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Abstract

The binding of specific ligands to neutrophil cell surface re-
ceptors and the association of these receptors with the cyto-
skeleton may represent an essential step in activation. To
identify surface proteins that are linked to the cytoskeleton
during activation, neutrophil l25l-surface labeled plasma mem-
branes were extracted with Triton X-100, and the soluble and
insoluble (cytoskeleton) fractions analyzed by SDS-PAGEand
autoradiography. The major cell surface proteins recruited to
the cytoskeleton after activation with Con A, FMLP, zymo-
san-activated serum, or immune complexes possessed a rela-
tive molecular mass in the range of 80 to 13 kD. In addition to
these proteins, WGAstimulates the recruitment of a 140-kD
protein (GP 140) to the cytoskeletal fraction. That GP140 is a
WGA-binding protein was verified by Western blotting and
WGA-Sepharose affinity chromatography. The Coomassie
blue staining pattern of the WGAcytoskeletal fraction re-
vealed major protein bands at apparent molecular weights of
> 200 (- 250, 240, 235), 200, 115, 82/78 (a doublet), 56, 43,
36, and 18 kD. Labeling cells with 32PO4 before WGAtreat-
ment indicated that the cytoskeletal proteins with molecular
weights of 115, 82/78, and 72 kD, and a 40-kD detergent
soluble protein, are phosphorylated during activation. The 78
kD cytoskeletal phosphoprotein co-migrates with the lower
subunit of erythrocyte (RBC) band 4.1 and shows strong
cross-reactivity with RBCanti-band 4.1 antibody. Phosphory-
lation of cytoskeletal proteins like 4.1 may be involved in the
regulation of interactions between GP140 and the actin-con-
taining cytoskeleton. Unlike the C3bi receptor, GP 140 is a
major surface component of unactivated PMNs, has no stoi-
chiometrically related 95-kD subunit, and has two isoforms
with pIs in the range of 6.4 to 6.6. Under conditions that result
in an increased expression of the C3bi receptor (such as treat-
ment with the Ca2" ionophore A23187), the amount of GP140
on the PMNcell surface appears to be significantly reduced.
The interaction of GP140 with the cytoskeleton during activa-
tion suggests that GP140 may play an important role in neu-
trophil functional responses.

Introduction

The association of PMNcell surface membrane proteins with
the cytoskeleton is essential for processes such as shape change,
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chemotaxis, adhesion, cell motility, phagocytosis, and cell-cell
recognition. Whenextracellular ligands (e.g. phagocytic parti-
cles, chemotactic peptides, immune complexes, lectins) bind
to specific cell surface receptors on PMNs, these cells change
shape and reorganize their cytoskeleton (1). During such PMN
activation, the resultant ligand-receptor complexes usually ag-
gregate to form small cell surface patches that may redistribute
into larger patches and caps (1-3). Extensive immunocyto-
chemical and biochemical studies have led many investigators
to suggest that the movement of these ligand-receptor com-
plexes in the plane of the membrane occurs through the direct
or indirect interaction of receptors with membrane-associated
microfilaments. This hypothesis is further supported by the
fact that receptor cap formation is accompanied by a co-re-
cruitment of actin and myosin, and can be inhibited by cyto-
chalasin D or chloropromazine (4-7).

More direct evidence for an interaction between mem-
brane receptors and actin in PMNsis provided by experiments
in which the binding of the chemotactic peptide FMLP to
FMLPreceptors or phagocytic substrate to Fc-receptors leads
to the rapid but transient polymerization of actin (5, 8, 9).
Chemotactic peptides appear to promote actin polymerization
by increasing the number of available nucleation sites for po-
lymerization (8). Localized induction of actin nucleation sites
may in turn determine specific cellular sites for cytoskeletal
reorganization, and thus confer directionality to subsequent
motility. Concomitant with actin polymerization, the ligand-
receptor complex is converted from a fast dissociating (or low
affinity) form to a slow dissociating (or high affinity) form (10,
1 1). Several labs have also demonstrated that following ligand
binding, the Con A, Fc, FMLP, CR1, and CR3 (C3bi/MO- 1)
receptors are recruited to the detergent insoluble actin-con-
taining cytoskeleton of PMNs(3, 4, 12-14). The specific asso-
ciation of these receptors with actin filaments is further sup-
ported by the fact that cytochalasin D blocks the formation of
ligand-receptor complexes (3, 12, 14). Jack et al. (3) have ex-
tended these observations by showing that '251-actin binds to
Fc and CR3 (C3bi/MO-l) receptors immobilized on Sepha-
rose-Fc/CR3 receptor antibody beads. Whether this binding
reflects a direct interaction between the receptor molecules
and F-actin or is mediated by membrane and/or cytoskeletal-
binding proteins remains to be determined.

In the present study, we have identified a major PMNcell
surface glycoprotein (GP 140) that becomes linked to the
plasma membrane-associated cytoskeleton after treatment of
PMNswith wheat germ agglutinin (WGA),' but not other
PMNagonists. An erythrocyte band 4.1 analogue was identi-
fied in the WGA-induced cytoskeletal fraction and may partic-
ipate in linking GP 140 to the actin-based cytoskeleton during
activation. GP 140 is distinct from the C3bi (MO-1) receptor

1. Abbreviations used in this paper: ACD, acid citrate dextrose, NGF,
nerve growth factor; PM, plasma membrane; TX-100, Triton X-100;
WGA,wheat germ agglutinin.
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and its expression on the cell surface is reduced under condi-
tions that increase C3bi receptor expression. The association
of GP 140 with the cytoskeleton during WGA-mediated cell
activation suggests its potential importance in PMNfunctional
responses.

