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ABSTRACT

	

The Triton X-100-insoluble skeleton of baby hamster kidney BHK cells consists of
the nucleus, intermediate-size filaments, and actin fibers . By transmission electron microscopy,
membrane fragments were found to be associated with these insoluble structures . When
radioiodinated or [ 3H]glucosamine-labeled cells were extracted with 0.5% Triton, most plasma
membrane glycoproteins were solubilized except for a glycoprotein with a molecular weight
of 85,000 (gp85) that remained associated with the insoluble skeletons . Immunoprecipitation
with a specific antiserum indicated that the gp85 is not a proteolytic degradation product of
fibronectin, an extracellular matrix glycoprotein insoluble in detergent .
A monoclonal antibody of BHK cells specific for gp85 was produced . Immunofluorescence

analysis with this monoclonal antibody indicated that gp85 is not associated with the extra-
cellular matrix, but is confined to the cell membrane . Both in fixed and unfixed intact cells,
fluorescence was concentrated in dots preferentially aligned in streaks on the cell surface .
Gp85 was found to behave as an integral membrane protein interacting with the hydrophobic
core of the lipid bilayer since it was extracted from membrane preparations by ionic detergents
such as SDS, but not by 0.1 N NaOH (pH 12) in the absence of detergents, a condition known
to release peripheral molecules . Association of gp85 with the cell skeleton was unaffected by
increasing the Triton concentration up to 5%, but it was affected when actin filaments were
dissociated or when a protein-denaturing agent (6 M urea) was used in the presence of Triton,
suggesting that protein-protein interactions are involved in the association of gp85 with the
cell skeleton . We conclude that gp85 is an integral plasma membrane glycoprotein that might
have a role in cell surface-cytoskeleton interaction .

When nucleated cells in culture are extracted with non-ionic
detergents, most cellular components, including membrane-
bound organelles, are solubilized . However, intermediate fil-
aments and actin fibers are left as an insoluble residue that
retains the three-dimensional organization of the intact cell
cytoskeleton (1-3) . Moreover, cytoskeleton-associated mole-
cules, known to play a role in actin-plasma membrane inter-
action, have been detected in the detergent-insoluble cell
fraction . These include the two subunits of spectrin, ankyrín,
a polypeptide termed band 4.1 in erythrocytes (4-7), fimbrin
(8), villin (9), vinculin (10), c actinin (11), and spectrin-like
molecules (12, 13) in nucleated cells . In addition, one integral
membrane glycoprotein, band III, has been reported to re-
main associated to the erythrocyte submembranous cytoskel-
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eton after detergent extraction (14) . This glycoprotein repre-
sents the membrane attachment protein for spectrin-ankyrin
complexes .

In this paper, we identified, by means of a monoclonal
antibody, a cell surface integral membrane glycoprotein of
85,000 mol wt (gp85) associated to the Triton-insoluble skel-
eton . The detergent insolubility and possible function of this
molecule are discussed .

MATERIALS AND METHODS
Cell Culture and Metabolic Labeling :

	

Early passage baby ham-
ster kidney (BHK) 21/Cí3 cells,' obtained from the stock of Dr . Macpherson

'Abbreviations used in this paper: BHK, baby hamster kidney ;
FITC, fluorescein isothiocyanate .
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(Imperial Cancer Research Fund, London), were routinely grown in Dulbecco's
modified Eagle's medium supplemented with 5% fetal calf serum, 10% tryptose
phosphate broth, and antibiotics . Metabolic labeling of glycoproteins was
achieved by incubating cell monolayers for 15 h in complete medium contain-
ing30 kCi/ml of D-[6-'H]glucosamine (20 Ci/mmol, Amersham Corp ., Arling-
ton Heights, IL). Whole cellular proteins were labeled by incubating cell
monolayers for 6 h with 20 kCi/ml of ["S]methionine (800 Ci/mmol, Amer-
sham Corp.) in methionine-free medium containing 10% fetal calf serum .

Radioiodination of Surface Proteins:

	

The lactoperoxidase-glu-
cose oxidase-catalyzed radioiodination procedure was used (15) . Cell monolay-
ers were rinsed briefly with PBS and incubated with 2 ml of PBS containing
2.5 mM glucose, 40 kg of lactoperoxidase, and 250 pCi of carrier-free
[' 2 'I]sodium iodide. The reaction, started by adding 0.4 U of glucose oxidase,
was carried out for 5 min at room temperature. After repeated washings with
cold serum-free medium, labeled cells were extracted with detergent as described
below.

Detergent Extraction :

	

Adherent cell monolayers were rinsed twice
with medium lacking serum and incubated at 0°C for 20 min with the Triton
buffer (20 mM Tris-HCI, pH 7 .4, 150 mM sodium chloride, I mM calcium
chloride, 1 mM magnesium chloride, 0.5% Triton X-100 and 2 mM phenyl-
methylsulphonyl fluoride as protease inhibitor) . Cell layers were then rinsed
twice with fresh Triton buffer and the insoluble material was solubilized with
2% SDSand0.2% mercaptoethanol . After boiling for 2 min and 20-s sonication
to decrease viscosity, samples were analyzed by electrophoresis.

