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Abstract

The kinetics of activation of the respiratory burst oxidase in
the cell-free oxidase-activating system have been explained by
a three-stage mechanism in which the membrane-associated
oxidase components M: (a) take up a cytosolic factor S to form
a complex MS that is (b) slowly converted in the second stage
to a precatalytic species [M*S]*, which finally (c) takes up two
more (possibly identical) cytosolic components, C. and C0, to
successively generate [M SI*Ca, a low-activity (i.e., high K.)
oxidase, and finally IMSj*C.Cp, the ordinary (i.e., low K,)
oxidase (Babior, B. M., R. Kuver, and J. T. Curnutte. 1988. J.
Riol. Chem. 263:1713-1718). Studies with the cell-free oxi-
dase-activating system from normal neutrophils and from neu-
trophils obtained from two patients with type II (autosomal
recessive cytochrome-positive) chronic granulomatous disease
(CGD) have suggested that (a) the defective element in the
cytosol from patient neutrophils is S; (b) in normal neutrophil
cytosol, S is limiting with respect to M; and (c) C. and Cp,
interact cooperatively with the activated precursor complex
IMOSI*. It was further speculated that S might be identical to
the nonphosphorylated progenitor of the phosphorylated
48-kD proteins that are missing in certain forms of CGD, and
that other forms of type II CGDbesides the one described in
this report remain to be discovered.

Introduction

The respiratory burst oxidase is the enzyme chiefly responsible
for the production of microbicidal oxidants by neutrophils and
other professional phagocytes. It is a membrane-bound oxi-
dase, dormant in resting cells, that catalyzes the reduction of
oxygen to superoxide (0°) at the expense of NADPH(1): 202
+ NADPH-- 2 0° + NADP++ HW. Recent investigations
using a cell-free oxidase-activating system have shown it to be
a complex species requiring for the expression of its activity a
number of components, some from the plasma membrane
(2-6) and others from the cytosol (2, 3, 7-16).

Chronic granulomatous disease (CGD)' is an inherited
disorder characterized by the inability of phagocytes from af-
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fected patients to manufacture microbicidal oxidants because
of a defect in the respiratory burst oxidase or its activating
apparatus (17). It has been shown over the past few years that
CGDcan be classified into several distinct types based on
mode of inheritance, on whether or not a membrane-asso-
ciated heme protein known as cytochrome b558 is present in
the affected phagocytes (18-20), and on whether the function-
ally abnormal component resides in the cytosol or the mem-
brane of the defective phagocyte (3, 6, 8, 20, 21). With regard
to those forms of CGDcaused by membrane defects, the genes
for both the 91- and 22-kD subunits of the cytochrome have
now been cloned (22, 23), and Dinauer et al. showed that
X-linked cytochrome-negative CGD, the most commontype,
is associated with a lesion involving the gene encoding the
larger subunit (24). Defects in cytosol-based components were
first demonstrated by Curnutte et al., who showed that cyto-
sols from seven patients with autosomal recessive cy-
tochrome-positive type of CGD(type II CGD(Scripps classifi-
cation [20])) failed to support 0° production in the cell-free
oxidase-activating system (21). Wenow present evidence that
the biochemical defect in two patients with type II CGDin-
volves a cytosolic protein that participates at an early stage in
the activation of the oxidase.

Methods

Cells from both normal subjects and CGDpatients were obtained by
leukapheresis after obtaining informed consent. Dexamethasone
(4-mg doses 12 and 2 h before the start of pheresis) was given to normal
donors to augment neutrophil yields; this treatment did not alter the
properties of subcellular fractions prepared from the cells. Purification
of neutrophils was subsequently carried out as described before (25),
except that dextran sedimentation was omitted. Neutrophil yields were
0.6-2.2 X 1010 cells/donor. Cells were disrupted by nitrogen cavitation
and cytosol and solubilized membranes were prepared from the neu-
trophil cavitates according to a published method (2, 3), solubilizing
the membranes in Na deoxycholate at a final detergent concentration
of 1.6% (wt/vol) in buffer containing 25% (vol/vol) glycerol and other
constituents as previously described (6). Protein concentrations of
these fractions were previously determined to be as follows (2): cytosol,
250±16 SE g/l07 cell eq; solubilized membranes, 25.7±1.4 SE ,ug/10'
cell eq. The cytosol preparations always contained 9 X 107 cell eq/ml.