Methods

Cell preparation
PMNswere isolated from human peripheral blood as previously de-
scribed (I15). Briefly, fresh whole blood was obtained by venipuncture
from healthy volunteers and immediately added to acid citrate dex-
trose (ACD). The PMNswere purified by dextran sedimentation fol-
lowed by hypotonic lysis to remove the majority of erythrocytes and
then centrifuged through Ficoll-Paque (Pharmacia Fine Chemicals,
Piscataway, NJ) to remove contaminating mononuclear cells.

PMNcell surface iodination and plasma
membrane isolation
Cells were surface iodinated in PBS for 45 min on ice by the lactoper-
oxidase/glucose oxidase method outlined by Hubbard and Cohn (I16).
Plasma membranes (PM) were isolated following a modification of
Jesaitis et al. (17) by nitrogen cavitation in buffer (8) containing 138
mMKCI, 2 mMMgC92, 10 mMimidazole, pH 7.2, 1 mMEGTA, 1
mMDTT, 1 mMPMSF, 1 ug/ml aprotinin, and 1 Ag/ml leupeptin.
After cavitation, the homogenate was sequentially centrifuged at 350 g
for 6 min and 1,500 g for 10 min to remove unlysed cells, nuclei, cell
fragments, and some granules. 10 ml of the 1,500-g supernatant was
loaded onto a discontinuous sucrose gradient consisting of 6 ml of
15%, 8 ml of 35%, and 6 ml of 50% sucrose in imidazole buffer plus 200
ug/ml soybean trypsin inhibitor and centrifuged at 100,000 gfor 2.5 h.
An enriched plasma membrane fraction was then recovered by re-
moving material located at the 15%/35% interface, diluting it with
imidazole buffer and centrifuging at 100,000 g for 45 min. This frac-
tionation scheme was verified by following the differential distribution
of specific and azurophilic granules, and the '25I-labeling profile on
linear sucrose gradients (10). After isolation the PMfraction was ana-
lyzed by SDS-PAGEand autoradiography as outlined below. Surface
membrane proteins of steady-state (control) or activated PMNswere
compared by analyzing PM fractions from cells that were iodinated
either before or after activation.

Activation of PMNswith Con A, WGA, FMLP, zymosan-
activated serum, immune complexes, and the calcium
ionophore, A23187
Control samples for each of the following activation protocols con-
sisted of the appropriate buffer without added ligand.

Concanavalin A (Con A). PMNs(5 X 107/ml) were incubated with
20 ,g/ml Con A in Ca2+/Mn2+-PBS (0.1 mMCaCl2 and 0.1 mM
MnCl2) for 5 min at 37°C or 20 min at 4°C, washed several times in
ice-cold PBS, once in imidazole buffer, and the PMfraction was iso-
lated.

Zymosan-activated serum. Serum diluted to 10% in PBS, contain-
ing 1 mMMgCl2 and 0.9 mMCaCl2, was activated with 1 mg/ml
zymosan at 37°C for 15 min. The zymosan was then removed by
centrifugation at 1,000 g and cells (5 X 107/ml) were incubated in the
activated serum for 10 min at 37°C or 20 min at 40C. The cells were
washed several times in PBS before PMisolation.

FMLP. PMNs(5 X 107/ml) were incubated in 10-7 MFMLPfor 5
min at 37°C or 15 min at 40C in PBScontaining 0.6 mMCaC12 and 1
mMMgCl2. The cells were then washed several times in cold PBS and
the PMfraction isolated.

Immune complexes. PMNs(107/ml) were incubated with 0.1 g/ml
BSA-anti-BSA immune complex (18) in PBS (containing 0.1 mM
MgCl2 and 0.1 mMCaCl2) for 15 min on ice. After incubation, the cells
were washed several times in ice-cold PBS before PMisolation.

WGA. PMNs (5 X 107/ml) were exposed to 10 Ag/ml WGAin

Ca2+/Mg2+-containing PBS (0.1 mMof each cation) for 15 min on ice.
The cells were then washed several times in cold PBSand the PMwas
isolated.

Metabolic labeling ofPMNs with ionorganic [32Plphosphate
PMNs(5 X 107/ml) were labeled in incubation medium (6 mM
Hepes/Tris, pH 7.4, 0.15 MNaCl, 10 mMglucose, 5 mMKCI, 1 mM
MgCI2, 0.25 mMCaCI2) (19) containing 0.125 mCi/ml of H332P04 for
2 h at room temperature. Cells were then incubated in either Ca2+/
Mg2+-PBS (0.1 mMCaCl2 and 0.1 mMMgCl2) alone or in Ca2+/
Mg2`-PBS containing WGA(10 ,gg/ml) on ice for 15 min. The cells
were washed several times with incubation medium minus the glucose
before PMisolation. To inhibit phosphatase activity, 10 mMNaF was
included in all solutions used for plasma membrane isolation. In order
to identify phosphoproteins associated with the cytoskeleton, PM
fractions were extracted in Triton X-100 (TX-100) to separate deter-
gent soluble and insoluble (or cytoskeletal) fractions. Unextracted
plasma membrane, cytoskeletal, and soluble fractions were analyzed
by SDS-PAGEand autoradiography.

