Venkateshan, Eds. (Indian Academy of Sciences,
Bangalore, 1980), pp. 13.01-13.23.

20. J. W. Pflugrath, M. A. Saper, F. A. Quiocho, in
Method: a”d‘Arr'. 4, inCr, n6 r“ C ip -Jg,
S. Hall and T. Ashida, Eds. (Clarendon, Oxford,
1984), pp. 404—407.

21. T. A. Jones, J. Appl. Crystallogr. 11, 268 (1978).

22. D. M. Miller I11, J.. S. Olson, F. A. Quiocho, J. Biol.
Chem. 255, 2465 (1980).

23. Y. Anraku, ibid. 243, 3116 (1968).

24. R. B. Honzatko, W. A. Hendrickson, W. E. Love,
J. Mol. Biol. 184, 147 (1985); J. L. Smith, W. A.
Hendrickson, R. B. Honzatko, S. Sheriff, Biochemis-
try 25, 5018 (1986).

25. I. A. Rose, K. R. Hanson, K. D. Wilkinson, M. J.

Wimmer, Proc. Natl. Acad. Sci. U.S.A. 77, 2439
(1980).

26. R. G. Parson and R. W. Hogg, J. Biol. Chem. 249,
3608 (1974).

27. B. Lee and F. M. Richards, J. Mol. Biol. 55, 379
(1971). The program ACCESS used to calculate
solvent-accessibility was provided by F. M. Rich-
ards.

28. R. W. Hogg and E. Englesberg, J. Bacteriol. 100,
423 (1969); M. E. Newcomer, D. M. Miller IIL, F.
A. Quiocho, J. Biol. Chem. 254, 7529 (1979).

29. M. E. Newcomer, B. A. Lewis, F. A. Quiocho, J.
Biol. Chem. 254, 13218 (1981); B. Mao, M. R.
Pear, J. A. McCammon, F. A. Quiocho, ibid. 257,
1131 (1982).

30. A. Sholle et al., Mol. Gen. Genet. 208, 247 (1987).

31. T. Alber et al., Nature 330, 41 (1987); M. F. Perutz,
G. Fermi, J. Fogg, S. Rahbar, J. Mol. Biol. 201, 459
(1988).

32. P. Argos, W. C. Mahoney, M. A. Hermodson, M.
Hanei, J. Biol. Chem. 256, 4357 (1981).

33. We thank J. A. Adler for providing the E. coli strain
AWS551 and G.-Y. Lu for purifying and crystallizing
the mutant protein. Supported by the Howard
Hughes Medical Institute and grants from the Na-
tional Institutes of Health and the Welch Founda-
tion. Coordinates have been offered for deposit with
the Brookhaven Data Bank.

18 May 1988; accepted 8 September 1988

Two Cytosolic Neutrophil Oxidase Components
Absent in Autosomal Chronic Granulomatous Disease

BryaN D. VoLrp, WILLIAM M. NAUSEEF, ROBERT A. CLARK*

Neutrophils kill microorganisms with oxygen radicals generated by an oxidase that
uses the reduced form of nicotinamide adenine dinucleotide phosphate (NADPH) as
substrate. This system requires both membrane and cytosolic components and is
defective in patients with chronic granulomatous disease. A cytosolic complex capable
of activating latent membrane oxidase was eluted from guanosine triphosphate—
agarose and was used to raise polyclonal antiserum that recognized 47- and 67-
kilodalton proteins. These proteins were restricted to the cytosol of myeloid cells. Both
proteins were associated with NADPH oxidase—activating capacity when neutrophil
cytosol was purified on nucleotide affinity matrices or molecular sizing columns.
Neutrophils from patients with two different forms of autosomal chronic granuloma-

tous disease lacked either the 47- or 67-kilodalton protein.

