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SUMMARY

The NADPH oxidase generates microbicidal superoxide in
phagocytes, and when defective it leads to chronic granu-
lomatous disease (CGD). Oxidase specific proteins in the
cytosol, p4Phox and p67hoX as well as the small GTP

binding protein p2lrac are important for activation of

around the phagocytic vacuole. PMA activation of adherent
neutrophils resulted in a major rearrangement of these
proteins, and of actin, which were lost from the periphery
of the cell and condensed around the nucleus. The
rearrangement of F-actin and coronin in adherent cells,

superoxide production. Because the activity of this oxidase
is normally tightly restricted to the phagocytic vacuole, and
its temporal and spatial organisation might be regulated by
cytoskeletal proteins, we examined the cytosoliphox
proteins for interactions with cytoskeletal elements. p@hox
copurified with a 57 kDa protein, identified as coronin, an
actin binding protein that is important for movement and
phagocytosis inDictyostelium Binding studies revealed that
coronin attaches to the C-terminal half of p4ehox a
binding partner of p67PhoX. The phox proteins and coronin
had a similar distribution in the cell, and both accumulated

were absent, or markedly diminished, in cells from patients
lacking p47Phox or p67°Phox in which an abnormally large
proportion of the coronin was present as part of a large
complex. The cytosoligohox proteins might play a regula-
tory role in the reorganisation of the cytoskeleton accom-
panying superoxide generation.

Key words: Neutrophil, NADPH oxidase, Coronin, Cytoskeleton,
Actin binding protein, Chronic granulomatous disease,
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INTRODUCTION

were markedly reduced in cells lacking P&F (Wientjes et

al., 1993), but primary lesions of g#0* have not yet been
Specialised phagocytic cells, such as the neutrophil, act bsnplicated as the cause of CGD. In vitro experiments suggest
engulfing microbes, which they encapsulate in a membrartbat p4®@h°Xmight down regulate the oxidase (Sathyamoorthy
vacuole and then destroy by releasing superoxide (Babior et al., 1997).
al., 1973; Briggs et al., 1975b) and the contents of cytoplasmic The formation of the phagocytic vacuole is a highly localised
granules (Segal et al., 1980) into this compartment. The resvent, in which the membrane-bound cytoskeleton (Valerius et
piratory burst of superoxide can also be provoked by extranal., 1981) plays an important role. This cytoskeleton has also
ous agonists, such as the chemotactic peptide fMLP (McPhdieen surmised to participate in the NADPH oxidase. The
et al., 1981) and the protein kinase C activator, PMA. Thevidence is circumstantial; thus, fMLP and PMA have both
superoxide is generated by a membrane-associated flavodyeen shown to engender marked changes in the shape of the
tochrome b (Segal et al., 1992; Taylor et al., 1993), which actsll (Howard and Wang, 1987; Wymann et al., 1989) and also
as a NADPH oxidase. To develop activity the enzyme must firsh the polymerisation state of actin (Howard and Wang, 1987;
bind p4P"ox(Segal et al., 1985; Volpp et al., 1989; Lomax etAl Mohanna and Hallett, 1990; Sheterline et al., 1986), and
al., 1989) and p@Pr°x(Leto et al., 1990), cytosolic proteins p47"°x and p6P"°x have been localised to the detergent
known asphoxproteins (fromphagocyteoxidase). Absence or insoluble Acytoskeleton@ (Nauseef et al., 1991; Woodman et
dysfunction, of the flavocytochrome, PA®or p6P"%%results  al., 1991). Further, the small GTP-binding protein, rp21
in impaired production of superoxide and the clinical conditionwhich initiates such processes as membrane ruffling in fibro-
of CGD, characterised by a severe, often fatal, incapacity tolasts (Ridley et al., 1992), is essential for oxidase in the ‘cell
combat bacterial or fungal infections (Thrasher et al., 1994free’ assay of NADPH oxidase activity (Abo et al., 1991;
p40Phoxco-immunoprecipitated with p8™*and cellular levels  Knaus et al., 1992).
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We present here evidence that extensive cytoskeletaifluoroacetic acid at a flow rate of §0/minute. Fractions were
rearrangements accompany activation; we identify coronin, epllected and sequenced using a high sensitivity Applied Biosystems
protein previously shown to bind to actin, as a protein that igrocise system employing capillary HPLC (2800.8 mm C18
associated with the cytosolic components of this oxidase, arf@!umn). Initial yields were in the range 0.5 to 5 pmole.
we demonstrate the malfunction of this cytoskeletal rearrang

ment in different genetic forms of CGD. ?Qecomblnant proteins and binding studies

Recombinant p#noX p6Phoxand p4Bhoxwere made as glutathione
transferase fusion proteins in the pGEX system (Pharmacia) and were
purified from the bacterial lysates as described (Abo et al., 1992;