Nonionic detergent extraction
TX-JOO extraction. Isolated PM from surface iodinated PMNswas
washed in imidazole buffer, pH 7.2, and resuspended in imidazole
buffer containing 1% TX-100 (vol/vol), 1 mMPMSF, 1 gg/ml apro-
tinin, and 1 gg/ml leupeptin. A time course analysis of extraction at
0°C indicated that maximal extraction was reached by 10 min. There-
fore, all extractions were performed for 10 min. The protein concen-
tration in all samples did not exceed 0.5 mg/ml. The detergent extract
was centrifuged at 100,000 g for 10 min in an airfuge (Beckman In-
struments, Inc., Fullerton, CA). The soluble fraction was removed and
the insoluble (cytoskeletal) fraction was resuspended in extraction
buffer, transferred to a clean tube, pelleted in the airfuge, and washed
at least three times. After centrifugation, either (a) the supernatant (the
TX- 100-soluble fraction) was fractionated over a WGA-Sepharose col-
umnor (b) the supernatant and pellet (the TX- 100-insoluble cytoskele-
tal fraction) were analyzed by SDS-PAGEand autoradiography. The
TX-100 insoluble (cytoskeletal) and soluble fractions when combined
represented 200 utg protein. Obviously, the cytoskeletal fraction from
unactivated cells represented far less total protein than that derived
from activated cells.

Triton X-114 (TX-114) extraction. Isolated PM from untreated
(unactivated) surface iodinated PMNswas washed in 10 mMTris-
HCl, pH 7.2, 150 mMNaCl and then resuspended in 200 ,AI of the
same buffer containing 1% (vol/vol) TX-i 14. The protein concentra-
tion was maintained at -1 mg/ml. The samples were incubated at
0°C for 30 min with vortexing at 5-min intervals and then partitioned
according to the method of Bordier (20). The resulting lower "deter-
gent" phase and upper "aqueous" phase were then analyzed by SDS-
PAGEand autoradiography. The lower phase contains both hydro-
phobic membrane components and any hydrophilic cytoskeletal pro-
teins that are associated with them. In addition, some cytoskeletal
proteins will independently cosediment with the detergent micelles.

Western blotting
WGA. Isolated PMwas run on SDS-PAGE(6-17% exponential gra-
dient) as described below followed by transfer to nitrocellulose (21).
The nitrocellulose sheet was incubated with 30 ,g of '25I-labeled WGA
(0.3 ,uCi/zg), air dried and analyzed by autoradiography. WGA(E. Y.
Labs, San Mateo, CA) was iodinated using the iodogen (Pierce Chemi-
cal Co., Rockford, IL) method outlined by Fraker and Speck (22).
Parallel blots preincubated with 0.5 MN-acetyl-glucosamine con-
firmed the specificity of WGAbinding.

Immunoblotting. Isolated PM was electrophoresed on a 6-17%
exponential gradient gel and transferred to nitrocellulose (21). The
nitrocellulose was subsequently incubated with rabbit polyclonal anti-
body against the alpha subunit of the C3bi (MO-I) receptor (1:100
dilution) (the generous gift of M. A. Arnaout, Boston Children's Hos-
pital, Boston, MA) followed by incubation with "25I-protein A (106
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cpm/ml) (Amersham Corp., Arlington Heights, IL), and analyzed by
autoradiography. A parallel lane was incubated with preimmune rab-
bit serum as a control for nonspecific binding.

The PMTX-I00 insoluble PMcytoskeletal fraction was processed
by SDS-PAGEfollowed by transfer to nitrocellulose according to the
procedure outlined by Granger and Lazarides (23). Subsequently, the
nitrocellulose blot was incubated with rabbit antierythrocyte 4.1 anti-
body (1:500) (the generous gift of V. Bennett, Duke University, Dur-
ham, NC) followed by incubation with '251-protein A (106 cpm/ml).
Preimmune serum replaced anti-4. 1 antibody in the negative control
samples, and a parallel gel lane of erythrocyte ghosts was run as a
positive control.

WGA-Sepharose affinity chromotography
WGAwas conjugated to CNBr-activated Sepharose 4B (Pharmacia
Fine Chemicals) at 7 mg/ml according to the protocol suggested by the
manufacturer. PMisolated from '25I-labeled cells was extracted with
1% TX-100 in imidazole buffer, pH 7.2, and then centrifuged at
100,000 g for 10 min in a Beckman Airfuge. The resulting supernatant
was removed and incubated with 0.5 ml of WGA-Sepharose at 4°C
overnight with rotation. This material was poured into a l-ml column
and washed with imidazole buffer containing 0.1% TX-100 until
eluate radioactivity reached background levels. Buffer containing 0.5
MN-acetyl-glucosamine was used to elute specific WGA-binding pro-
teins from the column. Specifically eluted fractions were pooled and
analyzed by SDS-PAGEand autoradiography.

SDS-polyacrylamide gel electrophoretic and
autoradiographic analysis
Electrophoresis was performed using exponential polyacrylamide gra-
dient (6.0-17.0%) gels, 7.5 or 10% slab gels, and the discontinuous
buffer system described by Laemmli (24). All samples were dissolved
in sample buffer containing 2.3% SDS, 0.1 M 2-mercaptoethanol,
0.003% bromophenol blue, 12.5% glycerol, 0.063 MTris-HCI, pH 6.8,
and heated at 100°C for 5 min. In general, each gel lane was loaded
with - 100 Mgof protein. In the case of gels showing PM, cytoskeletal,
and soluble fractions, the PM lane represented - 100 Ag protein,
whereas the combined cytoskeletal and soluble fractions represented

- 200 Mg protein. Gels were run at a constant current of 15 mAat
room temperature for 4 h and stained with Coomassie brilliant blue
R-250 (Sigma Chemical Co., St. Louis, MO). Gels containing '25I-la-
beled samples were incubated in En3Hance (New England Nuclear,
Boston, MA), vacuum dried, and exposed to Kodak X-Omat XAR-5
film at -70°C.

