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ABSTRACT. The leukocyte NADPH oxidase catalyzes the one-electron reduction of oxyges tat e
expense of NADPH. It is a multicomponent enzyme comprising a membrane-bound flavocytochrome
(cytochromebssg) and at least four cytosolic components: pa¥ p67HOX p4(d°HOX and Rac, a small
GTPase. All the oxidase components except’f@dare required for enzyme activity. Many aspects of
their function, however, are unclear. Using the electron acceptor ferricyanide, we found that recombinant
p67°HOX from baculovirus-infected Sf9 cells could mediate the dehydrogenation of NADPH. NADPH
dehydrogenation was not dependent on FAD and was insensitive to superoxide dismutase. Several control
experiments showed that NADPH dehydrogenation was accomplished BYy'Y6hot by a trace
contaminant in the p&7°* preparation. The NADPH dehydrogenase activity of /6% was proportional

to enzyme concentration, and showed saturation kinetics with NAB®RHR + 5 uM), but was inhibited

at high concentrations of ferricyanide. NADH was also used as a substrate BYPpéR, 123 &= 38

uM). Taken together, these results show that{/6%is able to mediate pyridine nucleotide dehydroge-
nation. These findings raise the possibility that P& might participate directly in electron transfer
between NADPH and the oxidase flavin.

Neutrophils reduce molecular oxygen at the expense of to be phosphorylated in human neutrophils upon stimulation
NADPH to produce superoxide anion{Q and secondarily by N-formylmethionylleucylphenylalanine (fMLP) and phor-
derived oxidizing species @@,, HOCI, OHs) which can kill bol myristate acetate (PMAJL{). Two recent studieslb,
microorganisms efficientlyl| 2). Superoxide generation is 16) demonstrated that pronounced activation of NADPH
catalyzed by a highly regulated multisubunit NADPH oxidase oxidase could be achieved by exposing cytochrdiggto
whose components include cytochrobaes (a heterodimeric ~ high concentrations of p67°* and Rac in the absence of
flavohemoprotein containing 91 and 22 kDa subunits) and p47H°X suggesting that p67°X might play a direct role in
at least four cytosolic proteins: pZPX p67HOX p4GFHOX regulating electron transfer. This idea is supported by the
and Rac, a small GTPase. In the absence of'fi%7or fact that p67"°X was identified as the cytosolic NADPH-
p67°HOX neutrophils produce little or no O, giving rise to binding component of the leukocyte NADPH oxidase and
the autosomal recessive form of chronic granulomatous that this NADPH-binding function of p&7"©*was essential
disease, a disorder characterized by frequent life-threateningfor normal oxidase activity1(7).
infections because of a failure of oxygen-dependent microbial In the present study, we show that recombinantPf87
killing (3). purified from baculovirus-infected Sf9 cells is able to mediate

In resting neutrophils, the NADPH oxidase is dormant, NADPH oxidation by ferricyanide in the absence of other
and its protein components are distributed between cyto- NADPH oxidase components. These finding provide further
plasmic and plasma membrane compartments. On activatingevidence consistent with the idea that P& might
the cells with appropriate stimuli, the cytosolic components participate directly in the transfer of electrons between
migrate to the submembranous cytoskeleton where theyNADPH and the oxidase flavin.
associate with cytochroni®sgto form the catalytically active
oxidase 4—6). The exact mechanism of activation of the MATERIALS AND METHODS
oxidase, however, still remains unclear. Phosphorylation of paterials

p47H%% in intact cells accompanies the activation of the . .
; i - NADPH, NADH, FAD, dichlorophenolindophenol (DCIP),
oxidase {—10) and probably initiates the assembly of the and nitroblue tetrazolium (NBT) were obtained from the

enzyme. The function of p67°%is less well understood, . . . ; . .

