of p47phox cDNA
as grown and lysed and the glutathione-S-transferase (GST)-
47phox fusion protein purified on GSH-agarose. The recombinant
47phox was separated from GST by the treatment with thrombin, and
hen purified by chromatography over a CM-Sepharose column as
escribed elsewhere (26). The concentration of proteins was deter-
ined with the Bio-Rad protein assay kit using bovine serum albu-
in as a standard.

Fluorescent labeling of purified p47phox. Purified p47phox (1 nmol)
as labeled with 15-fold molar excess of IANBD (150 mM) in a total
olume of 100 ml of buffer (20 mM Tris-buffer, pH 7.4, containing 100
M NaCl). The reaction was allowed to proceed for 1 hr at room

emperature in the dark and was quenched by addition of 1 mM
ysteine. Cysteine-reacted dye was removed by extensive dialysis
gainst labeling buffer followed by concentrating the resulting sam-
le using a Centricon-30 concentrator (Amicon, Beverly, MA).

SDS-polyacrylamide gel electrophoresis. Purified p47phox labeled
ith IANBD was analyzed by 10% SDS-polyacrylamide gel electro-
horesis according Laemmli (27). Incorporated fluorophore was vi-
ualized by photographing the gel under UV light.

Fluorescence measurements. Fluorescence spectroscopy was per-
ormed on a Shimadzu RF-5301 PC spectrofluorophotometer with
he sample compartment maintained at room temperature. A 150-W
enon source was used. The slit-width was fixed at 5 nm for excita-
ion and emission. Samples were excited at 481 nm and emission was
onitored between 490 and 625 nm. Each recorded spectrum was

orrected for background fluorescence of the relevant control. Emis-
ion scans were done with 150 pmol of IANBD-labeled p47phox in 300
l buffer (50 mM Tris-HCl, pH 7.4). Changes in protein fluorescence
ere monitored at the emission maximum of 537 nm.

In vitro phosphorylation. The reaction mixture contained 0.7 mg
ANBD-labeled p47phox, 1 mM ATP, 10 mM magnesium acetate, 0.5
M CaCl2, 160 mg phosphatidylserine, 70 ng protein kinase C, 50
M Tris-HCl (pH 7.4) in a total volume of 0.1 ml. The samples were

ncubated for 20 min at 37°C. After adding 0.2 ml of 50 mM Tris-Hcl
pH 7.4), fluorescence measurements were carried out as described
bove.

Quenching studies. For quenching studies, progressive additions
f small aliquots of a potassium iodide (KI) to the protein sample
ere freshly made from stock solution (5 M) prepared in the same
uffer as the protein sample; dilution never exceeded 10%, and in
ach experiment, the fluorescence intensity was corrected for the
ilution factor. Quenching data were analyzed according to the stan-
ard Stern-Volmer relationship, Fo /F 5 1 1 Ksv[Q], where Fo is the
ntensity of fluorescence at a given wavelength in the absence of
uenching agent, F is the intensity of fluorescence at the same
avelength in the presence of a known concentration [Q] of quench-

ng agent, and Ksv is the Stern-Volmer quenching constant obtained
rom the slope of a plot of Fo /F vs [Q] (28). To estimate the accessible
uorophore fraction fa in p47phox, modified Stern-Volmer plots were
sed, according to the relation (29), Fo /(Fo 2 F) 5 1/fa 1 1/faKsv[Q].
he plot of Fo /(Fo 2 F) vs 1/[Q] allows the graphical determination
f fa.
39
Replicates. Unless otherwise indicated, each result described in
his paper is representative of at least three separate experiments.