O2 production was assayed as described elsewhere (2), except that
the membranes were incubated for 3.5 min with cytosol or buffer,
SDS, and Mg2e in the absence of NADPHto preactivate the oxidase
before the addition of the reducing agent, and the cytochrome c con-
centration in the assay mixture was 0.15 mM. Preliminary experi-
ments showed that in the presence of normal cytosol the oxidase was
nearly fully activated during the 3.5-min preincubation and that its
activity did not decline over the next 1.5 min. The maximum rate of
O2 production (VOO previously referred to as V [2]) was always ob-
served within lO s after adding NADPH, and was sustained for at least
30 s. For these studies, Vx was evaluated by eye rather than by com-
puter, because we had found in an earlier study that ocular estimates of
V<,O were in good agreement with computer-generated values (2).
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Figure 1. V, as a function of the concentration of normal and type
II CGDcytosol. Incubations were carried out as described in
Methods using membranes at 3.1 X 106 cell eq/reaction mixture
(0.75 ml total vol) and various concentrations of normal and CGD
cytosol as shown. Reactions were started with NADPH. The normal
curve (X) is representative of results obtained in seven separate exper-
iments, each using cytosol from a different donor. The CGDpatient
curves (o, patient J.C.; o, patient J.G.) confirm the results of multiple
determinations using CGDcytosol at 107 cell eq/reaction.

Results

Failure of the CGDcytosols to activate the respiratory burst
oxidase in the cell-free system. In autosomal recessive cy-
tochrome-positive (type II) CGD, neutrophil cytosols have
been reported to be unable to fulfill the role of normal cytosol
in the cell-free oxidase-activating system (21). This defect was
confirmed in cytosols from patients J.G. and J.C., both of
whomhave type II CGD(Fig. 1). The mixtures containing the
CGDcytosols yielded little oxidase activity at any of the con-
centrations tested. In contrast, oxidase activity as a function of
normal cytosol concentration showed the usual sigmoidal
curve (2), with greater-than-first-order kinetics at low levels of
cytosol and a long plateau that appears as the cytosol concen-
tration begins to exceed the concentration of neutrophil mem-
branes (both expressed in terms of cell equivalents).

The lag. The components of the cell-free oxidase-activating
system include detergent, Mg2+, and cytosol and plasma
membrane from resting neutrophils. Whenthe oxidase in this
system is activated in the presence of substrate (i.e., NADPH),
the early course of the 02-forming reaction is characterized by
a lag that reflects the time required to convert the dormant
oxidase to its active form (2, 6). Wehave previously shown
that this lag can be abolished by incubating the components
together for several minutes before adding NADPHto the
assay mixture (2, 3). To ascertain whether type II CGDcytosol
could likewise abolish the lag, the following experiment was
conducted. Reaction mixtures containing plasma membranes,
detergent, Mg2+, and a quantity of test cytosol (normal or type