: : : Sigma Chemical Co (St. Louis, MO). Potassium ferricyanide
although it was shown to bind directly to Rel{-13) and was from Mallinckrodt Inc. (Chesterfield, MO). BacPAK®,
a derivative of the AcMNPV baculovirus strain, was from
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Clontech (Palo Alto, CA). Cell cultures were grown in Ex °C. The culture was then made up to 0.1 mM in isopropyl
Cell 401 medium (JRH Biosciences, Woodland Hills, CA). S-b-thiogalactoside and grown for an additibi®ah at 37
°C. The bacteria were isolated by centrifugation at 5000
Methods for 10 min at 4°C, resuspended in 5 mL of ice-cold bacteria
Production and Purification of Recombinant Proteiiige lysis buffer (50 mM Tris-HCI, pH 7.5, 50 mM NaCl, 5 mM
recombinant baculovirus expressing p&7 (18) was a MgCl,, 1 mM dithiothreitol, 10Q«g/mL leupeptin, 10Q:g/
generous gift of Dr. T. L. Leto. Large-scale production of mL pepstatin, and 0.5 mM DFP), and disrupted by sonication
recombinant p67°X was obtained by infecting monolayer (4 x 30 s). The sonicate was clarified by centrifugation at
cultures of Sf9 cells in 150 chiflasks at a density of 42 2000@ for 10 min at 4°C. The fusion protein was isolated
x 10° cells/mL (18). Control cells were infected with  from the clarified sonicate by purification over glutathiene
BacPAKS6, a derivative of ACMNPV that expressggja- Sepharose beads (Pharmacia) as described previ@@ly (
lactosidase. Cells were harvested 72 h post-infection, washedand dialyzed against 20 mM Tris, pH 7.5, 1 mM EDTA, 5
twice in phosphate-buffered saline by centrifugation atg400 mM MgCl, and 0.1 mM DTT. Crude p47°* recombinant
for 10 min, and then resuspended tox510" cells/mL in preparations from baculovirus-infected Sf9 cells were a kind
lysis buffer (50 mM KCI, 3 mM NaCl, 2 mM MgGl| 0.1 gift from Dr. T. L. Leto. They were purified on a CM-
mM DTT, 1 mM EDTA, 250ug/mL leupeptin, 10Q:g/mL Sepharose column as described elsewh&gg (
pepstatin, 10&g/mL aprotinin, 2 mM PMSF, 5.4 mM DFP, E. coli transformed with pGEX4T-3 vector containing an
and 5 mM PIPES, pH 7.5). All subsequent work was insertof Rac2 (a kind gift of Dr. U. Knaus) were grown and
conducted at £C. The cells were disrupted by sonication lysed, and the glutathion®{ransferase Rac2 fusion protein
(4 x 30 s) and centrifuged at 4@@or 10 min. The pellet ~ was purified on GSHagarose as described for F47%
was discarded and the supernatant centrifuged at 1@0000 except that after induction with isoprog$ip-thiogalactoside,
for 1 h. The 100009 supernatant fraction contained the the culture was grown fo3 h at 30°C instead of 37C.
p67°HOX To this supernatant was added ammonium sulfate  Spectrophotometric Assaysll the assays were performed
with gentle stirring to bring the solution to 45% saturation. in quartz cuvettes using purified p&Xin relaxation buffer
p67°H%%was found in the precipitate, which was isolated by (100 mM KCI, 3 mM NacCl, 3.5 mM MgCl, 10 mM PIPES,
centrifugation (12006, 30 min at 4°C), dissolved in 10 mL pH 7.3) in a final volume of 10QuL, conducting the
of buffer A (20 mM Tris, pH 7.5, 0.1 mM DTT, 1 mM incubations in a Uvikon 941 spectrophotometer thermostated
