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Abstract

The superoxide-generating enzyme of human neutrophils,
NADPHoxidase, is present in a dormant state in unstimulated
neutrophils. It can be converted to an active form in a cell-free
system if both the plasma membrane and cytosol fractions are
incubated together in the presence of arachidonic acid. This
system was used to determine the nature of the biochemical
defect in seven patients with the autosomal recessive, cy-
tochrome b-positive form of chronic granulomatous disease
(CGD). A severe deficiency in the cytosol factor was identified
in each patient. The defective activity was not caused by the
presence of an inhibitor, nor could it be restored to normal by
combining cytosol fractions from different patients. In con-
trast, the membrane fractions from all seven patients contained
normal levels of NADPHoxidase when activated in the pres-
ence of control cytosol. Of family members tested (obligate
heterozygotes for this disorder), seven of eight had interme-
diate levels of cytosol factor activity. The respiratory burst
defect in this form of CGDis caused by an abnormality in the
cytosolic factor required for NADPHoxidase activation.

Introduction

Chronic granulomatous disease (CGD)' is a congenital dis-
order in which phagocytic cells are unable to generate hydro-
gen peroxide, superoxide (Q2), and various other oxygen radi-
cals in response to microorganisms (1). Since these agents play
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1. Abbreviations used in this paper: CGD, chronic granulomatous dis-
ease; °2, superoxide; NBT, nitroblue tetrazolium; PMA, phorbol 12-
myristate 13-acetate.

a critical role in the microbicidal systems of the phagocyte,
patients with CGDsuffer from recurrent infections. It has long
been recognized that the phenotype of CGDcan be caused by
at least two genetic mutations, one X-linked and the other
autosomal recessive (1). More recently, these two forms of the
disease have each been subclassified based on the presence or
absence of cytochrome b558, a heme protein believed to be a
component of the superoxide-generating enzyme, NADPH
oxidase (2-4). That at least three of these four possible forms of
CGDare genetically distinct has been demonstrated by com-
plementation studies using hybridized monocytes derived
from patients with different forms of CGD(4, 5).

Numerous studies have demonstrated that homogenates of
CGDcells do not contain measurable NADPHoxidase activ-
ity (6, 7). The failure to observe oxidase activity can be ex-
plained by either a defect in the enzyme itself or an abnormal-
ity in the pathway responsible for its activation. Until recently,
however, it has not been possible to distinguish clearly between
these two possibilities. The development of a cell-free system
for activating dormant NADPHoxidase from unstimulated
neutrophils has provided new tools for the study of this ques-
tion (8-1 1).

In the cell-free system, NADPHoxidase from disrupted
unstimulated neutrophils can be activated by AA provided
that both the cytosol and membrane-containing fractions are
present. Wehave previously shown that the factor present in
the cytosol was normal in eight patients with either the X-
linked or autosomal recessive, cytochrome b-negative forms of
CGD(9, 12). In contrast, the membrane fraction from each of
these patients failed to generate O2 in the presence of normal
cytosol. The observation that the cytosol factor is absolutely
required for NADPHoxidase activation in the cell-free system
raised the possibility that a defect in this factor might be re-
sponsible for one of the forms of CGD. In this report we de-
scribe seven patients with the autosomal recessive, cytochrome
b-positive form of CGDwhose disease appears to be due to a
severe deficiency of cytosol factor activity. The plasma mem-
brane fraction in each patient, on the other hand, could be
activated to generate a normal rate of O2 in the presence of
control cytosol. In addition, we have been able to identify the
carrier state in this autosomal recessive form of CGDon the
basis of intermediate levels of cytosol factor in all but one of
the parents tested from these families.