II CGDcytosol, or buffer) were preincubated for 3.5 min to
activate the respiratory burst oxidase in the absence of sub-
strate. O° production was then initiated by the addition of
normal cytosol plus NADPH. (The normal cytosol was needed
in the initiating mixture to supply the component missing
from the CGDcytosol, which by itself showed only a very
limited capacity [< 2%of normal] to support respiratory burst
oxidase activity in the cell-free activating system.) The results
(Fig. 2) showed that the lag was largely eliminated by preincu-
bation with normal cytosol (curve a in each panel) but was
unaltered by a preincubation in which normal cytosol was
replaced by type II CGDcytosol (curve b, panels B and C).
These conclusions were confirmed by the finding that in reac-
tion mixtures in which the preincubation was carried out with
normal cytosol, the rate of O° production very early in the
course of the reaction (estimated as the amount of O2 pro-
duced during the first 30 s of the reaction) was much closer to
the maximum rate (estimated as the amount produced during
30 s at maximum velocity) than in mixtures in which the
preincubation was carried out with either CGDcytosol or
buffer (Table I). The lag was not due to the presence of a
competing 02-consuming system in the CGDcytosol that lost
activity (or was depleted) in the first 2-3 min of the reaction,
because when the experiments were carried out without prein-
cubation, the time course of O2 production by mixtures of
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tions of cytosol equivalent consisted of normal cytosol, while the
other consisted of buffer (A), cytosol from patient J.C. (B), or cytosol
from patient J.G. (C). Curve a shows the course of O2 production
when normal cytosol was added first, while curve b shows the course
of O2 production when the CGDcytosol or buffer was added first. In
every case, curve a showed little or no lag, while curve b displayed a
full lag. These results are representative of six experiments, four
using cytosol from patient J.G. and three from patient J.C. The data
presented above were obtained on the same day using a single prepa-
ration of normal cytosol.
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Table I. Early Rate of O° Production as a Fraction
of the Maximum Rate of Oj Production in Reaction Mixtures
in which Normal Cytosol, CGDCytosol, or Buffer Were
Preincubated under Oxidase-activating Conditions

Preincubation Early rate/maximum rate

Normal cytosol 0.99±0.01 (5)
J.C. cytosol 0.19±0.06 (3)
J.G. cytosol 0.16±0.02 (4)
Buffer 0.20±0.03 (6)

Experiments were conducted as described in Fig. 2. The early rate/
maximum rate ratio was taken to be the amount of O2 produced
during the first 30 s of the reaction divided by the amount produced
during 30 s at maximum velocity. Results are expressed as the
mean± I SE for the number of experiments shown in parentheses.

normal and CGDcytosol was virtually identical to that seen
with mixtures in which the CGDcytosol was replaced by
buffer.

High Kmvs. low Kmoxidase. In our earlier kinetic study (2)
of the cell-free activating system, we obtained evidence for the
existence of two forms of the respiratory burst oxidase: a low-
activity species with a relatively high Kmfor NADPH(,- 150
gM) that was formed at low cytosol concentrations, and an-
other much more active species with a low Km for NADPH
(-, 40 gM, similar to Kmvalues obtained in numerous earlier
studies of the respiratory burst oxidase (1, 6, 17]) that was
generated at high cytosol concentrations. Wehave now con-
firmed this result at three cytosol concentrations (Table II),
showing a statistically significant difference in the Km for
NADPHbetween the oxidase generated at the lowest concen-
tration of cytosol and the oxidase formed at each of the two
higher cytosol concentrations (P < 0.002 for each difference).
To determine whether type II CGDcytosol, though unable to
activate the oxidase, was capable of supporting the formation
of the ordinary (i.e., low K.) as opposed to the low-activity
(i.e., high K.) enzyme, an experiment was performed in which
the Kmof oxidase generated at a low cytosol concentration was
compared with the Kmobserved when the low-cytosol activat-
ing system was supplemented with additional cytosol, either
normal or type II CGD. The results (Table III) showed that as
long as enough normal cytosol was present to activate the
oxidase, supplementation with cytosol from either patient with
type II CGDpermitted the generation of the ordinary form of
the enzyme, even when the amount of normal cytosol in the

Table II. Effect of Cytosol Concentration on the Km
and Vmfor NADPH

Cytosol concentration Km V.

JUmol 0l/min per mg
106 X cell eq/assay AM membrane protein

18 (6) 38.9±5.2 SE 12.1±1.1
10 (4) 39.1±4.7 SE 6.2±1.6
4 (14) 136±13.4 SE 1.7±0.2

Incubations (total vol 0.75 ml) were conducted as described in
Methods. To calculate kinetic parameters, V,,. was fitted to a Line-
weaver-Burk plot using a least-squares program. If r for this fit was
<0.9, the experiment was discarded. Figures in parentheses indicate
the number of experiments used for calculating Kmand Vm,,.