EDTA, 2 mM EGTA, 0.15 mM PMSF), and dialyzed at 30 °C. Reaction mixtures contained p&'?* at the
overnight against the same buffer. Using Pharmacia FPLCindicated concentration, 0.1 mM NADPH, and 500/
equipment, the dialyzed solution was applied to a Mono Q ferricyanide or 10QuM DCIP in relaxation buffer except
Sepharose column (Pharmacia Biotech Inc.) equilibrated with were indicated, plus 1@M FAD or 50 units/mL SOD as
buffer A, and washed with 5 volumes of the same buffer. indicated. The reference cuvette contained the buffer in which
Proteins were eluted with a 0-D.3 M NaCl gradient inthe  the assays were performed. Reactions were initiated by the
same buffer, eluting at a flow rate of 0.5 mL/min. Fractions addition of the electron acceptor. Ferricyanide reduction was
were analyzed by SDSPAGE and immunoblotting with an ~ measured by recording the decrease in absorbance at 420
antibody raised against a synthetic peptide fronfg&7(19). nm (€ = 1.0 mMt cm™); NADPH oxidation was measured
The fractions containing p67°*were pooled, concentrated by following the decrease in absorbance at 340 mm=(
to <0.4 mL in a Centricon concentrator (Amicon Corp.), 6.22 mMcm™?), correcting for the difference in absorbance
and applied to a Superdex 75 (Pharmacia Biotech Inc.) between Fe(CNj~ and Fe(CNy*~ at 340 nm; and DCIP
column equilibrated with buffer A containing 0.3 M NaCl. reduction was measured by the decrease in absorbance at
The column was eluted with the same buffer using a flow 600 nm ¢ = 21 mM* cmt). Column fractions to be
rate of 0.25 mL/min and collecting 0.6 mL fractions. assayed for activity were first concentrated to one-sixth of
Fractions were analyzed by SB8AGE and immunoblot-  their initial volume. Ten microliters of the concentrated
ting, and those containing pure p8?* were pooled and  fraction was added to the reaction mixture described above
assayed for protein concentration with the Biorad assay kit (0.1 mM NADPH, 50QuM ferricyanide in relaxation buffer).
using serum albumin as a standard. The activity of purified Maximum rates were determined by the initial velocity of
p67H%% was tested in a cell-free system which contained the reaction and are expressed as nanomoles of NADPH
only sufficient normal neutrophil cytosol to supply a oxidized per minute per milligram of protein. Heat-
threshold amount of each cytosolic factor. The addition of inactivated p67°*(70°C, 5 min) was used for some assays.
the purified p67"°*leads to increased oxidase activity after The effects of p47*°* and Rac2-GTPyS were studied by
activation (7). In some experiments, p&* was further preincubation with p67°%for 5 min; the reaction was then
applied to a DEAE-Sepharose column (Pharmacia Biotech started by the addition of ferricyanide. Rac2 was preloaded
Inc) and eluted with a 6300 mM NaCl gradient or to a  with GTPyS by incubation with 25 mM EDTA and 100 mM
hydroxyapatite column (Biorad laboratories) and eluted with GTPyS for 15 min at room temperature, and then adding
a gradient of 16400 mM sodium phosphate buffer (pH 6.8). MgCl, to an excess of 5 mM.