Two-dimensional gel electrophoresis was performed according to
the method of O'Farrell (25) with the following modifications: the first
dimension was run in 5 X 130 mmtube gels containing pH 4-6, 5-7,
and 3-10 Ampholines (Bio-Rad Laboratories, Richmond, CA) in the
ratio of 1:1:2, 9.2 Murea and 4% acrylamide. Tube gels were prefo-
cused for 45 min using progressive 15-min steps at 300, 350, and 400
V. The PMfractions were solubilized by the method of Wilson et al.
(26) by first solubilizing the sample in 1% SDS, 10% 2-mercaptoeth-
anol, and 9.0 Murea before adjusting to a final concentration of 9.0 M
urea, 2.4% NP-40, and 2.9% (wt/vol) Ampholines. Samples were fo-
cused for 7,000-7,500 V hours at room temperature. pH gradients
were measured by cutting blank gels run in parallel into 7-mm sec-
tions, incubating them in distilled water for 2 h on a shaker, and then
measuring the pH. These pH gradients were also verified by running
parallel gels containing pI standards (Calbiochem-Behring Corp., San
Diego, CA). Electrophoresis in the second dimension was performed
using 6%slab gels and the same SDS-PAGEconditions as outlined for
one-dimensional gels followed by Coomassie blue staining and autora-
diography.

Results

Recruitment of surface membrane proteins to the cytoskeleton
during PMNactivation. To assess the recruitment of mem-

brane proteins to the cytoskeleton during activation, it is es-
sential to isolate and iodinate PMNswithout promoting acti-
vation. Additionally, since we are primarily interested in PM-
associated cytoskeleton, we conducted all our analyses on PM
fractions of PMNs. SDS-PAGEanalysis of the PMfraction of
PMNsiodinated before activation resolved a number of pro-
teins with apparent molecular weights in the range of 250 to 17
kD (Fig. 1, lane A). No obvious differences in Coomassie blue
staining patterns exist between PM fractions from control
(unactivated) and activated cells (compare lanes A, D, and Gin
Fig. 1). The corresponding autoradiograms showed several
'251I-labeled cell surface proteins with apparent molecular
weights ranging from 17 to 200 kD, and no apparent differ-
ences between control and activated PMNs(Fig. 2, lanes A, D,
and G). Treatment of the isolated PMfraction with the non-
ionic detergent TX- 100 solubilized most of the PMproteins
(Fig. 1, lanes C, F, and I) leaving an insoluble residue that
contained the membrane-associated cytoskeleton (Fig. 1, lanes
B, E, and H). When the PMfrom control cells was extracted
with TX- 100, few proteins were observed in the cytoskeleton
fraction (Fig. 1, lane B), and no '251I-labeled membrane pro-
teins could be detected that were associated with this cytoskel-
eton (Fig. 2, lane B).

To determine whether any specific PMNplasma mem-
brane proteins became associated with the cytoskeleton after
activation, we isolated PM fractions from activated PMNs
'251-surface labeled before activation. These PMfractions were
extracted with TX- 100 and the soluble and insoluble (cytoskel-
eton) fractions analyzed by SDS-PAGEand autoradiography.
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Figure 1. SDS-PAGEanalysis of proteins in TX- 100 soluble or insol-
uble fractions of total PMfrom control (steady-state) and ligand-
treated PMNs. Electrophoresis was conducted using an exponential
6-17% acrylamide gradient. (A-C) PMfraction from control PMNs.
The PMfraction represents - 100 ,g protein whereas the combined
TX-I00 insoluble and soluble fractions represent 200 Ag protein.
(A) Total PMfraction. (B) TX-100 insoluble cytoskeletal fraction.
(C) TX-I00 soluble fraction. (D-F) PMfractions from Con A-
treated PMNs. (D) Total PMfraction. (E) TX-I00 insoluble cyto-
skeletal fraction. (F) TX-I00 soluble fraction. (G-I) PMfractions
from WGA-treated PMNs. (G) Total PMfraction. (H) TX-100 insol-
uble cytoskeletal fraction. (I) TX-100 soluble fraction. (Molecular
weight markers: myosin, 200 kD; (B-galactosidase, 130 kD; phosphor-
ylase A, 97 kD; lactoperoxidase, 78 kD; BSA, 68 kD; actin, 43 kD;
Con A, 25 kD.)
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Major surface proteins with apparent molecular weights that
ranged from 80 to 13 kD were recruited to the cytoskeleton by
Con A, FMLP, zymosan activated serum, and immune com-
plexes (Fig. 2, lane E). WGAstimulated the recruitment of
these proteins, as well as an additional 140-kD protein, to the
cytoskeleton (Fig. 2, lane H).

The Coomassie blue staining pattern of the cytoskeletal
fraction from WGA-treated PMNs revealed major protein
bands at apparent molecular weights of > 200 (- 250, 240,
235), 200, 115, 82/78 (a doublet), 56, 43, 36, and 18 kD (Fig.
1, lane H). This pattern is qualitatively similar to that observed
with other ligands (Fig. 1, lane E). Cells labeled metabolically
with 32po4 before WGAtreatment revealed that the 115,
82/78, and 72 kD cytoskeletal proteins (Fig. 3, lane E), and a
detergent soluble 40-kD protein (Fig. 3, lane F), became phos-
phorylated during WGA-mediated activation.