Preparation of Antisera and Monoclonal Antibodies:

	

The
antiserum to fibronectin was prepared as described below . Human plasma
fibronectin was purified by affinity chromatography on denatured collagen (16)
as previously described (17). 300 t+g of the purified protein was emulsified in
complete Freund's adjuvant and injected intramuscularly in rabbits. After 25
d, rabbits were boosted with the same amount of protein, and 7 d later, blood
was collected. The antiserum reacted selectively with fibronectin as shown by
immunoprecipitation analysis (18) .
We obtained monoclonal antibodies using the technique of Koehler and

Milstein (19) by fusing mouse myeloma cells P3/X63-Ag8 with splenocytes of
mice immunized with BHK cells, as previously described (20) . Antibodies to
surface antigens were isolated by measuring the binding activity ofhydridoma
culture supernatants on fixed BHK cells (20) . The monoclonal antibody to
gp85 (K-3) was identified by immunoprecipitation of ['H]glucosamine-labeled
Triton-insoluble cell skeletons using the procedure described below .
Immunofluorescence Microscopy :

	

Cells were grown to subcon-
fluent monolayers on 12-mm glass coverslips, rinsed with PBS, and fixed with
3.5% formaldehyde for 20 min at room temperature . After washing, fixed cells
were incubated for 60 min with mouse ascitic fluid containing the monoclonal
antibody diluted 1/100. In some experiments, cells were rinsed in serum-free
medium and incubated with the monoclonal antibody, at either 4° or 25°C,
before fixation . Affinity-purified rabbit antibodies to mouse immunoglobulins
were used as a second antibody layer, followed by fluorescein isothiocyanate
(FITC)-labeled goat anti-rabbit immunoglobulin (Miles Laboratories Inc., Elk-
hart, IN). The three antibody layers were necessary to amplify the fluorescent
signal that was otherwise too weak for photography . An identical procedure
was followed with Triton-extracted cells except that formaldehyde fixation was
performed after detergent extraction. Coverslips were then mounted with 50%
glycerol in PBS and examined in a Leitz Dialux microscope equipped with an
epiillumination system . Control experiments, performed using ascitic fluids
containing unrelated monoclonal antibodies, were constantly negative .

Staining for F-actin was obtained by incubating detergent-extracted cells
with FITC-labeled phalloidin (kindly provided by Dr . T. Wieland, Max Planck
Institute for Experimental Medicine, Heidelberg) . Intermediate filaments were
decorated by using affinity chromatography-purified guinea pig antibodies to
vimentin (a generous gift of Dr . W. Franke, German Institute for Cancer
Research, Heidelberg) and FITC-labeled antiserum to guinea pig immunoglob-
ulins (Miles Laboratories Inc .).

ImmunoprecipitationAnalysis :

	

Selective immunoprecipitation of
labeled glycoproteins was performed as previously described (18). To identify
components of the Triton-insoluble cell residues, we solubilized this material
with the Triton-deoxycholate-SDS buffer (20 mM Tris-HCI, pH 7 .4, 150 mM
NaCl, 0.5% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 5 mM
EDTA, and 2 mM phenylmethylsulphonyl fluoride as protease inhibitor). The
extracts were sonicated to reduce viscosity and centrifuged in an Eppendorf
microfuge for 15 min . The solubilized material was incubated with the appro-
priate amount of antiserum (10 1LI of antifrbronectin serum or 20 is1 ofmouse
ascitic fluid containing 40 ag of specific monoclonal antibody) for 1 h at 0°C,
and immunocomplexes were recovered by adsorption on Protein A-Sepharose
beads (Pharmacia Inc., Piscataway, NJ) . After washing, we eluted bound
material by boiling beads in I % SDS and analyzed it by SDS PAGE and

fluorography (see below). The monoclonal antibody K-3 is of the IgM class
and does not react with the Protein A of Staphylococcus. For this reason
affinity-purified rabbit antibodies to mouse immunoglobulins were bound to
Protein A-Sepharose (100 kg of antibodies per 50 pl of packed beads) and the
complex was then used to recover the antibody-antigen immunocomplexes. A
second immunoprecipitation cycle, performed on the supernatant ofthe Protein
A-Sepharose, gave negative results indicating that all gp85 molecules present in
solution were quantitatively recovered in the first immunoprecipitation .
Membrane Extraction : A crude plasma membrane fraction was

prepared from ['H]glucosamine-labeled BHK by Dounce homogenization in
isotonic buffer (Dulbecco's modified Eagle's medium) . Nuclei were removed
with low gravity centrifugation for 10 min, and membrane fragments were
collected by sedimentation at 100,000 g for 1 h . 1 vol of packed membranes
was extracted with 10 vol of 0. l N sodium hydroxide in ice and immediately
centrifuged at 100,000 g (21) . The supernatant was neutralized with the addition
of diluted hydrochloric acid and the pellet was solubilized in the Triton-
deoxycholate-SDS buffer with brief sonication . In parallel experiments mem-
brane pellets were extracted with the standard Triton buffer and after centrif-
ugation the insoluble residue was solubilized with Triton-deoxycholate-SDS
buffer as above. All fractions were subjected to immunoprecipitation with the
monoclonal antibody K-3 to identify gp85 .