MATERIALS AND METHODS Wientjes et al., 1996). The N and C termini of p®Bwere made by
amplification of the relevant regions of the gene by PCR. The

Purification of neutrophils and measurement of complete products were cloned into pGEX. R##0lacking the SH3

superoxide generation domain was constructed by site directed mutagenesis using the USE

Neutrophils were purified from fresh human blood by dextran sedimethod (Pharmacia). Recombinant B¥8containing a His.Tag was

mentation and centrifugation through Ficoll/Hypaque as describeBroduced in the pET23d plasmid (Novagen) and purified over a nickel
previously (Segal and Jones, 1980). Superoxide generation wabelate column (Invitrogen). Coronin was expressed in insect cells
measured kinetically by superoxide dismutase inhibitable cytochroméf9) using the baculovirus system. The vector and virus used were
C reduction (Mandell et al., 1987) in a dual beam spectrophotomet&VL1393 and baculogold, respectively (Pharmingen). The protein (8-

(Kontron, Uvicon 860). 10 mg) was purified from insect cells which were washed, pelleted
and frozen (for at least 4 hours-&0°C) in relaxation buffer (Pipes
Electrophoresis and western blotting (20 mM), KCI (100 mM), NaCl (3 mM), MgGI(3.5 mM)). They were

Samples were run on 10% SDS-PAGE minigels and transferred #hen resuspended in relaxation buffer plus Triton X-100 (1%) and
nitrocellulose membranes with a semidry blotter for 1 hour at 1.4rotease inhibitors, sonicated(20 seconds, centrifuged at 15,ap0
mA/cm?. Membranes were stained with Ponceau Red (Sigmafor 15 minutes at4°C, and the supernatant chromatographed by anion-
destained and probed with antibodies from rabbit polyclonal antiser@<change on Source Q (30L.6 cm 1 mi/minute). Coronin eluted at
raised to recombinant pBP% p4®hoX pa®hoxand coronin. Affinity between NaCl in 0.1 and 0.2 M in relaxation buffer. Peak fractions

purified antibodies were prepared as described previously (Wientjgiere further purified on phenyl Sepharose X306 cm, 1 mi/minute)
et al., 1993). eluted with a linear gradient of (MdSQs of 1.0-0 M in water, the
Horseradish peroxidase-conjugated goat anti-rabbit antibody wa¥otein eluting at between 0.4 and 0.5 M.

used to detect reactive bands by ECL (Amersham). In some experi-Recombinant peh® p4Phox pa®hox pa@hoxmutants or human
ments these ECL bands were quantitated by densitometry (AlpHgrum albumin (300 nmol) were coupled onto 1 ml of beads from NHS
imager 2000, Alpha Innotech Corporation), in othéfs Protein A activated HiTrap columns (Pharmacia) and the beads were then
(ICN) was added and bound radioactivity measured on a phosphoirlocked with 1% gelatin (Sigma) in Tris buffered saline (TBS) and
ager (Fuiji). Recombinant coronin, A% and p6Ph°*were used as 0.05% Tween-20 at 37°C for 2 hours. An aliquot of cytosol (BP0

standards. or recombinant coronin (150g) was added to 100l of the beads
and incubated at 25°C for 15 minutes. The beads were washed and
Chromatography of cytosol bound proteins eluted as described (Wientjes et al., 1996).