HE MICROBICIDAL ACTIVITY OF POLY-

morphonuclear neutrophils (PMNs)

depends on a burst of nonmitochon-
drial oxidative metabolism that converts
molecular oxygen to superoxide anion and
other toxic oxygen derivatives. The bio-
chemical basis for this respiratory burst is
the stimulus-dependent activation of an
NADPH oxidase (1). This enzyme system
consists of (i) membrane-associated catalytic
components that include cytochrome bssg
and function as an electron transport chain
(2-4) as well as (ii) soluble cytosolic compo-
nents that appear to be involved in oxidase
activation (4, 5). Chronic granulomatous
disease (CGD), a clinical syndrome of severe
and recurrent infections, is characterized
biochemically by the absence of the respira-
tory burst (1, 6). The X-linked form is
associated in most cases with an absence of
cytochrome b and an inherited defect in its
91-kD B subunit (1, 6, 7). In contrast,
autosomal CGD, constituting about one-
third of the cases, is generally characterized
by normal cytochrome b but an absence of
the essential cytosolic factor activity (8-10).
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Several laboratories have used a system of
subcellular components to reconstitute a
functioning oxidase system in vitro (4, 5). In
this cell-free system, the latent oxidase is
activated and NADPH-dependent superox-

ide formation expressed when PMN plasma
membrane or specific granule membrane
fractions are combined with cytosol, Mg?*,
and either arachidonic acid or SDS. Activa-
tion of the reconstituted system is augment-
ed by guanosine triphosphate (GTP) ana-
logs or fluoride and inhibited by guanosine
diphosphate (GDP) analogs, suggesting in-
volvement of a GTP-binding protein (11).
In addition, we have recently noted the
presence of a substrate for pertussis toxin—
catalyzed adenosine diphosphate (ADP)—
ribosylation in PMN cytosol (12). On the
basis of these observations, we reasoned that
the cytosolic factor important in activation
might be a GTP-binding protein and we
attempted to purify this factor by GTP-
agarose affinity chromatography. Fractions
were assessed for superoxide-generating ac-
tivity in the presence of PMN membrane
fractions, arachidonic acid, and NADPH
(Fig. 1). All of the activity in cytosol was
bound to the column and was eluted with a
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Fig. 1. Partial purification of PMN cytosol factor on a GTP-agarose affinity column. Human PMNs
(18) were purified, disrupted by nitrogen cavitation, and fractionated on Percoll gradients (4). (Left)
Cytosol from 2 x 108 cells was loaded on a column containing 1 ml of GTP-agarose (19). The column
was then washed with 5 ml of buffer followed by elution with 5 ml of buffer (arrow) (19). Fractions of 1
ml were collected and assessed for protein (———) and NADPH oxidase activation (4, 20) ( ) in the
presence (@) or absence (O) of 5 uM GTP-y-S (Bochringer Mannheim). (Right) SDS-PAGE on 9%
slab gels (21). Shown are Coomassie blue stains of (a) PMN cytosol (5 X 106 cell equivalents) and (b)
the active fraction from the GTP-agarose column (~40 X 10° cell equivalents) and (c) a silver stain of
the same quantity of the active column fraction. The locations of molecular size standards are shown in
kilodaltons.
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high salt buffer containing either GTP or
ATP. Eluate activity was enhanced by addi-
tion of guanosine-5'-O-(3-thiotriphos-
phate) (GTP-y-S) and coincided with the
major peak of GTP-binding capacity (13).
Most of the cytosolic protein did not bind to
the column and thus the eluted material was
of high specific activity (30- to 100-fold
purification) although many discrete proteins

Fig. 2. Immunoblots of
cells and fractions with
B-1 antiserum. Samples 974
were separated by elec- 68
trophoresis as in Fig. 1 P
and proteins were elec-
troblotted to nitrocellu-
lose sheets that were ex-
d sequentially to
locking reagent, a
1:200 dilution of B-1
antiserum (22) and '*I-
labeled protein A (23).
Autoradiography ~ was

25.7

were present (Fig. 1, lane c). Recovery (60 to
100%) was much higher than we could
achieve with ion exchange or molecular sieve
column chromatography. We hypothesized
that the cytosol factor exists as a functional
complex that binds to GTP-agarose but is
separated into individual components on non-
affinity chromatography media.