Electrophoresis and Fluorography:

	

SDS PAGE was carried out
on 5-15% acrylamide gradient slab gels using the procedure described by
Laemmli (22) . Gels were processed for fluorography as described by Laskey
and Mills (23), dried, and placed in contact with a Kodak X Omat R film. The
following "C-labeled molecular weight markers (Amersham Corp .) were used :
myosin heavy chain (200,000 mol wt), phosphorylase b (92,000), BSA (68,000),
ovalbumin (46,000), carbonic anhydrase (30,000), and lysozyme (14,000).

Transmission Electron Microscopy:

	

Both intact and Triton-ex-
tracted cell monolayers were fixed in 1 % glutaraldehyde, and postfixed in 1
osmium tetroxide according to Goldman et al . (24) . Sections of Epon-Araldite-
embedded material were cut perpendicular to the cell monolayer.

RESULTS
Morphological and Biochemical Analysis of
Triton-extracted BHK Cells

Extraction of adherent BHK cells with 0.5% Triton X-100
in an isotonic buffer did not detach the cells from the substra-
tum. As viewed by phase-contrast microscopy, detergent-
treated cells appeared as ghosts that retained the original
morphology ofthe cell and contained the nucleus surrounded
by a barely visible meshwork of fibrils (Fig . l, B and C).
Cytoplasmic organelles, which were clearly visible in intact
cells (Fig . IA), were no longer detectable after detergent
extraction . Immunofluorescence staining with FITC-labeled
phalloidin or with antivimentin antibodies (Fig. 1, D and E)
indicated that actin fibers and intermediate-size filaments
were present in the insoluble cell residues. No staining was
observed with antitubulin antibodies, indicating that micro-
tubules had been extracted under these conditions .

Transmission electron microscope analysis of the Triton-
insoluble cell residues revealed the presence of frlamentous
material and electron-dense particles that may represent resid-
ual ribosomes (Fig. 2) . In addition, a considerable number of
membrane vesicles of heterogeneous size and discontinuous
plasma membrane fragments delimiting the outer boundary
ofthe skeletons were constantly observed (Fig. 2, B-D) . These
Triton-insoluble cell residues will be referred to as cell "skel-
etons."

About 20% of total ["SJmethionine-labeled cellular pro-
teins were left in the cell skeletons (Table I) . This material
was resolved by SDS PAGE into two major components with
apparent molecular weights of 43,000 and 58,000 (Fig . 3A),
which co-migrated with purified actin and vimentin, respec-
tively (not shown), and are likely to represent the cytoskeletal
proteins of the micro- and intermediate-size filaments de-
tected by immunofluorescence experiments. Weakly stained
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FIGURE 1

	

Phase-contrast and immunofluorescence microscopy of intact and Triton-extracted BHK cells . Subconfluent monolay-
ers of BHK cells grown on glass coverslips were extracted with 0.5% Triton in isotonic buffer for 20 min at 0°C as described in
Materials and Methods and fixed with 3 .7% formaldehyde . Coverslips were mounted in PBS containing 50% glycerol on
microscope slides . (A) Unextracted cells; (B and C) Triton-extracted cells ; (D) Triton-extracted cells stained with FITC-phalloidin .
(E) Triton-extracted cells stained with affinity-purified antivimentin antibodies (20 Wg/ml) followed by FITC-labeled anti-guinea pig
immunoglobulins . x 1,000 .

FIGURE 2

	

Electron micrographs of thin-sectioned intact and Triton-extracted BHK cells . Monolayers of either intact or 0.5%
Triton-extracted BHK cells were fixed in 1% glutaraldehyde and processed for Epon-Araldite embedding as described in Materials
and Methods . (A) intact cell ; (8-D) Triton-extracted cells . Bars, 1 Am .
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bands with molecular weights of 180,000, 110,000-130,000,
80,000, and 35,000, representing unidentified minor compo-
nents, were also detected .

Identification of Cell Surface Molecules
Associated with the Triton-insoluble
Cell Skeletons

When subconfluent cultures of surface-radioiodinated
BHK cells were extracted with Triton, most labeled material
was solubilized, while -10% of the radioactivity remained
associated with the insoluble cell layer (Table 1) . This material
was resolved by SDS PAGE into a major labeled component
with a molecular weight of85,000 (Fig . 3C) . This component
was also labeled with ['H]glucosamine (Fig. 3E), indicating
that this is a surface glycoprotein (gp85) synthesized by the
cell . Gp85 migrates in SDS PAGE as a diffuse band .