Neutrophils (%1019 in 10 ml PBS containing glucose (5 mM) were . . . ) )
incubated at 37°C for 5 minutes, stimulated with PMAwgImI) for Subcellylar fractionation of neutrophils and sedimentation
3 minutes, diluted to 60 ml with ice-cold PBS, and centrifuged at 208 Proteins
g for 5 minutes at 4°C. The cell pellet was sonicated %06 3econds ~ Neutrophils (k¥108) in PBS glucose were either unstimulated or stim-
in ‘break’ buffer (KCI (10 mM), NaCl (3 mM), MgGl(4 mM), Pipes  ulated with lug/ml PMA for 3 minutes, cooled with 10 volumes of
(10 mM), pH 7.0, containing protease inhibitors: leupeptipng/nl);  ice-cold PBS, pelleted, resuspended in break buffer |()5@ntain-
pepstatin (1pg/ml); tosyl-lysine-chloromethyl ketone (fig/ml); ing protease inhibitors, sonicated for 3 seconds and centrifuged at
phenyl methyl sulphonyl fluoride (0.5 mM); and phosphatase200g for 10 minutes at 4°C. An aliquot of this post nuclear super-
inhibitors: microcystin (0.1uM); sodium pyrophosphate (5 mM); natant (PNS, 50@l) was centrifuged at 70,00§for 10 minutes at
sodium fluoride (25 mM)) and centrifuged at 120,806r 45 minutes ~ 4°C in a Beckman TLS100.2 head through 10% (@QCand 34%
at 4°C. The supernatant cytosol (approximately 2 ml of 25 mg/msucrose (30Qul) (w/w in break buffer). Membranes at the 10%/34%
protein) was chromatographed successively on the following columristerface were diluted 1:1 with water and pelleted at 25090060 15
equilibrated in break buffer; Superose 12 €7%.6 cm, 2 ml/minute), minutes in a TLA head. The 70,000supernatant was layered onto
Q Sepharose (15 1.6 cm, 1 ml/minute) and heparin agarosec(6  10% sucrose (1 ml) and centrifuged at 250,§G06r 30 minutes to
cm, 0.5 ml/minute). Elution from the latter two columns was with aseparate a pellet of polymerised proteins and cytosol. Proteins in these
linear gradient of 0-1.0 M NacCl in break buffer with inhibitors. different fractions were separated by SDS-PAGE and western blotted.
Relevant fractions from the Q Sepharose column were diluted with In some experiments the PNS was directly centrifuged at 250,000
two volumes of break buffer before application to the heparin agaroggto produce the cytosol.
column. Gel filtration markers were apoferritin (440 kDa), alcohol
dehydrogenase (160 kDa) and bovine serum albumin (67 kDa).  Immunohistochemistry and electron microscopy

_ _ ) Adherent neutrophils were produced by placing the cells in PBS on
Amino acid sequencing glass coverslips after which they were incubated at 25°C for 5 minutes
Proteins were separated by SDS-PAGE, stained with Coomassie Blasd then at 37°C for 5 minutes, and then for a further 10 minutes at
and digested in excised gel pieces with either endoproteinase lys37°C in the presence or absence of PMAgiml).
(Wako) or alkylated trypsin (Promega). Peptides were recovered by To examine phagocytosing cells they were exposed to opsonised
sonication and applied directly to a Reliasil C 18 column (280  fluorescently labelled zymosan. Zymosan particles (10 mg/ml; Sigma)
mm) fitted with an upstream Aquapore AX-300 trap columr ®5  were boiled in PBS for 10 minutes washed once in PBS and washed
mm) on a Michrom Ultra Fast Protein Analyser HPLC system. Thand resuspended to the original volume in NaBC®0 mM, pH
columns were developed with a linear acetonitrile gradient in 0.199.0). Rhodamine isothiocyanate (Sigma, 100:1 of 10 mg/ml in DMSQ)
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was incubated with 1 ml of zymosan for 1 hour at room temperaturéraction. Upon subsequent fractionation over heparin agarose
The reaction was terminated with 1ADof hydroxylamine (1.5 M, p4(Ph0X and pGPhOX again coeluted, and staining of the SDS-
pH 8.5) and the zymosan washed, resuspended in PBS and opsonipg(GE for protein showed that these two proteins were visible,
with fresh human serum (1 ml to 2.5 mg for 1 hour at 37°C angynd that they coeluted with one major protein band with a
washed 3 times with PBS. Ehag.ocytosls.was carried out Wlth 2mg ?élative molecular mass of 57 kDa (Fig. 1Cii).

zymosan per %107 neutrophils with agitation at 37°C for 7 minutes. The protein of molecular mass 57 kDa was eluted from the

Cells were then adhered to glass coverslips for 2 minutes. | d teolvtic f t biected to N-t inal
Subsequent steps were at room temperature. Cells were washeddfd @nd Proteoiylic fragments were subjected to N-termina

PBS and fixed for 10 minutes in 4% paraformaldehyde, washed peduencing. The sequences (D), identified it as a human
PBS and permeabilised with 0.2% Triton X-100 in PBS for 10homologue of coronin, an actin-binding protein implicated in
minutes, and blocked with NaBI{LO mM) in HO for 1 hour, washed ~phagocytosis and movementhictyostelium(de Hostos et al.,
in PBS and incubated with rhodamine phalloidinugiml in PBS,  1991). Four of the five peptides were identical and the fifth (in
Sigma) for 30 minutes or affinity purified antibodies for 2 hours,which the quality of the sequence was less adequate), very
followed by fluorescein labelled goat anti-rabbit IgG antibodysimilar, to the human homologue found in HI-60 cells (Suzuki
(Stratech Scientific Ltd). Control samples were exposed to crudgt g|., 1995). Prior to the publication of this cDNA sequence
g;‘i;;nergugl‘z:sr“m' non-specific rabbit 1gG or goat anti-rabbit 19Gye nad searched a combined GenBank/EMBL nucleotide data