Methods

Chemicals. AAwas obtained in the free acid form from Nu-Chek Prep.
Inc., Elysian, MN. SODfrom bovine erythrocytes, ferricytochrome c
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(Type VI), NADPH(Type I), nitroblue tetrazolium (NBT), and phor-
bol 12-myristate 13-acetate (PMA), were obtained from Sigma Chemi-
cal Co., St. Louis, MO. Macrodex (dextran 70), Ficoll-Paque, and
Percoll were products of Pharmacia, Inc., Piscataway, NJ. Deionized
distilled water was used throughout all experiments and was obtained
using either an ultra-pure water filter (Barnstead Co., Sybron Corp.,
Boston, MA) or a Milli-Q system (Millipore Continental Water Sys-
tems, Bedford, MA). All other chemicals used were of at least reagent
grade.

Preparation of neutrophils. Human neutrophils of 2 98% purity
were prepared as previously described ( 12) using acid citrate dextrose
as the anticoagulant, dextran to sediment erythrocytes, and Ficoll-
Paque to separate mononuclear cells from neutrophils.

Patients with CGD. Westudied four female patients and three male
patients with autosomal recessive CGD. All seven patients were found
to have normal levels of cytochrome b (Table II). Four of the patients
(see Table II for patient numbers) have been previously described in
the literature: patient 2 (13), patient 3 (14), patient 5 (15), and patient 7
(16). Patient 5 was also reported to have an NADPHoxidase with a
diminished affinity for its substrate ( 15).

Disruption of cells andfractionation on Percoll gradients. Neutro-
phils were disrupted by nitrogen cavitation and the postnuclear super-
natant was fractionated on discontinuous Percoll gradients by a modi-
fication of the method of Borregaard et al. (17) as previously described
( 12). After the removal of Percoll, all particulate fractions were resus-
pended at a concentration of 12.5 X 101 cell equivalents/ml (4.0±0.9
SD mg protein/ml) as previously described (18) and stored at -70°C
for no longer than 2 d before being assayed. The 230,000-g supernatant
of the cytosol fraction was likewise stored at -70°C at a concentration
of 2-7.5 x 107 cell equivalents/ml (250 ± 16 SD jsg protein/ 107 cell
equivalents).

NADPHoxidase. The level of NADPHoxidase activity before and
after stimulation with AA in the cell-free activation system was deter-
mined as previously described using method B, in which NADPHwas
used to initiate O2 generation after a 3-min preincubation of all the
other reaction constituents (including AA) (12). Superoxide-depen-
dent cytochrome c reduction was monitored continuously and the
maximal velocity of the reaction was used to calculate oxidase activity.

Determination of cytosol factor levels in CGDcarriers. Measure-
ments of intermediate levels of cytosol factor in various members of
the patients' families were performed using the standard activation
method described above at concentrations of cytosol ranging between
0.2 and 1.0 x 107 cell equivalents/reaction (total volume 0.75 ml). The
extent to which these various concentrations of cytosol were able to
activate control membranes was then compared to the rates obtained
with control cytosol which had been prepared and assayed concur-
rently with the family samples. The results for both were plotted both
in terms of cell equivalents of cytosol as well as per mg of cytosol
protein. The concentration of cytosol factor was then expressed as the
percent of control by dividing the quantity of control cytosol by the
quantity of the test cytosol which gave comparable rates O° produc-
tion.

Intact cell superoxide generation and NBT reduction. Intact cell
superoxide production was measured as previously described using
PMAand AAas stimuli (I19). NBT reduction was determined using the
same reaction mixture except NBT (1 mg/ml) was substituted for
cytochrome c. After 5 min of stimulation, the NBT reaction mixture
was placed on ice and the percentage of positive cells was determined
microscopically as previously described (20).

Results

Table I shows the results of two experiments in which mem-
branes and cytosol from CGDpatients were mixed with those
from controls in different combinations. When CGDcytosol
was mixed with CGDmembranes, negligible rates of O2 gener-
ation were detected (< 1% of control). The defect in oxidase

Table L Cell-free Activation of NADPHOxidase in Autosomal
Recessive, Cytochrome b-positive CGDNeutrophils

Source of fraction Oj generation

Cytosol factor Membranes Patient I Patient 7

nmol/min/10' cell eq of
membrane

Control Control 29.7 58.5
CGD CGD 0.1 0.3
Control CGD 29.8 50.1
CGD Control 0.7 4.1
50%CGD/ Control 15.0 24.4
50% Control