The 78-kD cytoskeletal phosphoprotein comigrates with
the lower subunit of erythrocyte (RBC) band 4.1. Band 4.1 is a
cytoskeletal protein that is involved in mediating the interac-
tion between surface membrane proteins and the underlying
cytoskeletal network in erythrocytes (27, 28). When the cyto-
skeletal fraction from WGA-treated PMNswas immunoblot-
ted with antibodies against erythrocyte band 4.1, the band at
78 kD, comigrating with the lower subunit of erythrocyte band
4.1 (Fig. 4, lane A), showed strong cross-reactivity (Fig. 4, lane
B). No staining with preimmune serum was evident (Fig. 4,
lane C).

To verify that the 140-kD surface iodinated protein re-
cruited to the cytoskeleton with WGAwas a WGA-binding
protein, and therefore a cell surface glycoprotein (GP 140), we
transferred PMfrom unactivated PMNsand the cytoskeletal
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Figure 3. Autoradiograms of 32P-labeled proteins from control and
WGA-treated PMNs. SDS-PAGEwas performed using an exponen-
tial gradient of 6-17% acrylamide. (A-C) PMfractions from control
PMNs. (A) Total PMfraction. (B) TX-100 insoluble cytoskeletal
fraction. (C) TX-IO0 soluble fraction. (D-F) PMfractions from
WGA-treated PMNs. (D) Total PMfraction. (E) TX-IO0 insoluble
cytoskeletal fraction. (F) TX-100 soluble fraction. Note that the 115,
82/78, and 72 kD cytoskeletal proteins (lane E) and a soluble 40 kD
protein (lane F) are phosphorylated after exposure of PMNsto WGA.
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Figure 2. SDS-PAGEanalysis and autoradiography of '251I-surface la-
beled proteins in TX- 100 soluble or insoluble fractions of total
plasma membrane from control and ligand-treated PMNs. These au-

toradiograms correspond to the Coomassie blue stained gel lanes in
Fig. 1. (A-C) PMfractions from control PMNs. (A) Total PMfrac-
tion. (B) TX-IO0 insoluble cytoskeletal fraction. (C) TX-IO0 soluble
fraction. (D-F) PMfractions from Con A-treated PMNs. [Similar re-

sults were obtained with FMLP, zymosan-activated serum, and im-
mune complexes.] (D) Total PMfraction. (E) TX-100 insoluble
cytoskeletal fraction. (F) TX-I00 soluble fraction. (G-I) PMfrac-
tions from WGA-treated PMNs. (G) Total PMfraction. (H) TX-100
insoluble cytoskeletal fraction. Note the recruitment of a '251I-labeled
140 kD protein to this fraction. (I) TX-100 soluble fraction.

fraction from WGA-activated PMNs to nitrocellulose and
probed the blot with "25I-WGA. GP 140 and a glycoprotein at

85-90 kD were the major WGA-binding proteins in both
the PMand cytoskeletal fractions identified by this assay (Fig.
5, lanes A and B). WGA-Sepharose chromotography was per-
formed to support the blotting results and more clearly iden-
tify cell surface WGA-binding proteins. Using this technique
we identified GP140 as a major PM-associated WGA-binding
protein along with another '25l-labeled glycoprotein at about
80 kD (Fig. 5, lane E). The labeling of GP140 in the cytoskele-
tal fraction is not as intense as one might expect, probably the
result of adding unlabeled WGAto cells in order to activate
them. The binding of GP 140 by WGAwas specific since (a)
N-acetyl-glucosamine (GlcNac) specifically eluted GP 140
from the WGA-Sepharose column (Fig. 5, lane E), and (b)
GlcNac blocked the binding of '251-WGA to GP 140 on West-
ern blots (Fig. 5, lanes Cand D).

Characterization of PMNGP140. Two-dimensional (2-D)
gel electrophoresis of PM fractions isolated from '251I-labeled
PMNsrevealed that GP 140 was the major iodinated cell sur-
face protein in unactivated cells, and had two predominant
isoforms with pIs of 6.4 and 6.6 (Fig. 6 A). Like many other
glycoproteins, GP 140 stains poorly with Coomassie blue and
is not apparent on the corresponding Coomassie blue-stained
2-D gel (Fig. 6 B).

Whenthe PMfrom surface iodinated control (unactivated)
PMNswas extracted and partitioned using TX-1 14, most of
the 1251I-labeled membrane proteins readily partitioned into the
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A B C Figure 4. Detection of a
band 4. 1-like protein in
the PMTX-l00 insolu-
ble cytoskeletal fraction
of WGA-treated PMNs.
The PMcytoskeletal
fraction was electro-
phoresed on 10% SDS-

4 1 i _E 5|. ssi:; PAGE, transferred to
nitrocellulose, and incu-
bated with anti-erythro-
cyte (RBC) band 4.1

g« - antibody or preimmune
'-,N,,wfi,,.{Fsn'.' ~~~~~~~~125iserum followed by 25

protein A and autoradi-
ography. (A) Autoradio-
gram of RBCghosts
treated with anti-RBC
band 4.1 antibody. (B)
Autoradiogram of PMN
cytoskeletal fraction in-
cubated with anti-band
4.1 antibody. Note the
cross-reactive band that

ANTI-RBC 4.1 comigrateswiththe
78-kD polypeptide of

erythrocyte band 4.1. (C) Autoradiogram of PMNcytoskeletal frac-
tion incubated with preimmune serum.