For electron microscopy, neutrophils attached to coverslips, wer%ase for DNA sequence encoc_ilng protein sequence homolo-
unroofed (Hartwig et al., 1989) in the presence phVsphallicidin. gous to_the pephdes we obtained. Two homologous cDNA
The cells were fixed with glutaraldehyde and labelled with rabbit antibuman infant brain clones (ATCC85437 and ATCCB85531,
coronin and goat anti-pBPX Secondary antibodies (chicken anti- EST06940 (Adams et al., 1993)) were identified. ATCC85531
rabbit and swine anti-goat) were coupled to 8 and 15 nm golwvas fully sequenced and the nucleotide sequence we obtained
particles, respectively. After immunogold labelling, the samples wereorresponded exactly with that of the HI-60 cDNA (Suzuki et
snap-frozen, freeze-dried and rotary-coated using a Cressingten., 1995).
freeze-fracture apparatus. Replicas were viewed with a JEOL 1200- The coronin was cloned, sequenced and expressed in insect
EX electron microscope. cells. A polyclonal antibody was prepared by immunising
Patients rabbits and was u;ed to fol[ow the distribution pf coronin
In all patients with CGD the complete absence of superoxide prot_hrough the pur_lflcatlon described _above, and for 'mm“mﬂ‘."
duction after stimulation with PMA was assessed by superoxid rescence and |mmuno-_electron microscopy. AS s_hown in Fig.
dismutase inhibitable reduction of cytochrome C. A, the bulk_ of the coronin eluted from the g(_al _flltratlon column

All the X-linked patients had a classical X-linked pattern of inher-together with the p@7°* and p46h° containing complex,
itance, the absence of the flavocytochrome b on spectral analysis addhough about a third of the total was of a much higher relative
western blotting, and a lesion in the gene coding for Bjj9®demon-  molecular mass. The elution profiles of the three proteins were
strated by nucleotide sequencing (Roos et al., 1996R"¢4and  similar on the Q Sepharose and heparin agarose.
p6Phox deficient patients were completely deficient in the relevant Quantitative western blotting with recombinant proteins as
protein on western blotting. standard indicated that coronin accounted for about 4% of the

total cellular protein as compared with 0.1% for f¥@¥and
0.05 for p6P"°X very similar to the levels previously recorded

RESULTS for these two proteins (Leto et al., 1991).

. . o In Dictyosteliumcoronin is located in the cytoplasm and in
p40Phox and p67Phox are associated with coronin in the submembranous cytoskeleton (de Hostos et al., 1991). A
the cytosol small proportion of the cytosoliphox proteins and coronin

It is well recognised that in gel filtration of the cytosol, 87  were associated with neutrophil membranes (shown in Figs 5
migrates in a single zone of apparent relative molecular massid 6) and we therefore examined the distribution of these
of about 250 kDa, and that a portion of the {38¥separates proteins on the submembranous cytoskeleton by immunohis-
with this peak, with the remainder eluting at a much lowetochemistry on deroofed, adherent neutrophils. Immunogold
molecular mass, compatible with that of the monomeric proteitabelling revealed that p8T*and coronin co-localised in
(Curnutte et al., 1987; Someya et al.,, 1993). To examinelusters on filaments of the meshwork of the submembranous
p4CPhox paPhoxgand p6Poxfor an interaction with cytoskele- cytoskeleton (Fig. 1E).
tal elements, the cytosol was chromatographed in an attempt
to identify associated cytoskeletal or linker proteins. Fig. 1coronin binds to p40 Phox
shows that after permeation chromatography through Supero¥e determine whether coronin was binding to 7580 or
12, p6Phoxand p4B@hoxeluted together with a molecular mass p67°"°% studies were performed with these purified proteins,
of about 250 kDa, with about half the pa% associated with as well as with p#"°*immobilised on beads. Albumin was
these proteins and the remainder coming off with a much lowersed as control. Fig. 2A shows the Coomassie stained gel of
apparent molecular mass. This pattern reflects the tightgroteins eluted from the beads after they were incubated with
binding of p6Ph°Xto p4®hoxthan to p47hox (Wientjes et al., neutrophil cytosol. The results of the western blots are shown
1996). in (B). Samples of whole cytosol are shown in lanes marked
The peak fractions containing the P& and p46hoxand  (S). Coronin attached exclusively to p4% under these con-
some of the p#h°Xwere then separated by anion exchangalitions. The p4#'°*beads also strongly bound p8% some
chromatography on Q Sepharose. ¥¥89and p6P"°*bound  p47P"°* and a small amount of pak, possibly through its
to this resin and eluted together at a NaCl concentration @fttachment to bound p8PX as the p6¥'°*beads themselves
about 0.5 M, whereas pP* remained in the unbound extracted a relatively large amount of p&ifrom the cytosol.
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Neutrophil cytosol was chromatographed successively by ()
gel filtration on Superose 12 (A), anion exchange on Q -~ e, ~pB7Phox
Sepharose (B) and then an affinity heparin agarose e el
column (C). After each separation, those fractions — — e < paoPhox
containing the highest concentrations of $#7and :
pachoxwere pooled and applied to the next column. s U E 15" - '|0'25
Subsequently, after the association between these iy o+ - . R e e s . = | kDa
proteins and coronin had been identified, antibodies were . ) - T
raised to coronin and the blots were reprobed to T c— — O w— ———
demonstrate its elution profile. The images are of e . . S .-;.13 ——pB7Phox
western blots for the designated proteins except for Cii - e L - ~-coronin_}—
which shows a Coomassie Blue stained gel of the S — — _5 < paoPhox
fractions eluted from the heparin agarose column. The 57 ' _
kDa protein that copurified with pg®*and p6P"°*was 2
identified by amino acid sequencing of peptides g
separated from a digest of the protein eluted from the