In addition to the gp85, a surface-labeled component with
a molecular weight of 220,000 was found in the Triton-
insoluble residue (Fig. 3, D and E) . This protein was identified
as the reduced subunit of fibronectin, as it was selectively
immunoprecipitated by specific antibodies (Fig . 3F). The
amount of fibronectin in the insoluble residue varied in
different preparations, being higher when confluent cells were
used . This is in agreement with previous reports showing that
fibronectin is deposited in a detergent-insoluble extracellular
matrix in large amounts only by confluent cell cultures (25) .
In contrast, the amount ofgp85 in cell skeleton preparations

TABLE I

Extraction of Labeled Cellular Proteins with Triton X-100

Subconfluent monolayers of labeled BHK cells were extracted for 20 min at
0°C with 0.5% Triton X-100 in isotonic buffer at pH 7.4 and rinsed two times
with fresh Triton buffer . The counts per minute in the soluble and insoluble
fractions are expressed as percentage of total radioactivity incorporated by
the cells . Numbers indicate the mean of three independent determinations .

loaded on each lane . The mobility of proteins
polypeptides with molecular weights identical to

was rather constant and did not vary significantly when the
cell monolayer became confluent . The antifibronectin serum
did not recognize the gp85 (Fig . 3 F), indicating that the latter
is immunologically distinct from fibronectin and does not
represent a proteolytic fragment ofthis molecule .

In addition to the gp85 and fibronectin, material that poorly
penetrated the gel was observed in ['H]glucosamine-labeled
cells (Fig. 3E). This component might represent glycosami-
noglycans of the extracellular matrix in that it was signifi-
cantly reduced after digestion with chondroitinase (not
shown).
The insolubility of gp85 was not due to an unfavorable

detergent-protein ratio . In fact, the amount ofgp85 associated
with the skeleton did not vary when the cells were extracted
for longer times (up to 60 min) or when the Triton concen-
tration was increased 10 times (Table 1I) . On the other hand,
gp85 was extracted by 6 M urea in 0.5% Triton (Table 11),
indicating that protein-denaturing agents, in association with
the detergent, are required to achieve solubilization . This
behavior suggests that association of gp85 with the cell skele-

with known molecular weights (x
those of actin and vimentin . Fn, fibronectin.

TABLE II

Amount of GP85 Associated with Cell Skeletons Prepared
under Different Extraction Conditions

Subconfluent cell monolayers, labeled with ['Hlglucosamine, were ex-
tracted at 0°C with the standard buffer solution (20 mM Tris-HCI, pH 7.4,
150 mM sodium chloride, 1 mM calcium chloride, 1 mM magnesium
chloride, and 2 mM phenyl methylsulphony[ fluoride) containing the appro-
priate concentration of detergent or urea . Extraction was performed for the
indicated time with two buffer changes. Insoluble material was desolved in
SDS and analyzed by SIDS PAGE as described in Materials and Methods.
After fluorography and exposure to the x-ray film, the electrophoretic band
corresponding to gp85 was excised from the gel and the associated radio-
activity was determined by liquid scintillation counting .
The amount of gp85 associated with the skeletons is expressed as percent-
age of total radioactivity incorporated by the cells . Numbers indicate the
mean of three independent determinations .

FIGURE 3 Cellular polypeptides and surface
glycoproteins of the Triton-insoluble skele-
tons . BHK cells, either unlabeled or labeled
with lactoperoxidase-catalyzed surface radio-
iodination or with ['H]glucosamine, were ex-
tracted with 0.5% Triton for 20 min at 0°C
and rinsed two times with fresh Triton buffer.
The insoluble skeletons were solubilized with
SDS and analyzed by SDS PAGE . Labeled
material was detected by fluorography . (A)
Coomassie Blue-stained pattern of the Triton-
insoluble skeletons. (B-D) Surface radioiodi-
nated cells : Triton-soluble fraction (B); Triton-
insoluble skeletons prepared from sparse cell
culture (C); Triton-insoluble skeletons pre-
pared from confluent culture (D) . (E-F) ['H]-
Glucosamine-labeled cells: Triton-insoluble
skeletons from confluent culture (E); material
immunoprecipitated with antibodies to fibro-
nectin from the Triton-insoluble fraction (F).
Material corresponding to 5 x 10 cells was

10-') is indicated on the left . Arrowheads point to
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Extraction buffer
Time of

extraction
min

gp85'

0.5% Triton 20 1 .29
0.5% Triton 60 1 .25
5.0% Triton 20 1 .32
0.5% Triton + 6 M urea 20 0.01