"detergent" phase (Fig. 7, lane C) as might be predicted for
integral membrane proteins. In contrast, GP 140 selectively
partitioned into the "aqueous" phase along with the majority
of hydrophilic cytoskeletal proteins (Fig. 7, lanes D and B).
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Figure 5. Identification of WGA-binding proteins in the PMN
plasma membrane and cytoskeletal fractions. (A) Autoradiogram of
total PMprocessed by SDS-PAGE, transferred to nitrocellulose, and
then incubated with '251-labeled WGA.(B) Autoradiogram of
TX- 100 insoluble cytoskeletal fraction treated identically to lane A.
(C and D) Autoradiogram of PMand cytoskeletal fractions treated
identically as in lanes A and B but incubated with 0.5 MN-acetylglu-
cosamine (GlcNac) before the addition of '25I-WGA; C = PM, D
= cytoskeleton. (E) Autoradiogram of '25I-surface labeled detergent
solubilized PMproteins that bound to a WGA-Sepharose column
and were specifically eluted with GlcNac. The molecular weight
markers refer to lane E only.

43-

Figure 6. Two-dimensional gel electrophoresis of PMfraction from
'25l-surface labeled PMNs. (A) Autoradiogram showing GP 140 as

the major iodinated cell surface protein in unactivated cells. (B) Cor-
responding Coomassie blue stained gel with an arrow indicating the
relative position of GP 140. The numbers to the left of the gels repre-

sent Mr X 1o-3.

Partitioning of GP 140 into the TX- 114 aqueous phase sug-

gests that GP 140 either possesses a large hydrophilic (perhaps
cytoplasmic) domain or is tightly associated with a hydrophilic
cytoskeletal protein(s).

Since changes in the expression of functionally important
cell surface receptors such as those for FMLP, C3bi (MO-1),
and laminin have been linked to PMNactivation (29-33), we

examined the pattern of iodinated cell surface proteins follow-
ing activation with the calcium ionophore, A23187. Weex-

posed PMNsto lo0 MA23187 for 15 min at 37°C, surface
iodinated the cells, and then isolated the PMfraction. Under
these conditions, as compared to control PM(Fig. 8, lane C),
the amount of GP 140 was reduced and there was a concomi-
tant increase in both a 155- and 95-kD protein (Fig. 8, lane D).
It is likely that the 155- and 95-kD polypeptides represent the
alpha and beta subunits, respectively, of the C3bi (MO-1) re-

ceptor since MO-I surface antigen expression has been shown
to increase after treatment of PMNswith A23187 (31). The
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Figure 7. SDS-PAGEanalysis of Triton X- 1 14 extracted and parti-
tioned PMfraction from '251-labeled PMNs. (A) Coomassie Blue
staining pattern of the TX- 1 14 detergent phase. (B) Coomassie blue
staining pattern of the TX- 1 14 aqueous phase. (C) Autoradiogram of
the TX- 1 14 detergent phase shown in lane A. (D) Autoradiogram of
the TX- 1 14 aqueous phase shown in lane B. Note the presence of
GP140 in the TX- 1 14 aqueous phase.

155-kD polypeptide band was confirmed as the MO-1 alpha
subunit by immunoblotting with an anti-MO- 1 alpha subunit
antibody (Fig. 8, lanes E and F). The reduction of GP 140 on

the cell surface following activation is also suggested by the
reduced amount of GP 140 available for surface labeling on

neutrophil cytoplasts (data not shown). No differences in
SDS-PAGECoomassie blue staining patterns between PM
fractions isolated from control and A23187-treated PMNs
were observed in the high molecular weight range. There was,

however, the apparent loss of a doublet at - 68 kD (Fig. 8,
compare lanes A and B). The disappearance of this band could
be related to the reduction of GP140 in A23 187-treated PMNs
and requires further investigation.

Discussion

PMNplasma membrane-associated cytoskeleton. In the pres-
ent study, we have identified a WGA-binding protein (GP 140)
that is recruited to the detergent-insoluble cytoskeleton follow-
ing exposure of the PMNsto subagglutinating concentrations
of WGA.When other soluble stimuli such as Con A, FMLP,
immune complexes, or zymosan-activated serum are used to
activate PMNs, GP140 is not associated with the cytoskeleton
and remains in the detergent soluble fraction. In order to assess

recruitment of membrane proteins to the cytoskeleton during
activation, it is crucial to be able to prepare PMNsand iodin-
ate surface membrane proteins without causing activation
since activation has been shown to alter the state of actin
polymerization and membrane-cytoskeleton interactions. We
accomplished this and demonstrated that the detergent-insolu-
ble cytoskeleton was a minor component of unactivated cells.
Since we are primarily interested in the membrane-associated
cytoskeleton, we have conducted all our analyses on the PM
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Figure 8. Effect of A23 187 on the expression of PMN'25l-surface la-
beled membrane proteins. SDS-PAGEanalysis (7.5% acrylamide) of
PMfraction isolated from PMNsiodinated before (control) or after
exposure to l0-7 MA23 187. (A) Coomassie blue staining pattern of
PMfrom control PMNs. (B) Coomassie blue staining pattern of PM
from A23 187-treated PMNs. Note the reduced amount of the 68-kD
doublet (arrow). (C) Autoradiogram of PMfrom control PMNs. (D)
Autoradiogram of PMfrom A23 187-treated PMNs. Note the reduc-
tion in intensity of GP 140, and a corresponding increase in '25I-la-
beled polypeptide bands at 155 and 95 kD (arrowheads). (E-F)
PMNcell lysates were electrophoresed on 7.5% SDS-PAGE, trans-
ferred to nitrocellulose, and incubated with anti-MO- I alpha subunit
antibody, or preimmune serum followed by '251-protein A and auto-
radiography. (E) Autoradiogram of cell lysate treated with anti-MO-
1 antibody. Note the cross-reactive band that comigrates with the
1 55-kD polypeptide (lane D) expressed after A23 187 treatment. (F)
Autoradiogram of cell lysate incubated with preimmune serum.

fraction of PMNs. This is in contrast to other studies where
cytoskeletal fractions are obtained by detergent extraction of
whole cells and the authors are unable to distinguish which
cytoskeletal proteins are directly associated with the PM. Nev-
ertheless, we have confirmed that the recruitment pattern of
surface proteins to the cytoskeleton that we observed in our
PMfractions was the same as that observed when whole cells
were detergent extracted to obtain cytoskeletal fractions (data
not shown).