gel. As shown in D, the sequences of these peptides were
homologous with the amino acid sequence of the humanE
homologue of coronin (Suzuki et al., 1995) shown below
in italics. In each case S and U represent the start and

SaquenceHomomy

unbound material for that particular column. In each case FRHVFGQPK
L J indicate the fractions taken through to the next FRHVFGQPK  pb7(11-20)
separation and, where appropriate, the concentration of XVRIEPXK

RVRIEEPRK  pb7(199:207)
DRPHEGTR
DRPHEGTR  p57(215:222)
ESQRGMGYK
ESQRGMMPK — p57 (316:324)
RLDRLEETAK
RLDRLEETAK  p57 (450-461)

the linear NaCl gradient over which those fractions
eluted. (E) An electron micrograph of a deroofed
neutrophil (Hartwig et al., 1989) showing the
cytoskeletal network on the cytosolic surface of the
plasma membrane. Immunostaining with gold-labelled
antibodies to coronin (15 nm particles) andR56%(8

nm particles) colocalises these two proteins on filaments
of this network.

Both the p40'°x and p6Ph°x peads bound some pAPX previously (Wientjes et al., 1996). It would appear that the
Although the p67°*pbound p4@h°X this did not in turn bind binding of p6P"°*does not impair the binding of coronin to
enough coronin to be detected. Some of these proteins can #P"%% as these three proteins are associated in the cytosol.
identified on the Coomassie stained gel as indicated. In _ ) )
addition, a protein at about 55 kDa bound to all the beads ihhe absence of p47 PNox or p67 Phox s associated with
differing amounts. It was identified as tubulin by amino acidexcessive assembly of coronin as part of a large
microsequencing. Another at roughly 75 kDa, that eluted frongomplex
the p4@"°xpeads, was identified as a bacterial contaminant. Having demonstrated that coronin copurifies withPhZtand
Further investigation of the coronin/g4@* interaction, p67Ph°% and that it binds to p20PXon affinity columns, we
using p4@"°x constructs immobilised on beads, verified thewished to determine whether the lack of these cytogiax
binding of coronin from cytosol to the full length 4% and proteins had any effect upon the behaviour of coronin in cells.
more specifically to the C terminus (Fig. 2D). PBFalso  We first looked at its subcellular distribution. The results of one
bound to the same region of A% as has been demonstratedsuch study are shown in Fig. 3A. Cytoskeletal proteins are dis-
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&
& L0
D s > FFP Normal X0-CGD p4a7phox® pg7phox?
kDa Fig. 3. The solubility of coronin is diminished in neutrophils
ox - = 94 deficient in p47"°%gr p67Phox The subcellular distribution of
p{?c'?r‘;mn : - 45 S—diin 67 coronin (A) was determined in PMA activated cells from normal
- - 43 neutrophils (lanes 1, 4, 7 and 10) and those from patients lacking
p4m™hoX(lanes 2, 5, 8 and 11) or g§7*(lanes 3, 6, 9 and 12). The
striking abnormality was the marked depletion in coronin in the high
Fig. 2. Coronin binds to p4%°% Binding studies were performed speed supernatant of the cytosol from thefeficient cells (lane
with neutrophil cytosol passed over equimolar amounts of 5, arrow) and to a lesser extent P&¥(lane 6). Postnuclear

p4CPhox p4Phox pgPhoxor human albumin, as control, immobilised  supernatant (PNS, 14@ protein), cytosol (11Qg), polymerised
on beads. The eluates were electrophoresed and the Coomassie Blpmtein pellet (9Qug) and membranes (6, 15 andpigin lanes 10,
dyed gel (A) and corresponding western blot (B) with the designated.1 and 12) were separated by SDS-PAGE and Coomassie Blue
antibodies are shown. (C and D) Binding of coronin from cytosol to stained (i) or western blotted (i) with antibodies to {587 p67hox
different regions of p4®°x. The constructs from which the mutant  and to coronin. (B) The percentage of coronin (mean * s.e.m.)
proteins containing the N terminus or the C terminus, with and remaining in the cytosol was determined in neutrophils from 4
without the SH3 domain, were made are shown schematically in C. normal individuals, patients with CGD lacking the flavocytochrome
Coronin and p6¥°*that were attached to the immobilised proteins b (XO-CGD), p4P"Xor pePhoxbefore (open bars) and after (filled
are shown in the western blot (D). bars) stimulation with PMA (4 subjects in each group apart from
three measurements on two p®Fdeficient patients).