E. coli transformed with pGEX-AT vector containing an NBT-Reductase Aclty Stain p67+t°%% was subjected to
insert of p47HoX cDNA were grown and lysed, and the PAGE on a nondenaturing gel using Laemmli's protocol
glutathioneStransferase p47H%% fusion protein was puri-  except for the omission of SDS and mercaptoethanol.
fied on GSH-agarose as described previoustg) Briefly, Following electrophoresis, the gel was incubatedZd at

E. coliwas grown at 37C overnight in 50 mL of ampicillin room temperature in NBT reaction mixture (50 mM phos-
broth medium. The overnight culture was diluted into 950 phate buffer, pH 7.4, 0.4 mM NADPH, 0.05% NBT). When
mL of fresh medium and grown for an additional hour at 37 the stained band appeared, the gel was transferred to 7%
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o experiments in which p67°*was preincubated with 38M
a1 recombinant p47*°Xfrom E. coliand/or 3uM recombinant
d“} ﬁ qﬁrgf Rac2 preloaded with G, then adding ferricyanide to start
gr the reaction. We failed to show any effect of f47% or
1:,‘“# 15‘& ?95} Rac2-GTPyS on the dehydrogenase activity of B8?* (data
not shown). In addition, p&7°*was recently shown to be
phosphorylated (14), and its phosphorylation state could also
influence its activity. We therefore added to the reaction
mixture 100uM ATP together with the catalytic subunit of
protein kinase C (i.e., protein kinase M), but saw no alteration
of the dehydrogenase activity (not shown). Consequently,
the interaction of p67°X with these components as well as
its phosphorylation is more likely to influence the assembly
of p67H*within the whole NADPH oxidase complex rather
than the dehydrogenase activity that we identified. Finally,
L NADPH oxidation by p67H°*was found to be independent
of FAD and insensitive to superoxide dismutase (Figure 3).
T e e e e, POT"XIS Responsible for the NADPH Denydrogenase
purification on the Mono Q aﬁion exchange column and the Activity of _the_Enzyme Pre_paratloﬁlTo c)?nflrm that the
Superdex 75 gel filtration column, respectively. The amounts of NADPH oxidation was mediated by p&*and not a trace
protein in each lane were as follows: lane 1,80 lane 2, 3Qug; contaminant, Sf9 cells were transfected with BacPAK6
lane 3, 12ug. (Clontech), a recombinant control baculovirus that contains
) ) ) ) ) the cDNA for g-galactosidase. Supernatants from cells
acetic acid to flx the band. In some experiments, t_he stainedjpfected by BacPAK6 were submitted to the same purifica-
band was excised and analyzed by SIFRGE and immu-  {jon procedure as supernatants from cells infected by the
noblotting. _ _ baculovirus containing the p87* cDNA, and both prepara-
SDS-PAGE and ImmunoblottingsDS-PAGE of proteins  tions were tested for their NADPH oxidation activity. Figure
was carried out according to Laemmli, using a 12% running 3 jngicates that the activity of the BacPAKG preparation was
gel. p67"9* was blotted and visualized as described else- the same as seen in the control without W% indicating
where @0). that the NADPH dehydrogenase activity is likely to be an
RESULTS intrinsic property of p67"°X Further evidence that the
dehydrogenase activity was specific to p&? were the
p67°HoX Mediates NADPH OxidatianPrevious studies  findings that NADPH dehydrogenation was not catalyzed
have demonstrated that the cytosolic subunifp@&Ycontains by recombinant p£H°* purified either fromE. coli or from
an NADPH binding site that is essential for oxidase activity baculovirus-infected Sf9 cells (Figure 3). Heat treatment also
(17). These NADPH binding properties suggested that abolished the dehydrogenase activity of &% (Figure 3).
p67°H%% might be involved in the mediation of NADPH  Further evidence for the NADPH dehydrogenase activity of
oxidation. To assess this possibility, studies were carried outp67"°*was obtained by an activity stain of a nondenaturing
to see whether pure recombinant f6? could mediate the  gel on which p67H°*had been subjected to electrophoresis.
oxidation of NADPH by artificial electron acceptors such When subjected to nondenaturing PAGE, Pt°F was able
as ferricyanide or DCIP. The recombinant p&? was to reduce NBT in an NADPH-dependent manner, resulting
purified from infected Sf9 cell supernatants using the proce- in the appearance of a major stained band (Figure 4A, arrow)
dure described under Materials and Methods. By this proce-with some higher molecular weight bands that are weakly
dure, we obtained a protein 6f98% purity (Figure 1). stained. When transferred to nitrocellulose, all these bands
The reductase activity of p87°* was followed first by are recognized by an antibody against the wholePp&Y
measuring the rate of NADPH oxidation at 340 nm using (data not shown). This suggests that high molecular weight
ferricyanide as electron acceptor. These experiments revealethands are aggregated forms of pé6? In the absence of
that p67H%% induces NADPH oxidation in the presence of NADPH or NBT, no stained band was observed. To confirm
ferricyanide (Figure 2, top panel). No changeAgy, was that the protein responsible for the appearance of the stained
detected with reaction mixtures lacking either ferricyanide band comigrated with p67°X the stained band was excised,
or NADPH; with reaction mixtures lacking p87°% how- subjected to SDSPAGE, and immunoblotted with anti-
ever, NADPH was oxidized by ferricyanide, but at a rate p67H°X As shown in Figure 4B, protein eluted from the
considerably slower than observed in the presence ofexcised band showed @, of 67 000 and was recognized
p67°HOX pe7HOX was also able to pass electrons from by the p67H®* antibody. Finally, when the purified recom-
NADPH to DCIP (Figure 2, botton panel\A 0.08/min vs binant protein was subjected to chromatography over DEAE-
0.04/min without NADPH; the electron donor in the absence of Sepharose or hydroxyapatite, 587 and the NADPH
NADPH was probably the DTT in the enzyme preparation). dehydrogenase activity eluted in the same fractions (185 mM