ESULTS AND DISCUSSION

In the present study we have been able to directly
onitor conformational changes in p47phox during acti-

ation of NADPH oxidase. As a molecular probe, we
ave used the cysteine-reactive and environmentally
ensitive fluorescent probe IANBD, which can be co-
alently incorporated into the purified p47phox. The la-
eling of p47phox with IANBD was confirmed by SDS-
olyacrylamide gel electrophoresis of the labeled
47phox, and the specificity of labeling was verified by
locking the incorporation of IANBD with the cysteine-
pecific, non-fluorescent reagent, iodoacetamide (Fig.
). Figure 2 shows the corrected extrinsic fluorescence
mission between 490 and 625 nm that was derived
rom IANBD-labeled p47phox following excitation at 481
m. The IANBD-labeled cysteine residues of p47phox

xhibit an emission maximum at 537 nm. In the phos-
horylated IANBD-p47phox with protein kinase C, the
mission maximum was red shifted (3 nm) and the
uorescence intensity was decreased compared to un-
hosphorylated IANBD-p47phox. When protein kinase C
ffectors such as ATP, Ca21, Mg21, and phosphati-
ylserine were added to IANBD-labeled p47phox the
uorescence of the protein was unaltered. The
hosphorylation-induced decrease observed in fluores-
ence intensity of IANBD-labeled p47phox could result
rom the local protein structural changes in the phos-
horylated state, which alter the environment of spe-
ific cysteine residues. The oxidase subunit p47phox con-
ains four cysteine residues: C98 and C111 in the
-terminal of the molecule, C196 in the SH3 domains,
nd C378 in a location very close to the C-terminus.
revious results from mutagenesis experiments have

ndicated that all of the four cysteines are accessible for
hemical derivatization, however, the IANBD fluores-
ence quantum yield of mutant p47phox lacking C196
C196A) was decreased most significantly by 63% com-
ared to the native p47phox (25). The alteration of the
nvironment by the phosphorylation-induced confor-

FIG. 1. SDS-gel electrophoresis of IANBD-labeled p47phox. Lane
, 150 pmol of IANBD-labeled p47phox; lane 2, 150 pmol of p47phox

reincubated before exposure to IANBD with idoacetamide (0.2 mM).
he gel was photographed under UV light.
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ational change of each individual cysteine residues
waits extensive site-specific mutagenesis studies.
Conformational changes of p47phox induced by phos-

horylation with protein kinase C was further con-
rmed by quenching studies. We investigated whether
he fluorescence change was accompanied by altered
ccessibility of the hydrophilic quencher. To estimate
he degree of accessibility of the IANBD-labeled cys-
eine residues, fluorescence quenching experiments
ere carried out with the aqueous quencher potassium

FIG. 2. Effect of phosphorylation by protein kinase C on the
teady-state fluorescence emission spectra of the IANBD-labeled
47phox (150 pmol). A solid line corresponds to the fluorescence spec-
rum of IANBD-labeled p47phox and the phosphorylated IANBD-
abeled p47phox is shown as a dotted line. Spectra were obtained using
n excitation wavelength of 481 nm and excitation and emission slits
f 5 nm. Background emission was eliminated by subtracting the
ignal from buffer.

FIG. 3. Stern-Volmer plots (left) and modified Stern-Volmer pl
otassium iodide. Fluorescence emission at 537 nm was measured a
rotein kinase C.
40
odide. Stern-Volmer plots for KI quenching of phos-
horylated IANBD-labeled p47phox fluorescence, with
uorescence emission monitored at 537 nm, are shown

n Fig. 3. The Stern-Volmer constant (Ksv), derived
rom the slope of the linear portion of the Stern-Volmer
lot at low KI concentrations, can be taken as a crude
stimation of the accessibility of IANBD-labeled cys-
eine residues in protein. It significantly decreased
rom 8.28 M21 to 4.17 M21 by phosphorylation. It was
lso deduced from modified Stern-Volmer plots (KI con-
entrations over a range of 0.05-0.5 M) that the value of
a which represents the fraction of IANBD-labeled cys-
eine residues accessible to the quencher decreased
fter phosphorylation of p47phox with protein kinase C
Table I).