tributed between three main paoés assembled cytoskeleton

that is insoluble and sediments when centrifuged at low speefilaction, the high-speed pellet and the cytosol (3Aii). In cells
a labile pool of polymerised proteins that are released fronacking p4Pho%(lanes 2, 5, 8 and 11) or g&?(lanes 3, 6, 9
detergent solubilised cells but consist of assemblies of proteimnd 12) there was a striking decrease of coronin in the cytosol
that are large enough to pellet fairly rapidly at high centrifuga{lanes 5 and 6). The overall F-actin concentration and its sub-
force; and a pool of soluble proteins which remain in the higleellular distribution were undisturbed in the patients as shown
speed supernatant cytosol (Hinshaw et al., 1993). In normal the Coomassie Blue stained gel (Fig. 3Ai). The failure of
cells (lanes 1, 4, 7 and 10) coronin was found in the membrap&7"°x to translocate to the membranes of {87 deficient
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F-actin

Fig. 4. The distribution of F-actin, coronin and A%

in spread neutrophils before and after stimulation with

PMA. The distribution of F-actin (A and B), coronin

(C and D) and p#1°X(E and F) in neutrophils pa7phox
adherent to glass slides, before (A,C,E) and after

(B,D,F) stimulation with PMA. The distribution of

these proteins was predominantly perinuclear and

around the margin of the cell in unstimulated cells,

and after stimulation they condensed around the

nucleus. Bar, 1um.

cells upon activation (lane 11) is well recognised (Heyworth esame time as, and processed in parallel with, the patient
al., 1991). samples.
Fig. 3B shows the results of a study to extend these obser- ) .
vations. Cells from all 4 of the patients lacking P#¥%¥and  The actin and coronin cytoskeleton of adherent
both those deficient in p8™*had markedly reduced levels neutrophils undergo a major reorganisation after
of coronin in the cytosol of both unstimulated and PMA&ctivation of the oxidase with PMA, a change that is
activated cells, when compared with those from 4 normaot observed in p47 Phox and p67 Phox deficient cells
subjects. We used fluorescence microscopy with TRITC-phalloidin to
The solubility of coronin can be separated from activity oflocalise F-actin, and antibodies to coronin, {89 p4Phoxand
the NADPH oxidase by examining it in cells from patients withp67h%X to follow the distribution of these proteins in resting
X-linked CGD. In these cells superoxide generation is alsand phagocytosing cells and to determine the effects of stimu-
completely lacking as a result of an absence of the flavdation with PMA.
cytochrome bsg, and levels of p#hoxand p6Ph°%are normal. The cells were examined under three different conditions:
In cells from 4 patients with X-linked CGD release of coronincells that had attached to the glass coverslips and spread; cells
was at normal, or supranormal, levels. An isolated absence tifat had attached but had not spread, maintaining a rounded
p4Phoxhas not been described, although it is reduced in cellshape; and cells that had phagocytosed zymosan and had
lacking p6P"°x (Wientjes et al., 1993) so it has not beenattached to the glass but not spread.
possible to determine the functional consequences of aln the spread cells (Fig. 4), F-actin (4A and B) coronin (4C
selective absence of this protein. and D), and thghoxproteins had a similar distribution, being
In all these cases the normal control cells were taken at thecated predominantly around the margins of the cell and in



NADPH oxidase and coronin 3077

PMA

actin

Fig. 5. The distribution of F-actin and coronin in )
p4Phoxdeficient spread neutrophils before and after ~ coronin
stimulation with PMA. The distribution of F-actin (A

and B) and coronin (C and D) in neutrophils adherent

to glass slides, before (A,C), and after (B,D),

stimulation with PMA. In p4#h°Xor p6Poxdeficient

cells the F-actin and coronin had a normal

distribution which did not change upon stimulation.