Negligible DCIP reduction was observed without &7 NaCl and 360 mM potassium phosphate, respectively; Figure
It is known that p67H°X can interact directly with p47* 5, top and bottom panels). Taken together, these findings

(19-21), p40HOX (22—24), and Rac211-13). To determine  make it highly unlikely that the observed NADPH dehydro-

whether the NADPH dehydrogenase activity of p&Z genase activity is due to a minor contaminant, and furnish

could be increased by these components, we conductedstrong evidence that in the absence of the other components
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FIGURE 2: Catalysis of NADPH dehydrogenation and DCIP reduction by’p®7 NADPH oxidation at 340 nm (top) and DCIP reduction

at 600 nm (bottom) were measured as described under Materials and Methods. The reaction mixtures comkaipé@3°%, 100 uM
NADPH, and 50Q«M ferricyanide or 10Q:M DCIP in relaxation buffer. Reactions were initiated by the addition of the electron acceptor.
To follow NADPH oxidation, ferricyanide was used in preference to DCIP because of the high absorbance of the latter at 340 nm.

of the NADPH oxidase complex, pB°Xis able to mediate
NADPH dehydrogenation.

Characteristics of p67°*Mediated NADPH Dehydro-
genation.To determine the stoichiometry of electron transfer,
NADPH oxidation and ferricyanide reduction were followed
in combination by repetitive scanning of the reaction mixture
between 300 and 500 nm. Usingu®1 p67°H°% we found
2.07 &+ 0.22 nmol of ferricyanide reduced per minute
compared with 0.94t 0.10 nmol of NADPH oxidized per

Fe(CN)3~ by NADPH. NADPH dehydrogenation by p8P*
exhibited a linear response with increasing amounts of protein
(data not shown). Kinetic properties were determined by
studying p67"°X activity as a function of increasing pyridine
nucleotide concentration. The velocity versus substrate plot
showed typical MichaelisMenten kinetics for NADPH
(Figure 6) and NADH (data not shown). The Kkinetic
constants, calculated from a nonlinear least-squares fit to the
untransformed data, wereka, of 92 £ 5 uM and aVmax Of

minute, the 2:1 stoichiometry expected for the reduction of 166 &+ 4 nmol mirm! (mg of protein)* for NADPH, and a
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NADPH oxidation (nmoles/min)

Ficure 3: NADPH is oxidized by p67°X not by a contaminant.

Dang et al.
DISCUSSION

The electron transport pathway of the leukocyte NADPH
oxidase still remains incompletely defined, although there
is agreement that NADPH is the physiological electron donor,
O, the product, and FAD an obligatory electron carrier. Our
results provide evidence that pg&'?* can mediate the
dehydrogenation of NADPH in the presence of a suitable
electron acceptor, thus suggesting that this subunit might
participate directly in the transfer of electrons between
NADPH and the flavin center of the oxidase.