The purpose of the conformational change is most
ikely to create binding sites for cytochrome b558 on one
r more of the cytosolic oxidase components. Support-
ng this notion is a recent observation that phosphor-
lated p47phox can translocate to neutrophil membranes
nd can activate NADPH oxidase (13, 14). Several
tretches of sequence in both gp91phox and p22phox have
een shown to interact with p47phox (30, 31). Of partic-
lar interest in connection with the present results is

(right) of the quenching of IANBD-labeled p47phox fluorescence by
each addition of iodide. (}) No treatment; (■) phosphorylated with

Quenching Parameters for Potassium Iodide Quenching
of IANBD-Labeled p47phox Fluorescence

Sample Ksv
a (M21) fa

b

p47phox 8.28 1
1 protein kinase C 4.17 0.91

a The Ksv constant was graphically estimated as the initial slope
rom the Stern-Volmer plots presented in Fig. 3.

b The fractional number of accessible fluorophores (fa) was extrap-
lated from the modified Stern-Volmer relationship (29) with con-
entrations of KI ranging from 0.05 to 0.5 M.
ots
fter



the finding that the core region of p47phox (residues
1
f
a
i
a
t
p
p
p
q
p
p
t
t
d

t
N
p
p
p
d
w
f
l
a
I
a
f
l
(
i
H
I
p
G
p
fl
l
p
r
G
fl
r
t
i
t
m
t
t
O
a
c
t

f

N
F
fl
t
t
p
t

R

t
c
a
0
w
p
r
m
n
p
t
a

Vol. 259, No. 1, 1999 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
51-284), spanning both SH3 domains, was required
or cytochrome-dependent translocation and oxidase
ctivity in whole cells (32). It has been suggested that,
n the absence of phosphorylation, p47phox-SH3 is prob-
bly masked by the C-terminal region of p47phox

hrough an intramolecular interaction, and the phos-
horylation causes exposure of the SH3 domains of
47phox. The unmasked SH3 domains interact with the
roline-rich region (P151-P160) of p22phox which is re-
uired for activation of the NADPH oxidase (33). It is
ossible that unmasking of SH3 domains caused by
hosphorylation with protein kinase C accompanied by
he conformational change resulted in the alteration of
he local environment of IANBD-labeled cysteine resi-
ues.
Although the phosphorylation-induced conforma-

ional change of p47phox likely plays a central role in the
ADPH oxidase activation, it has been suggested that
67phox affects the binding of p47phox to membrane com-
onents (34). In addition, direct interactions between
47phox and both p22phox and p67phox through the SH3
omain-proline-rich region have been shown in vitro
ith the purified recombinant proteins (30, 32). There-

ore, the binding of p67phox and p22phox to IANBD-
abeled p47phox might have been expected to produce an
dditional change in fluorescence. The decrease of
ANBD fluorescence of p47phox by phosphorylation was
ugmented upon interaction with either GST-p67phox

usion protein or a peptide encompassing the pro-
ine-rich sequence (residues 151-160) of p22phox

149KQPPSNPPPRPPAE162), which is known as a dock-
ng site for p47phox during activation of oxidase (33).
owever, the fluorescence of nonphosphorylated

ANBD-p47phox was not influenced by either a p22phox

eptide or a p67phox fusion protein (data not shown).
ST itself had no effect on the fluorescence of IANBD-
47phox. Figure 4 shows the results of titrating the
uorescence decrease of the phosphorylated IANBD-

abeled p47phox (0.5 mM) with increasing amounts of
67phox fusion protein and a p22phox peptide (over a
ange of 0.1-1.0 mM). The effect of addition of both
ST-p67phox and a p22phox peptide on the IANBD-p47phox

uorescence was not additive (Fig. 4). There is a recent
eport which shows that the first SH3 domain (close to
he N-terminal) is responsible for the p47phox-p22phox

nteraction, while the second p47phoxSH3 domain (close
o the C-terminal) interacts with the N-terminal do-
ain of p67phox (35). Therefore, it can be implicated

hat an additional conformational change is involved in
he formation of the active complex of NADPH oxidase.
ur data are consistent with the proposal that associ-
tion of p47phox and p67phox and/or p22phox produces a
onformational change that may allow stabilization of
he active NADPH oxidase complex (33, 34).

In conclusion, our data provide the evidence for con-
ormational changes occurring in p47phox of phagocyte
41
ADPH oxidase that is induced by phosphorylation.
urthermore, the data demonstrate the potential of
uorescence spectroscopy as a tool for further probing
he molecular mechanisms mediated by phosphoryla-
ion of p47phox involving structural alterations and
rotein-protein interactions in the NADPH oxidase ac-
ivation.
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