Label

Triton
soluble

Triton
insoluble

%

['sS]Methionine 78 22

"'I Surface radioiodination 90 10
['H]Glucosamine 85 15



ton depends upon interactions with other protein compo-
nents . To test this possibility, we performed the following
experiments. The cell surface was subjected to mild proteo-
lytic treatment with trypsin (20 ug/ml for 10 min at 20°C) to
digest the extracellular matrix. After this treatment, fibronec-
tin was no longer detectable in the skeletons . The gp85, in
contrast, was unaffected by the low trypsin concentration
used and remained associated to the Triton-insoluble material
(not shown) . We performed another set of experiments by
extracting the cells with Triton X-100 under different ionic
conditions that allow selective extraction of cytoskeletal ele-
ments . Virtually all vimentin, but only small amounts of
actin, were extracted at low ionic strength in the absence of
divalent cations (26) (Table III) . However, at high ionic
strength (600 mM potassium chloride) and in the presence of
divalent cations (27), a significant fraction of actin was ex-
tracted without affecting vimentin (Table III) . Gp85 was
extracted more effectively under the high ionic strength con-

TABLE III

Extraction of Cytoskeletal Proteins and gp85 with High or Low
Ionic Strength Buffers

['H]glucosamine-labeled BHK cells were extracted for 20 min at 0°C with
buffers indicated below and rinsed two times with the same buffer, and
the insoluble cell skeletons were analyzed by SIDS PAGE. The amount of
each protein was determined by densitometry of the gel stained with
Coomassie Blue (actin and vimentin) or by cutting the electrophoretic band
and counting the associated radioactivity (gp85) . (43K and 58K, 43,000-and
58,000-mol-wt proteins, respectively .)

' Extraction in low ionic strength buffer in the presence (+) of Mg resulted
in maximal recovery of actin, vimentin, and gp85 in the insoluble residues.
These values were then arbitrarily considered as 100% and the amount of
proteins left in the residues after extraction with other buffers is expressed
as percentage referred to this sample . Values represent the means of three
independent experiments.

= 4 mM Mg-acetate, 20 mM Tris-acetate, pH 7.4, 1 mM EGTA, 0.5% Triton .
s 20 mM Tris-acetate pH, 7.4, 1 mM EGTA, 0.5% Triton .
: 600 mM KCI, 4 mM Mg-acetate, 40 mM imidazole, i mM cysteine, 1 mM
EGTA, 10 mM ATP, 0.5% Triton, pH 7.0 .

FIGURE 4 Immunoprecipitation
of gp85 with monoclonal anti-
body K-3. BHK cells labeled with
lactoperoxidase-catalyzed sur-
face radioiodination or with [3H]-
glucosamine were extracted with
Triton under standard conditions .
Both detergent-soluble and cell
skeleton fractions were subjected
to immunoprecipitation with the
monoclonal antibody K-3 specific
for gp85 following the procedure
described in Materials and Meth-
ods. (Left) Surface-radioiodinated
cells: Material specifically immu-
noprecipitated from the Triton-
soluble fraction (A) and insoluble
skeletons (B); total radiolabeled
cell surface proteins (C). (Right)
[ 3H]glucosamine-labeled cells:

Material specifically immunoprecipitated from the Triton-soluble fraction (D) and insoluble skeletons (E); control immunoprecipitation with
nonimmune mouse ascitic fluid (F) . The two lanes at the extreme left and right are "C-labeled molecular weight (x 10 -3) markers.
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ditions that caused actin solubilization .
These results indicate that protein-protein bonds, disrupted

by high ionic strength or by denaturing agents, rather than
hydrophobic interactions are likely to be involved in the
association of gp85 with the cell skeleton . Moreover, the
results of extraction experiments are compatible with an
interaction ofgp85 with actin filaments .

Immunoprecipitation of gp85 with a Specific
Monoclonal Antibody

A monoclonal antibody to gp85 was isolated by screening,
in immunoprecipitation assay, a battery of monoclonal anti-
bodies directed to membrane antigens of BHK cells . The
skeleton fraction, prepared from surface-radioiodinated BHK
cells, was solubilized by sonication in a buffer containing
0.1% SDS as described in Materials and Methods. Under
these conditions, -80% of the protein-bound "'I present in
this fraction was solubilized . As shown in Fig . 4A, the mon-
oclonal antibody K-3 selectively precipitated the gp85 mole-
cule from the cell skeleton fraction . None of the membrane
proteins identified by other isolated monoclonal antibodies
(reacting with glycoproteins of 140,000, 67,000, and 65,000
mol wt) were found to be associated with the insoluble skele-
ton (not shown) .