Superoxide generation was measured as described in Methods, with
each reaction mixture containing 7 x 106 cell equivalents of mem-
branes, 10' cell equivalents of cytosol, and 0.082 mMAA as the acti-
vating agent. The results of two experiments are shown, each per-
formed with a different patient and control. Each patient was studied
once and the data shown are the means of measurements performed
in duplicate.

activation was not due to an abnormality in the membrane
fraction, as the CGDmembranes were capable of generating
normal rates of superoxide when activated in the presence of
control cytosol. Instead, there was a marked abnormality in
cytosol factor activity. Control membranes activated in the
presence of cytosol from each of the patients produced O2 at
rates that were 2.4 and 7%of control. (The observation that the
cytosol defect was even more striking [0.3 and 0.6% of control]
when each patient's cytosol was tested against his own mem-
branes appears to be due to small amounts of cytosol factor
which remain associated with some preparations of control
membranes.) The defect in the CGDcytosol did not appear to
be caused by an inhibitor, as evidenced by the failure of CGD
cytosol to inhibit control cytosol factor activity when mixed
together. The negligible oxidase activity in the presence of
CGDcytosol also did not appear to be due to an altered affin-
ity for NADPHcaused by the CGDcytosol. In control experi-
ments not shown using cytosol from patients 1, 5, and 7,
NADPHconcentrations as high as 1 mMfailed to improve the
rate of Q2 generation by either patient or control membranes.
This control was of particular importance in the studies on
patient 5, as she has been previously reported (15) to have a
kinetic defect in her NADPHoxidase manifested by a fourfold
decrease in the affinity of the enzyme for NADPH. When
activated in the presence of normal cytosol, this patient's
membrane oxidase had a normal Kmfor NADPH(41 ,uM vs.
36 ,uM for control). Due to insufficient patient cytosol, it was
not possible to determine the Km of her membrane oxidase
when activated in the presence of her own cytosol.

Table II summarizes the respiratory burst studies per-
formed on all seven patients with the autosomal recessive,
cytochrome b-positive form of CGD. Four females and three
males were identified as having this form of the disease based
upon pedigree analysis, failure to detect a carrier state in the
mothers on an NBT test, and the presence of normal levels of
cytochrome b in the patients' neutrophils. In six of the seven
patients, neutrophils failed to reduce NBT when stimulated
with PMA. In patient 5, 85% of the cells did stain with NBT,
although the intensity of the stain was weak. Interestingly, this
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Table II. Levels of Respiratory Burst Components in Autosomal Recessive, Cytochrome b-positive CGD

Cell-free system
Intact cell
_____________-___- Membrane Cytosol factor vs. control Cytosol factor vs. patient

Patient Sex, age °2 NBT Cytochrome b oxidase membranes membranes

% control % control pmol/07 cells % control % control % control

1. JG M,30 0.3 0 41.8 100 2.4 0.3
2. JC F, 17 0 0 65.6 122 2.9 2.0
3. AN F, 2/12 0.1 0 20.5 91 5.4 0.2
4. NS F, 5 0 0 52.7 175 2.6 1.0
5. MP F, 9 1.3 85* 35.4 178 6.7 6.7
6. DD M, 10 0.7 0 45.3 162 0.7 1.6
7. RG M, 7 0 0 60.1 86 7.0 0.6