Itis generally believed that cytochrorbgss represents the
only enzymatic component of the NADPH oxidase, since it
contains all the prosthetic groups necessary for activity:
FAD, two hemes, and a putative consensus sequence for
pyridine nucleotide binding26, 26). Furthermore, several

Assays were carried out as described under Materials and Methodsreports have suggested that gp%% may actually be the

The assay mixtures containecu® p67°HOX or 3 uM p47°PHOX or

an equivalent volume of the BacPAK6 preparation that was
submitted to the same purification procedure as thePH&7
preparation. Heat inactivation was carried out by heatind’f&7

at 70°C for 5 min. Values represent the mearange of at least
three separate determinations.

A B
NBT + + - kD
MADFH +* = *
P 4 m_
— : . « P67 PHOX
- g
T T
MNon denaturing gel Western Blot

Ficure 4. NADPH dehydrogenase activity activity of g&P* as
measured by an activity stain. A 0.3 nmol sample of 6% was

subjected to PAGE under nondenaturing conditions as described

NADPH-binding protein of the oxidas®§—28). Residues
403417, 441-450, 504-518, and 533538 are weakly
homologous to putative consensus NADPH-binding sites of
the ferridoxi-NADPH reductase family25—29), and a
missense mutation within one of these regions of 91
(P415H) has been shown to result in a form of X-linked CGD
in which normal amounts of cytochronigss were present
and normal translocation of cytosolic factor to the membrane
occurred, but without the generation o5 Oln support of
this proposal, Koshkin and PicB@) have shown that purified
cytochromebssg in the presence of a defined lipid mixture
was able to reduce oxygen ta Qusing NADPH as electron
donor. The turnover number for,O production was low,
however, and th&,, for NADPH considerably higher than
that obtained with the complete oxidase (32416 uM
against 36-40uM). This suggests that other components in
addition to cytochromésss may be essential for the catalytic
activity of the enzyme.

Several reports have presented evidence that§8might
regulate or directly participate in electron flow within the
NADPH oxidase complex. First, the possibility that f6¥
is the NADPH-binding component has been suggested by

under Materials and Methods. (A) Staining of gel slices incubated several investigators. Early data suggesting that”f87

in a reaction mixture containing 0.05% NBT in 50 mM phosphate
buffer, pH 7.4, with or without 0.4 mM NADPH and 10@M
mersalyl as indicated. (B) Immunoblot of proteins comigrating with
the stained band as analyzed by SEFAGE and developed using
anti-p67°Hox,

Km of 123 4+ 38 uM and aVmax of 123 4+ 18 nmol min?t
(mg of protein)?* for NADH. Turnover numbers, expressed

might be the NADPH-binding component were reported by
Umei and co-workers, who showed that NADPH 32
dialdehyde specifically labeled a 66 kDa protein in the
O, -generating complex of activated guinea pig neutrophils
(31, 32). In addition, Smith et al.33) identified an oxidase
component in the cytosol of resting neutrophils whose
labeling with NADPH dialdehyde resulted in the inactivation

as electrons transferred per mole of protein, were 20.8 andof the enzyme. In more recent studies, the latter group

15.4 min! for NADPH and NADH, respectively. When
p67°HOX activity was assayed with varying concentrations

identified the NADPH dialdehyde-labeled protein asp&7
and showed that dialdehyde treatment of recombinant

of ferricyanide, keeping NADPH concentration constant at P67°"* blocked its activity in cell-free oxidase assayr).
100 M, the response increased in a linear manner with Further supporting p67°*as an NADPH-binding protein,

ferricyanide up to a concentration of about A8l (Figure

we have found that NADPH suppressed the fluorescence of

7). Above that concentration, however, the reaction was tryptophan residues of p67°* (unpublished data). We are

powerfully inhibited by ferricyanide, rendering it impossible
to determine the trugmax of p67°"°Xas a pyridine nucleotide

not concerned about the lack in p&?* of well-defined
motifs related to NADPH binding, because there is abundant

dehydrogenase except to say that it is probably considerablyevidence that NADPH does bind to g&'?%, and there is
higher than indicated by the preceding values, which were some doubt as to whether a consensus sequence for the

calculated from experiments carried out at 504 ferri-
cyanide. We tried replacing ferricyanide with DCIP and
(NH3)sRU3t, but were unable to overcome this problem with
either of these alternative electron acceptors.