Fox et al. (34) have demonstrated that platelets isolated at
37°C contain - 40%polymerized actin, whereas platelets iso-
lated at 4°C contain - 90%polymerized actin. The difference
in F-actin content was attributed to actin polymerization dur-
ing cell activation at 4°C. Unactivated PMNshave only a
small amount of actin and other proteins associated with the
PM-derived detergent insoluble cytoskeleton (Fig. 1, lane B).
This parallels observations in whole platelet extracts where the
major detergent insoluble protein is actin (34). Upon PMN
activation, the amount of cytoskeleton-associated proteins,
especially proteins with molecular weights consistent with
those of actin and myosin, and a band 4. 1-like protein increase
significantly in the plasma membrane-associated cytoskeleton
(Fig. 1, lanes E and H). An analogous recruitment of actin,
myosin, actin-binding protein, and a-actinin to the detergent
insoluble cytoskeleton occurs during platelet activation (34).
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The absence of '25I-labeled membrane proteins and small
number of Coomassie blue-staining proteins in the cytoskele-
tal fraction of unactivated PMNsmakes this system ideal for
evaluating the effects of specific ligands and priming agents on
PMNactivation. For example, priming agents may act by in-
ducing specific membrane protein-cytoskeletal protein inter-
actions as a component of cellular activation by agonists such
as FMLPor complement fragments.

In erythrocytes, band 4.1 has been shown to enhance the
interaction between spectrin and actin (35, 36) and its ability
to enhance this interaction is sensitive to its overall degree of
phosphorylation (37). In addition, band 4.1 also binds to the
erythrocyte transmembrane glycoproteins, band 3 (the anion
transport channel protein) and glycophorin (38, 39). Further-
more, the interaction of band 4.1 with glycophorin appears to
be modulated by polyphosphoinositides (40). In lymphocytes,
a 4.1-like 68/65-kD phosphoprotein is associated with the
Thy-I surface antigen and may link Thy-I to the actin-con-
taining cytoskeleton during capping (41).

Similarly, the PMN4.1-like protein we have identified
may play a pivotal role in linking GP 140, as well as other
surface receptors, to the cytoskeleton during activation in
PMNs. The WGA-induced cytoskeletal fraction contains a
82/78-kD phosphoprotein doublet that cross-reacts with
anti-4. 1 antibody. However, only the 78-kD polypeptide band
appears to share antigenic properties with erythrocyte band
4.1. It may be that the 78-kD subunit is the more highly con-
served of the two polypeptides that comprise the band 4. 1-like
protein. This is true of nonerythroid spectrins where the
240,000-kD alpha subunit is highly conserved and the beta
subunit is variable (42, 43).

Our observation of a 78-kD 4.1-like protein in PMNs is
different from that of Spiegel et al. (44) who report a 68-kD
immunoreactive form of band 4.1 in PMNs. Since their ex-
periments were performed on whole cell extracts, it is possible
that these authors detected a proteolytic fragment of the 78-kD
protein. In contrast to the DFPpretreatment used by Spiegel et
al. (44), we used a cocktail of protease inhibitors (aprotinin,
leupeptin, PMSF, soybean trypsin inhibitor) throughout the
PM isolation procedure and did not detect proteolysis of
membrane proteins.

PMNWGA-binding proteins. Unlike Perez et al. (45) who
saw a single polypeptide band at 62 kD on blots of PMfrac-
tions treated with WGAfollowed by anti-WGA antibody, we
did not find a singular WGA-binding protein of 62 kD in our
PMfraction of PMNs. After WGA-Sepharose affinity chroma-
tography we observed major '25I-labeled proteins at 140 and 80
kD. Wedid, however, detect a minor WGA-binding protein at
66 kD on Western blots and a poorly resolved cluster of pro-
teins in the 60-68-kD range by WGA-Sepharose chromatogra-
phy (Fig. 5). Other possible targets of WGAbinding are the
LFA-l/Mac-l/gp 150,95 family of glycoproteins that have
been reported to bind to and specifically elute from Con A,
WGA, and Ricinus communis affinity columns (46). Since
these receptors are not abundant on unactivated PMNs, it is
not surprising that these proteins were not identified in our
preparations.

In addition to being used to identify cell surface glycopro-
teins, WGAhas been used as a cell surface stimulus to study
PMNfunctional responses. A subagglutinating concentration
of WGAcompletely inhibits FMLP-mediated chemotaxis of
human PMN, but has no effect on [3H]FMLP binding,
FMLP-induced degranulation, or FMLP-mediated superoxide

generation (47). However, if the WGAis cross-linked with
multivalent antibodies, it causes the release of lysosomal en-
zymes from PMNs(48).