Intact cell O2 generation and NBT reduction were measured in the presence of 3.25 ,M PMAas described in Methods and expressed the per-
cent of control cell values obtained the same day (control O2 rates: 95.2±21.9 SD nmol/min* 107 cells (n = 7); control NBTreduction: 2 90%
positive cells). Cytochrome b levels were measured on the postnuclear supernatant from nitrogen-cavitated neutrophils as described in
Methods, with control cells containing 43.3±10.5 SDpmol cytochrome b/107 cells (n = 11). Cell-free activation of NADPHoxidase was per-
formed as outlined in Methods and Table I. The level of the arachidonate-activatable membrane component of NADPHoxidase was deter-
mined by measuring the rate of O2 generated by either control or patient membranes (6-12.5 x 106 cell equivalents/reaction) in the presence of
control cytosol (1 07 cell equivalents/reaction). Each patient level is expressed as the percent of the control value obtained the same day. Cytosol
factor levels were similarly measured by comparing the maximal rate of O2 generated in the presence of patient cytosol (1 07 cell equivalents/re-
action) to that obtained with control cytosol prepared the same day. Cytosol factor levels were measured using either control or patient mem-
branes (6-12.5 x 106 cell equivalents/reaction) and the results from both types of assays are shown (see text for explanation). Control levels for
oxidase activation ranged between 4.8 and 58.8 nmol °2 /min * 107 cell equivalents of membranes in the presence of 107 cell equivalents of cy-
tosol. The higher levels of oxidase activation were obtained in later experiments when membranes were harvested at greater concentrations,
which improved the stability of the oxidase. Patients 1-3 were each studied twice with a representative experiment shown for each while the re-
maining patients were studied once. The data shown are the means of duplicate determinations made within a single experiment. * All cells
were only weakly stained.

patient had the highest level of cytosol factor activity (6.7% of
control) when tested against both her own and control mem-
branes. The rate of O2 production by each patient's intact cells
in response to PMAwas also examined. Four of the seven
patients were found to generate trace amounts of O2, again
with the highest rate (1.3% of control) seen in patient 5. As
shown in Table II, cytosol factor levels ranged between 0.7 and
7.0% of control in this series of patients when assayed against
control membranes. When tested against CGDmembranes,
cytosol factor levels were < 2.0% in six of the patients. In
contrast, the level of arachidonate-activatable NADPHoxi-
dase in the membrane fractions from all of the patients was at
or above control levels.

Since this form of CGDis inherited in an autosomal reces-
sive manner, it was of interest to determine whether interme-
diate levels of cytosol factor were present in the neutrophils of
obligate heterozygotes. Table III summarizes the findings from
these studies. In four of the five mothers tested and in both
fathers examined using the cell-free system, intermediate levels
of cytosol factor activity were found when calCulated on either
a per-cell or per-milligram basis. The sister of patient 1 also
had an intermediate cytosol factor level. The average level for
all eight family members was 55% of control when expressed
in terms of cell equivalents of cytosol. In contrast to this clear
demonstration of the carrier state in the majority of family
members were the results obtained with intact cell measure-
ments of respiratory burst activity. In these studies, most of the
family members had normal levels of both O2 production and
NBTreduction in response to PMA. These results suggest that
the cytosol factor concentration in normal neutrophils is satu-
rating with respect to oxidase activation, and that in most

individuals, an - 50% decrease in cytosol factor levels does
not affect the magnitude of respiratory burst.

Since the defect in this group of patients involves the cyto-
sol fraction, it is possible to perform mixing experiments using
cytosol fractions from different patients to test whether there is
any detectable heterogeneity within the group. Mixing of cytQ-
sols from patients 1 and 3, 2 and 4, or 1 and 7 failed to restore
normal cytosol factor activity. The small quantities of cytosol
obtained from the other patients precluded the testing of other
combinations. The results of these mixing studies suggest that
there is a commondefect in the cytosol in this group of auto-
somal recessive, cytochrome b-positive patients.

Discussion

The severe respiratory burst defect in autosomal recessive, cy-
tochrome b-positive CGDcan be explained on the basis of the
findings presented above. In previous studies, we (9, 12) and
others (8, 10, 11, 21-23) have demonstrated that the activation
of dormant NADPHoxidase in the cell-free system requires
the presence of a cytosol factor. Without it, oxidase cannot be
activated in these systems. The finding that patients with this
form of CGDare severely deficient in this cytosol factor can
therefore account for their respiratory burst defect. Further
support that this deficiency is the underlying basis for this type
of CGDis provided by the family studies in Table III, which
demonstrate the expected intermediate levels of cytosol factor
in seven of the eight family members tested. These studies also
indicate that the cytosol factor is not merely an artifact of the
cell-free system, but is essential for oxidase activation in the
intact cell.
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Table III. Demonstration of the Carrier State in Autosomal
Recessive, Cytochrome b-positive CGDFamilies