We next raised a polyclonal rabbit antise-

done by exposing Kodak XAR film to the blots at —80°C for 12 to 48 hours. (Lanes a to d) Subcellular
fractions from human PMN's (4) were those enriched for (lane a) cytosol, (lane b) azurophilic granules,
(lane c) specific granules, and (lane d) plasma membranes. Each lane contained 5 x 10° cell equivalents
(except lane ¢ which had 107). (Lanes ¢ and f) PMN cytosol was separated by electrophoresis under (lane €)
reducing or (lane f) nonreducing conditions. (Lanes g to q) Whole cells were lysed in 1% Triton X-100 (in
100 mM tris-HCL, pH 7.4, plus protease inhibitors). Fractions of 5 X 10° cell equivalents of each cell type
(except for 5 x 107 platelets) were separated by electrophoresis and blotted. (Lane g) PMNs, (lane h)
uninduced HL-60 cells, (lane i) HIL-60 cells induced to differentiate by growth in 1.25% dimethyl sulfoxide
(DMSO) for 6 days, (lane j) U937 cells, human blood (lane k) monocytes, (lane I) platelets, and (lane m)
lymphocytes, (lane n) human foreskin fibroblasts, (lane 0) human umbilical vein endothelial cells, (lane p)
MDCK cells, and (lane q) human erythrocytes. When blots of PMN cytosol were probed with preimmune
rabbit serum no immunoreactive bands were detected.
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Fig. 3. Coisolation of
NADPH oxidase-activating
capacity with the 47- and
67-kD immunoreactive pro-
teins. Cytosol from 3 x 10%
PMNs was fractionated on
(A) GTP-agarose [as in Fig. g 1.
1 except that the column
was washed with 15 ml of

buffer before ecluting (ar-
row)], (B) 2',5’-ADP—agar-
ose (Sigma, 6-carbon spac-
er; wash and clution proto-
col as for GTP-agarose), and
(C) HPLC molecular sizing
column (24). Fractions were
assessed for protein (Azgo,
——-), NADPH oxidase ac-
tivation [Fig. 1 and (20)]
( ), and proteins reac-
tive with B-1 antiserum in

immunoblots (insets, mark-
ers of 43 and 68 kD as indi-
cated).
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rum (B-1) to the partially purified cytosol
factor and used it to screen immunoblots of
proteins present in PMN fractions (Fig. 2).
The antiserum recognized two predominant
proteins in PMN cytosol, migrating in
SDS—polyacrylamide gel electrophoresis
(PAGE) with molecular masses of 47 and 67
kD. This selectivity of the antiserum sug-
gests that, relative to other components of
partially purified cytosol, the 47- and 67-kD
proteins are particularly immunogenic. Less
intense bands, particularly at 30 and 69 kD,
were sometimes detected. There were no
immunoreactive proteins in azurophilic
granules or the plasma membrane, although
there was a large molecule (~84 kD) in
fractions enriched for specific granules. Gels
run under reducing and nonreducing condi-
tions were identical, suggesting there was no
sulthydryl cross-linking of the detected spe-
cies. A variety of cells of myeloid and non-
myeloid origin were also screened. Promi-
nent bands of 47 and 67 kD were seen in
monocytes (and the monocytoid cell line
U937) and differentiated HL-60 cells. Both
of these types of cells exhibit a respiratory
burst and have oxidase-activating activity in
their cytosol (1, 5, 14). In contrast, undiffer-
entiated HL-60 cells, lymphocytes, platelets,
erythrocytes, endothelial cells, Madin-Darby
canine kidney (MDCK) cells, and fibro-
blasts, all cells without a respiratory burst,
lacked the two proteins found in myeloid
cells. A diffuse band at 65 to 70 kD in
lymphocytes, fibroblasts, and endothelial
cells and a prominent 30-kD erythrocyte
band are of uncertain significance at this
time.

We next compared NADPH oxidase-acti-
vating ability with immunoblots of fractions
obtained from columns of GTP-agarose,
2',5’-ADP-agarose (15), and a molecular
sizing high-performance liquid chromatog-
raphy (HPLC) column (Fig. 3). With both
affinity columns there was a single narrow
peak in eluate fractions that contained nearly
all of the detectable oxidase activity as well
as the 47- and 67-kD proteins. The coelu-
tion of both proteins from GTP-agarose and