Immunoprecipitation with the monoclonal antibody
showed that only a fraction of the total gp85 molecules was
associated with the insoluble skeleton (Fig . 4, A and B) . To
evaluate the relative amount of Triton-soluble and skeleton-
associated gp85, we performed quantitative immunoprecipi-
tation experiments as described in Materials and Methods . In
lactoperoxidase-radioiodinated cells, -50% of the recovered
surface gp85 molecules was solubilized by Triton, while the
remaining 50% was associated to the cell skeleton and was
not extracted even after repeated treatments with detergent .
In glucosamine-labeled cells the fraction of gp85 associated
to the cell skeleton ranged from 20 to 40% of the total
molecules (Fig. 4, D and E) . This difference might be ex-
plained by the fact that glucosamine also labels the intracel-
lular pool ofgp85 .
To test whether the association of gp85 with the cell skele-

tons is an artifact of detergent treatment, extracted cells with

Ionic strength
of buffer Mg++

Percent of

43K (actin)

total
proteins

58K (vi-
mentin)

Triton-insoluble

gp85

Low; + 100* 100 100
Low§ - 80 5 70
Highs + 40 98 40



Triton in the presence of exogenously added, radioactive
gp85 . A Triton-soluble fraction was prepared from a ['H,~
glucosamine-labeled BHK culture and used to extract a man-
olayer ofunlabeled cells . Only trace amounts ofthe exogenous
radiolabeled gp85 were recovered in the cell skeleton fraction,
indicating that this glycoprotein neither becomes adsorbed
onto the cell skeleton nor exchanges with the bound fraction .

Extraction of gp85 from Membrane Preparation
To establish the nature of the interaction of gp85 with the

plasma membrane, we tested different extraction conditions .
It has been shown that protein-perturbing reagents elute polar
polypeptides (peripheral) from the human erythrocyte mem-
brane leaving hydrophobic glycoproteins bound to the lipid
core (4, 21) . The latter class of molecules can only be solubi-
lized by detergents that disrupt hydrophobic interactions (4) .
Membrane fractions, prepared from ['H)glucosamine-labeled
BHK cells, were incubated either with low ionic strength
solution at pH 12 (0 .1 N NaOH) or with 0.5% Triton in the
standard buffer, and the soluble fractions were tested for the
presence of gp85 by immunoprecipitation with the mono-
clonal antibody K-3 . As shown in Fig . 5, gp85 was extracted
by detergent but not by NaOH, indicating that gp85 is tightly
bound to the lipid core and behaves as an integral plasma
membrane glycoprotein .
Triton extraction of the membrane fraction further con-

firmed the results obtained with whole cells. In this case,
-40% of the gp85 molecules was associated to the detergent-
insoluble membranous pellet. This fraction could be solubi-
lized only by addition of SDS, a ionic detergent that causes

protein denaturation (Fig . 5B) .

Localization of gp85 by Immunofluorescence
When cells were incubated with the monoclonal antibody

K-3 and FITC-labeled antibodies, a number ofsmall fluores-
cent dots distributed over the entire cell surface were observed
(Fig. 6A) . The tiny fluorescent dots appeared in linear arrays

FIGURE 5

	

Differential release of gp85 from membrane preparation
under different extraction conditions. A crude membrane fraction
was prepared from [ 3 H]glucosamine-labeled BHK cells by Dounce
homogenization as described in Materials and Methods . The mem-
brane pellet was extracted either with ice-cold 0 .1 N NaOH or with
0.5% Triton under standard conditions . The insoluble membrane
residues were solubilized with sonication in a buffer containing
0.1% SDS (see Materials and Methods) . Labeled gp85 molecules
were identified by immunoprecipitation with the monoclonal anti-
body K-3 and SDS PAGE . Triton-soluble (A) and insoluble (B)
fractions ; sodium hydroxide-soluble (C) and insoluble (D) fractions .
Only the relevant portion of the acrylamide gel is shown .

FIGURE 6 Immunofluo-
rescence staining of gp85
with monoclonal antibody
K-3 in intact and Triton-ex-
tracted BHK cells. BHK
cells or detergent-insolu-
ble cell skeletons on glass
coverslips were fixed with
3.7% formaldehyde for 20
min at room temperature .
Gp85 was localized by in-
cubation with monoclonal
antibody K-3 followed by
rabbit antibodies to mouse
ímmunoglobulins and
FITC-labeled goat anti-rab-
bit antibodies as described
in Materials and Methods.
(A) intact BHK cell; (B)
higher magnification of the
boxed area in A ; (C and D)
Triton-insoluble cell skele-
tons . Arrowheads point to
areas of the cell surface
where fluorescent dots are
randomly distributed .
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parallel to the major cell axis . This peculiar pattern was
particularly evident on the dorsal surface of the cell over the
nucleus (Fig. 6 B) . However, gp85 was not found to be distrib-
uted exclusively in such linear arrays, since in other region of
the cell surface the tiny dots appeared to be randomly distrib-
uted (Fig . 6A, arrowheads) . This pattern was reproducibly
observed with fixed or unfixed cells and did not depend on
the temperature ofincubation (0 or 37 °C) with the antibodies,
indicating that gp85 is arranged in small clusters at the cell
surface .
When Triton-extracted cells were stained with the mono-

clonal antibody, fluorescence was localized in thin, discontin-
uous lines at the edges of the cell skeletons and in vesicular
structures ofheterogeneous size (Fig. 6, C and D) . This pattern
did not correspond to that of the detergent-insoluble filaments
(Fig . 1, Dand E), indicating that gp85 is not merely adsorbed
onto the filamentous cytoskeletal elements but rather is or-
ganized in discrete structures .