Cytosol factor level
Intact cells

per cell per mg
Family °i NBT equivalents protein

% control % control % control % control

1. Mother 114 83 97 109
Father 77 74 53 73
Sister 72 78 53 67

3. Mother 61 75 62 61
Father 100 ND 46 46

4. Mother 120 98 42 57
6. Mother 140 100 46 56
7. Mother 131 97 42 52

Mean 102±10 SE 86±4 55±6 65±7

Intact cell O2 generation and NBT reduction were measured as de-
scribed in Table II using PMA(3.25 ,M) as the stimulus. Cytosol
factor levels were also measured as described in Table II and are ex-
pressed as the percent of control values determined concurrently as
outlined in Methods. Each value represents the mean of duplicate
measurements performed at four different concentrations of cytosol
(range 0-1.0 X I07 cell equivalents/reaction). Each family member
was studied once, except for the mother of patient 3, who was stud-
ied twice (a representative experiment is shown). The family number
corresponds to the patient number cited in Table II.

The identity of the cytosol factor has not yet been estab-
lished. Previous studies have shown that it exists in at least two
forms based on apparent molecular weight from gel filtration
chromatography (12, 22). We have reported that the factor
appears to be a 240-kD protein that may dissociate under
some circumstances into - 40-kD subunits (12). The cytosol
factor can be resolved from protein kinase C under these chro-
matographic conditions and does not require calcium or ATP
for activity. The cytosol factor does require Mg2e for activity,
but beyond this no other low molecular weight substances
have been found to be required. Attempts to further purify the
cytosol factor in our laboratory have been frustrated by the
instability of the partially purified material.

The autosomal recessive, cytochrome b-positive form of
CGDcan be readily distinguished from both the X-linked,
cytochrome b-negative and autosomal recessive, cytochrome
b-negative forms of CGDin the cell-free system. In the latter
two forms of CGD, the cytosol factor is normal while the
membranes are defective (9, 12). The opposite is the case in
autosomal recessive, cytochrome b-positive CGD. Of interest
is the correlation between the presence or absence of cy-
tochrome b and whether the dormant oxidase in the mem-
brane fraction can be activated by arachidonate. In both of the
genetic forms of cytochrome b-negative CGD, the membranes
are defective, while in the cytochrome b-positive form dis-
cussed in this report, the membranes can be normally acti-
vated with control cytosol. There is now little doubt that cy-
tochrome b plays an important role in NADPHoxidase func-
tion, although its precise biochemical role in oxidase function
has yet to be determined. The recent cloning of the gene de-
fective in X-linked CGD(24) and the finding that this gene
encodes the 91-kD subunit of the cytochrome b heterodimer

(25) have unequivocally established that the absence of cy-
tochrome b leads to a defect in the respiratory burst.

The clinical severity of autosomal recessive, cytochrome
b-positive CGDappears to be less than that seen in the cy-
tochrome b-negative forms, an observation also made by
Tauber et al. in their review of CGD(26). In the present series,
CGDwas not diagnosed in patients 1 and 6 until the ages of 30
and 9, respectively, when each developed hepatic abscesses.
Their previous medical histories were significant only for im-
petiginous skin lesions. Patient 2 has had only one serious
illness, Legionella pneumonia, in addition to occasional skin
infections ( 13). Patient 5 (who has the highest level of cytosol
factor activity) has been healthy and was diagnosed only after
her male sibling died of Aspergillus pneumonitis (15). Our
findings that these patients have low, but detectable, levels of
cytosol factor activity and that the membrane component of
NADPHoxidase is normal suggest that the small amount of
O2 generated by their neutrophils may, when amplified by the
myeloperoxidase-dependent bactericidal system, be sufficient
to protect against some types of infections.
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