Table III. Effect of Type II CGDCytosol on the Kmof the Low-
affinity Form of the Respiratory Burst Oxidase

Cytosol

Normal CGD Km V.,

AMmoI 02/min per mg
AM membrane protein

Low None 115.1 0.9
Low CGD(J.C.) 35.1 3.1
Low CGD(J.G.) 25.0 2.6
High None 27.7 9.8

The low- and high-affinity forms of the respiratory burst oxidase
were generated as described in Table II using either a low (4 X 106
cell eq/reaction) or high (16.6 X 106 cell eq/reaction) concentration
of normal cytosol, respectively. Where indicated, cytosol from one of
the two type II CGDpatients (J.C. and J.G.) was included in the ac-
tivation mixture at 12.6 X 106 cell eq/reaction. The kinetic parame-
ters were calculated as described in Table II. The results of a single
experiment using cytosols from both CGDpatients are shown. Simi-
lar results were obtained in a second experiment using cytosol from
patient J.G. only. In reaction mixtures containing patient cytosols
only, O2 was produced at < 1%of the rate seen with normal cytosols
incubated under identical conditions.

activation mixture was so small that without such supplemen-
tation only the low-activity oxidase was produced.

The order of the oxidase-activating reaction. During the lag
phase of the reaction catalyzed by the cell-free activation sys-
tem, the rate of production of O2 makes an asymptotic ap-
proach to a constant final velocity (Va., as defined in Methods)
that represents the rate of O° production when all the dormant
oxidase has been converted to its catalytically active form. VOO
is thus directly proportional to the concentration of catalyti-
cally competent oxidase at full activation. In the earlier kinetic
study, V,, (i.e., the concentration of active oxidase) was esti-
mated to vary with the square of the cytosol concentration,
although the true value of the slope of the line from which this
estimate was made (a plot of log VO. vs. log cytosol concentra-
tion) was actually 2.3. Wenow have measured V,. as a func-
tion of cytosol concentration with preparations from seven
additional normal subjects, and have found the slopes of the
log-log plots derived from these results to be 2.52±0.09 SE (see
representative plots [normal] in Fig. 3, A and B). Similar
slopes were obtained using cytosols from each of the three
types of CGDin which the defect resides, not in the cytosol,
but in the neutrophil membrane (types I, III, and IV; data not
shown) (3, 6, 8, 20). Wetherefore conclude that with respect to
the cytosol, the order of the reaction that determines the con-
centration of oxidase after activation is complete is not 2, as
previously reported, but 2.5.

If we are correct in our supposition that multiple compo-
nents in the cytosol are required for oxidase activity, and if
only one of these components is defective in type II CGD
while the others are normal, then it would be expected that the
reaction order as measured with normal cytosol would be de-
creased if the measurements were carried out in the presence of
excess type II CGDcytosol, because of the normal compo-
nents that would be contributed to the assay mixtures by the
defective cytosol. Whenthis experiment was conducted, it was
found that the slope of the log-log plot fell to 0.99±0.04 SE (n
= 3; Fig. 3). This result provides additional evidence for the
occurrence in the cytosol of multiple components necessary
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for oxidase activity, and is consistent with the idea that the
component missing from type II CGDcytosol normally con-
tributes one order to the reaction that determines the concen-
tration of oxidase in the fully activated system-i.e., that in the
normal cell-free activation system, the concentration of oxi-
dase after full activation is directly proportional to the con-

centration of the component missing from the cytosol of the
type II CGDpatients' neutrophils.

Complementation. From the foregoing observations, it can
be inferred that in the cytosols from J.G. and J.C. the same

component is defective. This inference was further tested by
complementation studies in which the oxidase-activating ca-

pacity of mixtures of the two defective cytosols was examined.
In an assay mixture containing equal volumes of the two cyto-
sols, each in a quantity that in the case of normal cytosol
would yield a final oxidase activity of 70 nmol Oy/min per

107 cell eq of membranes, the observed oxidase activity was

only 2.4 nmol O/min per 107 cell eq. Failure of complemen-
tation represents further evidence for the identity of the defect
in the two cytosols.