DISCUSSION
In this paper we describe a membrane glycoprotein, gp85,
that is associated with the Triton X-100-insoluble skeleton of
BHK cells . Gp85 is not immunologically related to fibronec-
tin, which was also found to be insoluble in detergent . More-
over, in contrast to fibronectin, gp85 is a cell surface molecule,
not associated with the extracellular matrix but localized
exclusively within the plasma membrane . The association of
gp85 with the insoluble skeletons does not seem to be an
artifact of detergent treatment . In fact (a) radioactive gp85
added during extraction did not become bound to insoluble
structures; and (b) immunofluorescence on cell skeletons
indicated that this molecule is not unspecifically adsorbed
onto filamentous material .

It has been shown that actin, spectrin, ankyrin, and band
4.1 ofthe erythrocyte cytoskeleton are insoluble in detergents
(4-7) . All these proteins are exposed at the cytoplasmic face
of the plasma membrane and behave as peripheral membrane
molecules readily extractable with protein-perturbing agents
such as 0.1 N sodium hydroxide . This is not the case with
gp85 which (a) is exposed at the outer cell surface, as shown
by lactoperoxidase-catalyzed radioiodination of intact cells
and immunofluorescence experiments, and (b) behaves as an
integral component ofthe plasma membrane, in that it cannot
be extracted by 0.1 N sodium hydroxide .

Using a specific monoclonal antibody, we showed that part
of gp85 is solubilized by Triton-consistent with its integral
nature-but ^-50% of the cell surface gp85 is associated with
the skeletal structures . This fraction is not solubilized by
increasing the Triton concentration to 5% but is effectively
released by protein-denaturing agents (6 M urea) in associa-
tion with Triton or by selective dissociation ofactin filaments .
We conclude that this fraction ofcell surface gp85 is associated
with the skeletal structures via protein-protein interactions .
The distribution of gp85 at the cell surface indicates that

this glycoprotein may be organized in some sort of supramo-
lecular complex . Gp85 is not uniformly distributed but rather
is clustered in dots that in some regions of the cell surface are
disposed in linear arrays. Whether this arrangement is due to
interaction with cytoskeletal elements underlying the cell
membrane, or with other molecules in the plane of the
membrane, remains to be investigated .
The localization of gp85 in the Triton-insoluble skeletons

is peculiar and does not correspond to the localization of
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other cytoskeleton-associated molecules previously described
(8, 10, 13, 28) . Immunofluorescence experiments showed that
gp85 is localized in discontinuous lines at the edges of the cell
skeletons and in vesicle-like structures of heterogeneous size .
The simplest explanation of this pattern comes from morpho-
logical analysis . Electron micrographs of the Triton-insoluble
skeletons revealed the presence of membrane fragments and
vesicles that are similar in shape and distribution to the
structures observed by immunofluorescence . "Detergent-re-
sistant" plasma membrane fragments, anchored to residual
cytoskeletal material, have been described in a number of
different systems (4, 29-32). This membranous material prob-
ably consists of sphingolipids and glycolipids (4) . Considering
the integral nature of gp85, we suggest that the detergent-
resistant membrane fragments are the most likely localization
for this molecule . Perhaps gp85 may interact with specific
glycosphingolipids generating a highly organized and rigid
membrane structure that might have a role in the interaction
with cytoskeletal components.
A cell surface glycoprotein of 140,000 mol wt (gp 140) has

been reported to remain associated to the detergent-insoluble
residues of human fibroblasts (33-36) . This molecule seems
to be in close association with vimentin and can be released
from cytoskeletons by buffers that disrupt intermediate-size
filaments (37) . This behavior is opposite to that of gp85,
which is released only by buffers that depolymerize microfil-
aments. Analyzing different mammalian fibroblasts in cul-
ture, we found that gp85 is present in mouse, rat, hamster,
and human cells (results not shown), but we detected a
140,000-mol-wt component only in the skeletons of normal
rat kidney and HT-1080 (human) cells. We thus conclude
that in BHK cells, gp140 is either not expressed or not
incorporated into the detergent-insoluble skeletons .

It has been shown that antibodies and lectins could induce
linkage of specific plasma membrane proteins to intracellular
actomyosin filaments ; these include histocompatibility anti-
gens (38-40), surface immunoglobulins (41), aminopeptidase
and Na+,K+-ATPase (39), and platelet (42) and leukocyte
(43) surface glycoproteins. The resulting complexes are stable
in detergent suggesting that protein-protein interactions exist
between cytoskeletal and membrane glycoproteins (40-43) .
To explain how a large number of different membrane gly-
coproteins that are normally free in the membrane could be
induced to interact with the submembranous cytoskeleton,
Bourguignon and Singer (38) postulated the existence of an
integral cross-linker "protein X" that is stably associated to
actomyosin filaments . When any membrane glycoprotein is
clustered by its specific extracellular ligand, it would become
bound to the putative X protein and, hence, to the cytoskel-
eton . Gp85 described in this paper is itself associated to the
cell skeleton in the absence of ligand-induced clustering. The
possibility that gp85 behaves as an X protein is now under
investigation. Membrane glycoproteins, which have charac-
teristics and sizes similar to those of gp85, have also been
described in neutrophil leukocytes (43), in isolated microvilli
of a mammary adenocarcinoma cells (44, 45), and in chicken
sympathetic neurons (46) .