2',5'-ADP-agarose suggests that they bind

to the columns as a noncovalent complex or,
alternatively, that each individual protein
has an affinity for the nucleotides. In the
sizing column, the 67-kD protein eluted
slightly before the 47-kD species as expect-
ed, but there was a significant area of over-
lap and it was these overlapping fractions
that had the only detectable superoxide-
generating activity. Thus, in each case, the
47- and 67-kD proteins detected by immun-
oblotting cosegregated with superoxide-
supporting activity, consistent with the hy-
pothesis that these proteins represent the
active species in cytosol.
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Fig. 4. Immunoblot analysis of PMN cytosols
from different genetic forms of CGD. Subjects
were: T.G., X-linked cytochrome b-negative
CGD; J.H., S.J., and L.O., three autosomal cyto-
chrome b—positive CGDs; and N, normal control.
Cytosol fractions of patient cells were prepared
from PMN sonicates by sequential centrifugation
(12,000, then 130,000¢) and 10° cell equiva-
lents of the final supernatant were loaded in each
lane. Conditions were as in Fig. 2 except that
proteins immunoreactive with B-1 antiserum
were detected with peroxidase-conjugated goat
antibody to rabbit immunoglobulin and 4-chloro-
1-naphthol as substrate. The locations of molecu-
lar size standards are shown in kilodaltons.

On the basis of cytosol-mixing experi-
ments, Nunoi ef al. (10) have demonstrated
two complementary defects in cytosol fac-

tors in different autosomal CGD patients. -

To test our hypothesis that the proteins
recognized by B-1 antiserum were the active
cytosolic factors, cytosols from patients with
various forms of CGD were analyzed for the
presence of immunoreactive proteins (Fig.
4). Cytosol from a representative individual
(T.G.) with X-linked CGD (cytochrome b—
negative) contained the two proteins, con-
sistent with the primary defect in the pa-
tient’s PMNs being the absence of cyto-
chrome b in the presence of normal cytosol
activity. In contrast, the cytosols from two
unrelated individuals with autosomal CGD
(S.J. and L.O.) lacked the 47-kD protein.
One patient, J.H., an individual with auto-
somal CGD but with a different defect
functionally complementary to that of the
other autosomal patients (10), had the 47-
kD protein but lacked the 67-kD protein.

We conclude that two cytosolic proteins
of 47 and 67 kD are essential for superoxide
production by PMNs. That both of these
cytosolic factors are critical components of
the PMN respiratory burst machinery is
validated by their selective absence from
neutrophils of patients with autosomal
CGD. Our immunochemical demonstration
of two distinct forms of autosomal CGD
deficient in either the 47- or 67-kD cytosolic
oxidase components is supported by the
functional studies of Nunoi and colleagues
(10).

The structure and function of the two
proteins we have described are not yet
known. The 47-kD species may be the PMN
phosphoprotein that undergoes stimulus-
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dependent phosphorylation in normal but
not CGD cells (16) and in cell-free systems
reconstituted with normal but not autoso-
mal CGD cytosol (9). As for the 67-kD
protein, some purified NADPH oxidase
preparations contain a catalytic component
of about this size (3), and substrate affinity-
labeling techniques have implicated a 65- to
66-kD oxidase-associated PMN protein as
the NADPH-binding component (17).
Moreover, the 2’,5'-ADP affinity of macro-
phage cytosol factor has been attributed to
NADPH binding site specificity (15).
Whether the 47- and 67-kD factors operate
independently or function together, how
they interact with or possibly bind to the
membrane-associated oxidase components
during activation, what covalent modifica-
tions (such as phosphorylation) occur dur-
ing activation, and whether their affinity for
GTP has functional significance will need to
be determined. Antibodies to these proteins
will facilitate their purification, structural
characterization, and molecular cloning.

REFERENCES AND NOTES

1. B. M. Babior, Hematol. Oncol. Clin. N. Am. 2, 201
(1988); F. Rossi, Biochim. Biophys. Acta 853, 65
(1986); P. Bellavite, Free Rad. Biol. Med. 4, 225
(1988).