the perinuclear region (p&®*is shown in E and F and had a found that the coronin and cytosofibox proteins accumu-
analogous appearance to p2and p6P"%%. Activation gave lated at the plasma membrane at the point of contact with the
rise to an extensive structural upheaval in which all theseymosan particle, and then surrounded the phagocytic
proteins condensed around the nucleus (shown in Fig. 4B,D,Rjacuole as it invaginated into the cytoplasm (Fig. 6A-D).
That this is the result of the loosening of the submembraneousin normal cells, p47° (Fig. 6C), p6P"°* (Fig. 6B and D)
cytoskeleton is strongly implied by the further observation thaand coronin (Fig. 6A) showed a similar distribution in rela-
cytochalasin B produced similar effects (not shown). tionship to the phagocytic vacuole. They accumulate around
Because of the demonstrated association gittb&proteins  the phagocytic cup as it develops, and continue to surround the
with, and their influence on the solubility of, coronin, wevacuole after phagocytosis is complete and it has moved into
examined the distribution of coronin and of F-actin in cellshe interior of the cell. Fig. 6E and F show a neutrophil from
with the CGD phenotype lacking the different components o& p4Phox deficient CGD patient with two zymosan particles,
the NADPH oxidase complex. In cells lacking PPk or  one completely ingested, and another soon after attachment,
p67hox the F-actin (Fig. 5A) and coronin (Fig. 5B) had ademonstrating the early stages of the formation of a phagocytic
normal distribution in unstimulated adherent cells. The strikingup. The cell has been probed with antibodies to both coronin
anomaly observed in cells deficient in P&PFor p6P"oX(Fig.  (Fig. 6E) and to p@1°X Fig. 6F shows rhodamine fluorescence
5B and D are representative) was the failure of the redistribwf the zymosan particles and the labelling of 987 In Fig.
tion of coronin, F-actin or the complementary cytosplimx  6E the rhodamine fluorescence of the zymosan and antibodies
protein after stimulation with PMA. This abnormality was to p67Ph°have been subtracted revealing the distribution of the
restricted to cells from these types of CGD as cells from Xantibodies to coronin labelled with fluorescein. The coronin is
linked patients responded normally. seen forming dense deposits around the phagocytic cup, and it
In adherent rounded cells, the coronin gwx proteins  also surrounds the internalised particle. R98¥ showed a
were fairly homogeneously distributed throughout thesimilar distribution around the phagocytic cup, although in this
cytoplasm, with a slightly increased density at the peripherypreparation the fluorescence from p&Taround the vacuole
After stimulation with PMA these cells became irregular incould not be distinguished from the intense fluorescence of the
shape, and there was a redistribution of a proportion of theymosan.
coronin and of all threphox proteins, which moved to form
aggregates under the plasma membrane, with a lower concen-
tration in the cytoplasm which appeared slightly reticulate (noDISCUSSION
shown).
_ _ An association between the NADPH oxidase and the cytoskel-
Phagocytosing neutrophils eton could provide a mechanism by which the superoxide gen-
When the adherent neutrophils phagocytosed zymosan vegation could be restricted to the phagocytic vacuole. Previous
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p47ph0x p67ph0x

coronin p67Phox

Fig. 6. Distribution of coronin (C

and E), p47hox(A) and p6Phox
(B,D,F) in neutrophils
phagocytosing serum opsonised
zymosan. All three of these proteins
accumulated around the phagocytic
cup and around the endocytosed
particles (Z) in both normal and
p4Phoxdeficient cells.

(A,B,C,D) Normal phagocytosing
cells labelled with FITC antibodies
to coronin (A), p47hox(C) and (p47Phox0)
p67hox(B and D). (E and F) A cell

from a patient deficient in p8P%

labelled with FITC antibodies to

coronin (E). (F) Both the zymosan

(2) and anti-p67°xantibodies were

labelled with TRITC.

p67phox
(p47phox0)