Discussion

The kinetics of activation of the respiratory burst oxidase in
the cell-free system (2) can be explained by the following
scheme:

mg,+ SDSM2
M+ S MSDISMg2 [M-S]* + C0 = [M.S]*C

+ Co = [MS]*CaC,,

where Mrepresents the membrane-associated components of
the resting oxidase; S is a cytosolic component that forms an

activatable precursor complex with the membrane-associated
portion of the oxidase; MSand [M'S]* are the unactivated and
activated forms of that complex, respectively; C, and Cd are

the (possibly identical) cytosolic peptides that confer catalytic
activity on the activated precursor complex [M'S]*; and
[M'S]*C,. and [MS]*C,.Co are respectively the low-activity (i.e.,
high Kin) and ordinary (i.e., low K.) forms of the active oxi-
dase. In this scheme, the rate-limiting step in the activation of
the oxidase in the cell-free system is the slow, detergent-me-

ent J.G.

d"" Figure 3. Effect of type II CGDcytosol on

the order of the oxidase-activating reaction
with respect to normal cytosol. Incubations
were carried out as described in Methods,
using various concentrations of normal cy-

Normal tosol in the absence (.) or presence (o, a)
of excess CGDcytpsol (1.3 X 107 cell eq of
CGDcytosol in a total reaction vol of 0.75
ml). The figures show log-log plots of V<>

6.6 6.8 vs. the concentration of normal cytosol.
Slopes in the absence and presence of
CGDcytosol, respectively, were as follows
(±SE of the slope): (A) 2.90±0.09 and
0.92±0.03; (B) 2.45±0.07 and 1.07±0.06
(obtained by linear least squares regression
analysis). The results in B are representa-
tive of two separate experiments performed
with cytosol from patient J.G.

diated conversion of MSto [MS]*; the lag is a reflection of this

step. In addition, the data from the earlier study require that
the equilibrium constant for the reaction preceding the rate-
limiting step (i.e., the formation of the activatable precursor
complex, MS) lie far to the right.

The results obtained with the type II CGDcytosol suggest
that in neutrophils from some patients with this form of the
disease, the defective species is S, the cytosolic component of
the activatable precursor complex. The principal evidence
supporting this conclusion is the observation that preincuba-
tion with cytosol from the type II CGDneutrophils had no

effect on the lag, a finding that implicates S as the defective
species since S is the only cytosolic factor involved in the
rate-limiting step of the oxidase activation reaction. In accord
with this interpretation is the ability of the type II CGDcytosol
to support the formation of the low Kmoxidase, an observation
consistent with the notion that in these patients the cytosolic
components necessary for the reactions after the rate-limiting
step function in a normal way.

Further conclusions can be drawn from the measurements
of the reaction order for normal cytosol in the presence of
excess type II CGDcytosol. These measurements indicate that
S contributes a value of 1 to the overall order of reaction for
cytosol of 2.5 (2). This value of 1, plus evidence implying that
under the present experimental conditions the equilibrium for
the reaction M+ S = MSlies well to the right, suggests that S
is limiting with respect to M, and that most of the S in the
cytosol is consumed to form MSshortly after the cytosol is
mixed with Mg2" and the resting membranes. The order of the
reaction that remains after the contribution of S is subtracted
from the total is 1.5 in cytosol, a nonintegral value. This find-
ing suggests that the association of Ca and Cal with the activated
precursor complex [MS]* is a kinetically cooperative interac-
tion, and is also consistent with the abrupt character of the
transition between the high Km and low Km oxidase as the
concentration of normal cytosol is increased in the cell-free
activating system.

Taken together with other observations, the findings re-

ported here suggest two further ideas. The first, somewhat
speculative, is that the phosphate-free progenitor of the 48-kD
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phosphoproteins that are missing in type II CGD(26, 27) may
be identical with S, which according to the present results is
also missing in this type of CGD. Alternatively, this progenitor
may form part of a protein complex that when phosphorylated
releases S to interact with M. The second is that there exist
other varieties of type II CGDbesides the type reported here,
and that with neutrophil cytosols from at least some of these
other types, the lag in O2 production characteristic of the cell-
free activating system will be eliminated by preincubation in
the absence of NADPH. This latter idea has recently been
borne out with the discovery of a patient with type II CGD
whose neutrophils show a cytosol defect that is corrected by
the CGDcytosols studied in this investigation (28).
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