binding of NADPH actually exists34).

Adding to the evidence that p&™* may be an electron-
transporting protein are the results of a study showing that
the human neutrophil 9 -generating NADPH oxidase



NADPH Dehydrogenase Activity of p67°X Biochemistry, Vol. 38, No. 18, 199%751

6—
’- J— 03
I 5§ —O— Scan of Western-Blot (AU)
£ 4
S o T7T02¢
= \ H o1
5 14
=
2 . -
< 0 8: g S-O
p4 0

Trrrf{rrrryJrrryrrrJrrryrrrrrrrrr T Ty
0 5 10 15 20 25 30 35
Fraction Number
12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 2829
L T

2.0
| e —— 04
T 1 —O— Scan of Western-Blot (AU)
. 1.57
o
E — 0.3 g
S e
° i =
~ L (-]
g 0.2 £
5 0.5 s
2 4
° . L 0.1 3
m <]
& aumgn B
ﬁ 0.0 0-0-0-0-0-0
Z .

L e e B B e e e e e e e e e e )
0 5 10 15 20 25 30

Fraction Number
16 17 18 19 20 21 22 23 24 2526 27 28 29 30

FiGURE 5: Coelution of p67"°X and NADPH dehydrogenase activity from DEAE Sepharose and hydroxyapatite columns. (Top panel)
Elution from DEAE Sepharose. Four milligrams of purified recombinant’p®7was applieda@ a 1 mL DEAE Sepharose column and

eluted with a 6-300mM NaCl gradient. (Bottom panel) Elution from hydroxyapatite. Two milligrams of purified recombinaft®6¥as

applied b a 5 mLhydroxyapatite column and eluted with a-1900 mM gradient of potassium phosphate buffer (pH 6.8). The activities

of the column fractions were measured as described under Materials and Methods after concentrating each fraction to one-sixth of its
original volume. Ten microliters of each fraction from the DEAE Sepharose column apt d0each fraction from the hydroxyapatite

column were then assayed. Five microliters of each fraction from both columns was analyzed-bp 8B followed by immunoblotting,
developing with an antibody directed against P67

possesses a tetrazolium dye reductase activity which exhibitsbut not for p47H°X (35). Furthermore, using spectroscopy,
an absolute requirement for the cytosolic subunit®8%7 the authors of that study demonstrated that incubation of
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FiIGURE 6: Activity of p67°H%X as a function of NADPH concentra-
tion. Assays were run at constant ferricyanide concentration (500
uM) and protein concentration ¢8\V) with varying concentrations

of reduced pyridine nucleotide. Oxidation of NADPH was recorded
at 340 nm. The LineweaveBurk plots are representative of results
from three separate experiments. For each nucledfigendVmax
values as given in the text were calculated from all the experimental
data by nonlinear regression to a ligand binding curve.

membrane extract with p&7°*deficient cytosol (which
contained normal levels of p&7°*) resulted in the reduction

Dang et al.

of the membrane flavin but not cytochrorngs, while neither
was reduced when p87°*-deficient cytosol was used (36).
This suggests that pB7°X is at least capable of inducing
electron flow from NADPH to the flavin cofactor of
gp9TFHOX Still other laboratories have shown that NADPH
oxidase activity could be reconstituted in vitro in the absence
of p47H0Xif high concentrations of p67°* and Rac were
used (5, 16), thus indicating that p&'°*and Rac were the
cytosolic components directly involved in the passage of
electrons to the flavin of membrane-associated cytochrome
bsss. Finally, Han et al. 87) recently described an activation
domain in p67HOX that could directly be involved in the
regulation of electron transfer from NADPH to oxygen by
interacting with cytochromésss.