One aspect of cell activation appears to be the association
of surface membrane proteins with the underlying actin-based
cytoskeleton. In human neutrophils, the capping and subse-
quent internalization of C3b and Fc receptors requires a func-
tioning cytoskeleton (4, 13, 49), and the binding of FMLPto
its receptor converts this receptor to a high affinity form that is
transiently anchored to the cytoskeleton (14). Con A-induced
activation of human platelets causes the recruitment of glyco-
protein IIb/IIIa and doubles the amount of detergent insoluble
actin. In pig PMNs, the recruitment of 217, 170, and 147 kD
surface glycoproteins to the detergent insoluble cytoskeletal
fraction parallels the capping of Con A receptors (12). In PC12
cells exposure to WGAcauses occupied nerve growth factor
(NGF) receptors to switch from rapid to slow dissociation ki-
netics (50). This parallels the recruitment of NGFreceptors to
the TX-100 insoluble cytoskeleton. Further investigation re-
vealed that WGAalters certain characteristics of NGF/NGF-
receptor interaction (51) and consequently inhibits nerve out-
growth, cell-surface membrane ruffling, and cytoskeletal pro-
tein phosphorylation. Although we cannot presently assign a
function to GP 140, it is likely that its specific association with
the cytoskeleton is functionally significant.

GP 140 is distinct from the C3bi (MO-I) receptor. The
abundance of GP140 on the surface of unactivated PMNsand
the reduction of this glycoprotein on the cell surface after acti-
vation with the calcium ionophore, A23 187, suggests that GP
140 differs from MO-1. That GP 140 and the MO-1 alpha
subunit are distinct entities was demonstrated on Western
blots using anti-MO-I alpha subunit antibody. Analysis by
2-D gel electrophoresis resolves two isoforms of GP 140 with
pls ranging from 6.4 to 6.6. The GP 140 isoforms are more
basic than the MO-l alpha subunit from monocytes which has
a pl between 5.9 to 6.1 (52). These glycoproteins are also dis-
tinct from the AHN- I antigen of Skubitz et al. (53) that has an
acidic pI of 4.5. In contrast to MO-I which partitions into the
hydrophobic detergent phase following TX- 1 14 extraction and
purification (54), GP 140 partitions into the TX-1 14 aqueous
phase. This partitioning behavior is not unique to GP 140
since lymphocyte and platelet integral membrane glycopro-
teins have also been shown to partition into the TX- 114
aqueous phase away from the majority of other membrane
proteins (42, 55). Additionally, when GP 140 was isolated by
either TX- 114 partitioning or WGA-Sepharose chromoto-
graphy (Fig. 7, lane D and Fig. 3, lane C), no stoichiometric-
ally related 95-kD polypeptide was observed. It appears that
GP 140 is distinct from MO-1, LFA, and p 150,95, all PMN
adhesion glycoproteins that share a common95-kD subunit.

A major WGA-binding protein on the surface of fibroblasts
is the 140-kD fibronectin (Fn) receptor (56, 57). In PMNs,
preliminary studies indicate that the Fn receptor is a 150-170-
kD, 95-1 10-kD dimer similar to the platelet RGDreceptor
(58). SDS-PAGEanalysis of both total PMand TX-1 14
aqueous fractions under nonreducing and reducing conditions
had no appreciable affect on the mobility of GP140 and failed
to reveal a dimeric composition (data not shown). Since the
fibronectin receptor identified by Brown and Goodwin (58) is
not a major PMcomponent of unactivated PMNsand is di-
meric in nature, it is unlikely that GP 140 corresponds to the
Fn receptor of PMNs.

Unlike MO-1, GP140 surface expression does not increase
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following treatment of PMNswith the calcium ionophore,
A23187. In fact, the amount of GP 140 on the surface of
PMNs, as detected by glucose oxidase/lactoperoxidase iodin-
ation, is greatly reduced following A23187 activation. This
result agrees with Mollinedo (59) who observed a reduction in
iodinated GP 140 on activated PMNsand on the surface of
cytoplasts. The observed loss of a surface receptor is not novel
for PMNs. Bender et al. (60) noted that C5a receptors were
greatly reduced on the surface of PMNsfollowing activation
while FMLPand casein receptor expression increased signifi-
cantly.

The concomitant loss of a 68-kD Coomassie blue staining
doublet from the PMfraction of A23 187-activated PMNs(Fig.
8, lane B) suggests that there may be some interaction between
this 68-kD doublet polypeptide and GP 140. In contrast to
published reports (61-63), no differences between Coomassie
blue staining patterns of control and A23187-treated PMNs
were observed in the high molecular weight range. This is
interesting since there has often been a correlation between the
appearance (or disappearance) of a high molecular weight
Coomassie blue-staining polypeptide band and the presence
(or loss) of the 1 55-kD alpha subunit of MO-1 (61-63).

Alterations in the function and amount of various cyto-
skeletal proteins have been implicated in several inherited and
acquired defects of leukocyte function (64). Since the majority
of functional abnormalities in glycoprotein-deficient PMNs
involve motility-related events such as adhesion, spreading on
a substrate, migration or phagocytosis, impairment of the cy-
toskeleton and/or membrane-cytoskeleton interactions in
these cells is indicated. Since tight adherence to and spreading
of cells on various substrates appears to require the specific
interation of F-actin filaments with the membrane (65, 66), the
failure of cells to spread may reflect an absence of cell surface
adhesive glycoproteins and/or a failure in transmembrane sig-
naling mechanisms necessary for actin polymerization or cyto-
skeletal reorganization. Characterization of cell surface recep-
tors, such as GP 140, and their relationship to the underlying
cytoskeleton can provide unique insights into the mechanisms
that regulate cell surface receptors during PMNactivation.
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