coronin

studies have given some indication of an association betweegtoplasm and is incorporated into the actin network of a
the cytosolicphoxproteins and the cytoskeleton based largelynascent leading edge of the cell where it participates in the
upon their insolubility after detergents were added to wholeeorganisation of the cytoskeleton (Gerisch et al., 1995).
cells (Nauseef et al., 1991; Woodman et al., 1991) or t€oronin is also important for phagocytosis (Maniak et al.,
membranes (El Benna et al., 1994). 1995) which is depressed in null mutants. It accumulates in
The most interesting novel observation in the present studyhagocytic cups and is then released from the wall of the
was that in the cytosol p8®*and p6Ph°Xare bound to coronin vacuole after it is formed.
(de Hostos et al., 1991), which provides intriguing clues to an The coronin is solubilised when neutrophils are stimulated
additional layer of organisation of the interaction between theith fMLP or PMA and the oxidase activated. This solubilisa-
NADPH oxidase and the cytoskeleton. tion was selective and did not affect the other cytoskeletal
Coronin derived its name from its association with crown-roteins examined, actioractinin or gelsolin, or the cytosolic
shaped projections from growth-pha&sctyostelium dis- phoxproteins (data not shown). At first sight this discrepancy
coideum(de Hostos et al., 1991), from which all the functionalbetween the solubilisation of coronin and of P¥7 and
information we have, is derived. It is a cytoplasmic actin-assg@67°"°* might appear somewhat surprising, as these proteins
ciated protein that accumulates at the cortical sites of movingre associated in the cytosol, but the coronin is present in an
cells and contributes to the dynamics of the actin system. It Epproximately fortyfold excess, and clearly teox proteins
a member of the WD-repeat (de Hostos et al., 1991), andould only be bound to a minor component. Most interest-
leucine zipper (Suzuki et al., 1995), families of proteins, anéhgly, p4Ph°*and p6Pho*played an important part in the reor-
is known to interact with actin-myosin complexes. In coroninganisation of the cytoskeleton induced by activators of the
null mutants, cell locomotion is slowed and cytokinesis ioxidase, providing the most convincing linkage between the
impaired (Gerisch et al., 1995). A coronin-GFP fusion proteiroxidase and cytoskeleton. In the absence of these proteins the
was used to demonstrate that coronin is recruited from theoronin was very sparingly solubilised, and the perinuclear
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condensation of F-actin and coronin in adherent cells was natherent cells the F-actin cytoskeleton, and coronin, underwent
seen. This was not simply a result of the failure of superoxida major reorganisation upon activation of adherent cells with
generation in general because normal release was observedMA. This reorganisation, in which the F-actin and coronin
X-CGD cells lacking the flavocytochrome b. Taking into appear to detach from the cell margin and to condense around
account the stoichiometry discussed above pti@x proteins  the nucleus, could occur as a result of the disruption of the con-
are likely to be playing a regulatory role, possibly throughection between the central network and the peripheral sub-
interactions with other regulatory proteins, such asrgi2Zl membranous cytoskeleton, as a fairly similar pattern was
which binds to p6#°x (Diekmann et al., 1994) and/or PAK observed if the cells were treated with cytochalasin B. This per-
which in turn binds to p2ac (Prigmore et al., 1995; Martin inuclear condensation of F-actin has also been seen in mast
et al., 1995). p2ac (Diekmann et al., 1994) is important for cells activated with GTR-S (Norman et al., 1994) and has a
activity of the NADPH oxidase in the cell free assay (Abo esimilar appearance to the condensation of F-actin seen in
al., 1992). It also induces membrane ruffling when injected intporcine aortic endothelial cells microinjected with the WASP
Swiss 3T3 cells (Ridley et al., 1992) and activates uncappingrotein (Symons et al., 1996).
of F-actin in permeabilised platelets (Hartwig et al., 1995). Neutrophils andictyostelium discoideurare very similar
These cytosoliphoxproteins could play a more general role in size, appearance and function as they are both highly motile
in the organisation of the cytoskeleton in other cells, foland engulf and digest bacteria. It is therefore not surprising that
example in B lymphocytes, in which they are much mordhey have similar cytoskeletal structures to accommodate their
abundant (Chetty et al., 1995) than would be expected if thecommon physiological requirements, including the role of
only requirement was for the relatively low oxidase activitycoronin in phagocytosis. The work undertaken in this study
produced by these cells (Cohen Tanugi et al., 1991). indicates that the cytosoljghox proteins are involved in the
Despite the obvious effects of the lack of P¥¥or p67hox  regulation of this specialised cytoskeleton in neutrophils, and
on coronin solubility and cytoskeletal morphology, the lack othat they provide a connection between it and regulation of the
these proteins did not appear to grossly influence functions 6fADPH oxidase.
the cell other than that of the NADPH oxidase, which was com-
pletely absent. Neutrophil motility and chemotaxis was found We thank the Wellcome Trust for support and Anna Koffer, Walter
to be normal in cells lacking p@®*or p6Ph%% as well as those Gratzer, John Sleep, Jenny Pinder and Laura Machesky for helpful
wih X-inked CGD (Zcha et al. 1997). Athough s might S0/ o, S, o ssssanes e, mesieron
at first appear surprising, it has been found Bhetyostelium e ;
defectiveppin ABP—p120 g(JBrink et al.,, 1990) O?IyMactinin sequencing; and Oanh Truong for mass analysis.
(Wallraff et al., 1986) show essentially normal chemotaxis,
whereas the complete absence Qf cqronin ((_je Hostos et 3ygFERENCES
1993) only leads to partial reductions in motility and chemo-
taxis. Abo, A., Pick, E., Hall, A., Totty, N., Teahan, C. G. and Segal, A. WL991).
Under natural conditions the NADPH oxidase is dormant The small GTP-binding protein, p21rac 1, is involved in activation of the
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