In the present study, we demonstrated thaf’§®Yy in the
absence of other components of the NADPH oxidase
complex, is able to catalyze NADPH oxidation, a result
consistent with the idea that it carries the NADPH-binding
site and that it participates directly in electron transfer
between NADPH and the FAD center. As with the complete
oxidase, theK,, for NADPH (92 uM) was lower than the
Km for NADH (123 uM), though theK, values were much
closer to each other than the corresponding values for the
complete oxidase. The differences in #ig's for NADPH
and NADH as measured by NADPH dehydrogenation using
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Ficure 7: Ferricyanide dependence of [f8?% activity. Assays were conducted as described under Materials and Methods at a constant
NADPH concentration (10@M) and protein concentration (8M), with varying concentrations of ferricyanide. The activity in the absence

of p67°HOX which increased as a function of ferricyanide concentration, was subtracted from the total activity to obtain the activity of the
enzyme. The inset shows the results at the lowest concentrations of ferricyanide using an expaiisetale.



NADPH Dehydrogenase Activity of p67°X

p67°H%Xalone vs @~ production using the complete oxidase
are not unexpected, becauseKg determined from the
catalytic activity of an enzyme is a complex function of the
rate constants of all the steps in the catalytic mechanism. It
would be hard to imagine that the mechanisms, much less
the rate constants, would be the same for NADPH dehydro-
genation catalyzed by pB7°*and Q™ production catalyzed

by the complete oxidase.

With both substrates, them.« values were far from the
values observed with the complete oxidase. In part this
reflects the effect of ferricyanide on the dehydrogenase
activity of the oxidase; indeed, if it is assumed that the
enzyme has no catalytic binding site for ferricyanide so the
reaction between enzyme and ferricyanide is second order
at all concentrations, it can be calculated that at 1 mM
ferricyanide, the trué/nax of the NADPH dehydrogenase
activity of p67"%%in the absence of ferricyanide inhibition
would be ca. 3800 nequiv of electrons min(mg of
protein)* (turnover number 240 mirt). This is still a low
turnover number in comparison with the activity of the
complete oxidase, but it represents very significant activity.

At present, the most widely held view of electron transport
by the NADPH oxidase holds that cytochrorbgs is the
sole electron-transporting component, binding NADPH di-
rectly and transferring its electrons first to the flavin, then
to the heme, and finally to oxygen. On the basis of the present
results together with those obtained during earlier investiga-
tions of the interaction between NADPH and pB7¢ (17,

31, 33, 38, 39), we offer the following alternative scheme
to explain the early steps in the reaction. We propose as a
first step that p67H°* translocates to the plasma membrane
along with the other cytosolic subunits. It may carry a
molecule of NADPH to cytochromiessg, or it may pick one

up after it has become associated with the cytochrome.
Whether the final NADPH-binding domain is restricted to
p67°H%Xor is shared between pBP*and gp9tHo* remains

to be determined. In any case, 87X then catalyzes the
transfer of electrons from NADPH to the flavin of gg%®*
According to this scheme, both cytochroimgs and p67HOX

are electron-transporting oxidase components.

In summary, our study has demonstrated that"g@y
possesses a pyridine nucleotide dehydrogenase activity, a
finding consistent with the idea that it participates directly
in the transfer of electrons from the NADPH to the flavin
center of gp9HOX Distributing the active site of the oxidase
between two components that possess little or no activity
until they are brought together provides a very efficient way
to control the leukocyte NADPH oxidase so as to ensure
against the accidental production of the very reactive
microbicidal oxidants whose generation is the chief function
of this dangerous enzyme.
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