2. T. G. Gabig, E. W. Schervish, J. T. Santinga, J. Biol.
Chem. 257, 4114 (1982); T. G. Gabig and B. A.
Lefker, Biochem. Biophys. Res. Commun. 118, 430
(1984); A. R. Cross, ]. F. Parkinson, O. T. G. Jones,
Biochem. J. 223, 337 (1984); T. G. Gabig and B. A.
Lefker, J. Biol. Chem. 260, 3991 (1985); C. A.
Parkos, R. A. Allen, C. G. Cochrane, A. J. Jesaitis, J.
Clin. Invest. 80, 732 (1987); A. W. Segal, Hematol.
Oncol. Clin. N. Amer. 2, 213 (1988).

3. M. Markert, G. A. Glass, B. M. Babior, Proc. Natl.
Acad. Sci. U.S.A. 82, 3144 (1985); G. A. Glass et
al., J. Biol. Chem. 261, 13247 (1986); K. Kakin-
uma, Y. Fukuhara, M. Kaneda, ibid. 262, 12316
(1987).

4. R. A. Clark, K. G. Leidal, D. W. Pearson, W. M.
Nauseef, J. Biol. Chem. 262, 4065 (1987).

5. Y. Bromberg and E. Pick, Cell Immunol. 88, 213
(1984); R. A. Heyneman and R. E. Vercauteren,
J. Leuk. Biol. 36, 751 (1984); L. C. McPhail, P. S.
Shirley, C. C. Clayton, R. Snyderman, J. Clin.
Invest. 75, 1735 (1985); J. T. Curnutte, ibid. p.
1740; Y. Bromberg and E. Pick, J. Biol. Chem. 260,
13539 (1985); J. T. Curnutte, R. Kuver, P. J. Scott,
ibid. 262, 5563 (1987); B. M. Babior, R. Kuver, J.
T. Curnutte, ibid. 263, 1713 (1988).

6. A. I. Tauber, N. Borregaard, E. Simons, J. Wright,
Medicine 62, 286 (1983); J. T. Curnutte, Hematol.
Oncol. Clin. N. Am. 2, 241 (1988).

7. B. Royer-Pokora et al., Nature 322, 32 (1986); A.
W. Segal, ibid. 326, 88 (1987); M. C. Dinauer, S.
H. Orkin, R. Brown, A. J. Jesaitis, C. A. Parkos,
ibid. 327, 717 (1987); C. Teahan, P. Rowe, P.
Parker, N. Totty, A. W. Segal, ibid., p. 720; M. C.
Dinauer and S. H. Orkin, Hematol. Oncol. Clin. N.
Am. 2,225 (1988).

8. J. T. Curnutte, R. L. Berkow, R. L. Roberts, S. B.
Shurin, P. J. Scott, J. Clin. Invest. 81, 606 (1988).

9. S. E. Caldwell et al., ibid., p. 1485.

10. H. Nunoi, D. Rotrosen, J. I. Gallin, H. L. Malech,
Science 242, 1298 (1988).

11. R. Secifert, W. Rosenthal, G. Schultz, FEBS Lett.
205, 161 (1986); T. G. Gabig, D. English, L. P.
Akard, M. J. Schell, J. Biol. Chem. 262, 1685
(1987); E. Ligeti, ]J. Doussiere, P. V. Vignais,
Biochemistry 27, 193 (1988); R. A. Clark, B. D.
Volpp, K. G. Leidal, W. M. Nauseef, Clin. Res. 35,
655A (1987).

13.

14.

15.
16.

17.

18.

19. GTP:

20.

21.
22.

23.

24.

25.

. B. D. Volpp, W. M. Nauseef, R. A. Clark, in
preparation.

GTP-binding capacity of column fractions was de-
termined by using GTP-y-*°S and capturing pro-
tein-bound ligand by rapid filtration on nitrocellu-
lose as described by J. K. Northup, M. D. Smigel,
and A. G. Gilman [J. Biol. Chem. 257, 11416
(1982)].

J. F. Parkinson, L. P. Akard, M. J. Schell, T. G.
Gabig, Biochem. Biophys. Res. Commun. 145, 1198
(1987); R. Scifert and G. Schultz, ibid. 146, 1296
(1987); R. Nozawa, H. Kato, T. Yokota, J. Bio-
chem. 103, 43 (1988).

D. Sha’ag and E. Pick, Biochim. Biophys. Acta 952,
213 (1988).

A. W. Segal, P. G. Heyworth, S. Cockroft, M. M.
Barrowman, Nawre 316, 547 (1985); P. G.
Heyworth and A. W. Segal, Biochem. J. 239, 723
(1986); L. M. Kramer, A. J. Verhoeven, R. L. van
der Bend, R. S. Weening, D. Roos, J. Biol. Chem.
263, 2352 (1988); N. Okamura, J. T. Curnutte, R.
L. Roberts, B. M. Babior, ibid. 263, 6777 (1988).
T. Umei, K. Takeshige, S. Minakami, J. Biol. Chem.
261, 5229 (1986); J. Doussicre, F. Laporte, P. V.
Vignais, Biochem. Biophys. Res. Commun. 139, 85
(1986).

Bleeding of human subjects after obtaining in-
formed consent and generation of antiserum in
rabbits were carried out under protocols approved
by the appropriate institutional committees.
-agarose (6-carbon spacer, Pharmacia) columns
were run as follows: at 4°C the sample was loaded,
column incubated for 1 hour and wash buffer [100
mM KCl, 3 mM NaCl, 3.5 mM MgCl,, 10 mM 1,4-
piperazinediethanesulfonic acid (Pipes), pH 7.3]
was applied; elution buffer [wash buffer plus 150
mM NaCl and 1 mM ATP (Na),] was then applied
at 25°C. ATP could be replaced by an equal concen-
tration of GTP.

Rates of superoxide formation were determined at
37°C in a dual beam spectrophotometer with 0.5-ml
cuvettes containing 50 to 100 p.l of column fraction
to be tested plus 0.1 mM cytochrome ¢ (Fe**), 0.16
mM NADPH, 90 uM arachidonic acid, 107 cell
equivalents each of PMN plasma membrane and
specific granule fractions (4), PiCM buffer (138 mM
NaCl, 2.7 mM KCl, 0.6 mM CaCl,, 1.0 mM MgCl,,
10 mM phosphate buffer, pH 7.4), and in the -
reference cuvette only, 25 pg superoxide dismutase.
Cytochrome ¢ reduction (superoxide formation)
was calculated from the rate of increase in the
absorbance at 550 nm (Assp) with the use of a
specific absorbance of 21.1/mM/cm (4).

U. K. Laemmli, Nature 227, 680 (1970).

A 2.5-kg New Zealand white rabbit was immunized
with four subcutaneous injections (100 pg of pro-
tein) at 2-week intervals. The immunogen was the
peak activity fraction from the GTP-agarose column
(Fig. 1) diluted 1:1 with complete or incomplete
Freund’s adjuvant for the first or second injection,
respectively, and undiluted for subsequent injec-
tions.

H. Towbin, T. Stachelin, J. Gordon, Proc. Natl.
Acad. Sci. U.S.A. 76, 4350 (1979); M. Biter, P.
Kupferer, C. F. Morris, Anal. Biochem. 102, 459
(1980)3: B. S. Dunbar, in Two-Dimensional Electro-
phoresis and I logical Techniques, B. S. Dunbar,
Ed. (Plenum, New York, 1987), pp. 335-346.
HPLC was done at 4°C with a Beckman TSK-3000
SW column, a buffer of 40 mM NaCl, 2 mM MgCl,,
and 10 mM phosphate at pH 7.4, and fractions of
750 pl each. Molecular mass standards blue dextran
(Vo), transferrin (80 kD), ovalbumin (45 kD), and
cytochrome ¢ (12.5 kD) eluted in fractions 6, 9, 12,
and 20, respectively.

We thank D. Pearson and K. Leidal for technical
assistance, S. Flanagan for preparing the manuscript,
J. Score for graphic assistance, M. Welsh and K.
Campbell for reading the manuscript, and H.
Nunoi, D. Rotrosen, J. I. Gallin, and H. L. Malech
of NIH for their analysis of cytosols from CGD
PMNSs. Supported by grants from the U.S. Public
Health Service (AI 20866) and the Veterans Admin-
istration. R.A.C. is a medical investigator of the
Veterans Administration and B.D.V. is supported
by NIH Physician Scientist Award DM 01295.

15 July 1988; accepted 21 September 1988

REPORTS 1297