In conclusion, gp85 is a cell surface integral glycoprotein
that is stably associated with the detergent-insoluble cell skel-
etons . The precise mechanisms of the interaction of this
molecule with the insoluble structures and its possible role in
cytoskeleton-plasma membrane interaction remain to be de-
termined .



We wish to thank Dr, G. Panzica of the Institute of Histology,
University of Torino and Professor I. Pasquali Ronchetti of the
Department of Pathology, University of Modena for electron micros-
copy analysis ofTriton-extracted and intact BHK cells . We also thank
Professor P. C. Marchisio for helpful suggestions in the immunoflu-
orescence experiments and critical reading of the manuscript . The
technical assistance of Maria Rosa Amedeo and Paola Rossino is
gratefully acknowledged .

This work was supported by grants from the Progetto Finalizzato
Controllo Crescita Neoplastica ofthe Italian NationalResearch Coun-
cil No . 820041996 and No . 820027796 to G. Tarone and P. Como-
glio .

Received for publication 17 October 1983, and in revised form 8
February 1984.

REFERENCES

1 . Brown, S ., W. Levinson, and J. Spudich. 1976 . Cytoskeletal elements of chick embryo
fibroblasts revealed by detergent extraction . J Supramol. Struct. 5:119-130 .

2 . Osborn, M., and K. Weber. 1977 . Detergent resistant cytoskeleton of tissue culture cells
includes the nucleus andthe microfilament bundles. Exp. Cell Res. 106:339-349 .

3 . Webster, R., D. Henderson, M. Osborn, and K. Weber. 1978 . Three-dimensional
electron microscopical visualization of the cytoskeleton of animal cells: immunoferritin
identification of actin- and tubulin-containing structures. Proc. Nail. Acad. Sci. USA.
75 :5511-5515 .

4. Yu, J., D. Fischman, and T. Steck. 1973 . Selective solubilization of proteins and
phospholipids from red blood cell membranes by nonionic detergents . J. Supramol.
Sirua.1 :233-248 .

5 . Lux, S. 1979. Dissecting the red cell membrane skeleton. Nature (Land.) . 281 :426-429 .
6 . Branton, D., C. Cohen, and J . Tyler . 1981 . Interaction of cytoskeletal proteins on the
human erythrocyte membrane . Cell. 24:24-32 .

7 . Marchesi, V. 1983 . The red cell membrane skeleton: recent progress . Blood. 61 :1-11 .
8 . Bretscher, A., and K. Weber. 1980 . Fimbrin, a new microfilament-associated protein

present in microvilli and other cell surface structures . J. Cell Biol. 86:335-340 .
9 . Bretscher, A., and K. Weber. 1979 . Villin, the major microfilament-associated protein

of the intestinal microvillus . Froc. Nail. Acad. Sci. USA. 76:2321-2325 .
10. Geiger, B. 1979. A 130K protein from the chicken gizzard : its localization at the termini

of microfilament bundles in cultured chicken cells. Cell. 18:193-205.
11 . Lazarides, E., and K. Burridge. 1980 . C actinin : immunofluorescent localization of a

muscle structural protein in non-muscle cells. Cell. 6:289-298 .
12 . Repasky, E. A., B. L. Granger, and E. Lazarides. 1982. Widespread occurrence of avian

spectrin in nonerythroid cells . Cell. 29:821-833 .
13 . Lehto, V.-P ., and I. Virtanen. 1983 . Immunolocalization of a novel, cytoskeleton-

associated polypeptide of M, 230,000 Daltons (p230). J Cell Biol. 96 :703-716 .
14 . Bennet, V., and P . Stenbuck. 1979 . The membrane attachment protein for spectrin is

associated with band 3 in human erythrocyte membranes . Nature (Land.). 280:468-
473.

15 . Hynes, R. 1973 . Alteration of cell surface proteins by viral transformation and by
proteolysis . Proc. Natl. Acad. Sci. USA. 70 :3170-3173 .

16 . Engval, E., and E . Ruoslahti . 1977. Bindingof soluble form of frbroblast surface protein,
frbronectin, to collagen . Int. J. Cancer. 20:1-5.

17 . Tarone, G., G. Galetto, M. Prat, and P. M. Comogho. 1982 . Cell surface moleculesand
fibronectin-mediated cell adhesion: effect of proteolysic digestion of membrane proteins.
J. Cell Biol. 94 :179-186.

18 . Tarone, G., P. Ceschi, M. Prat,and P. Comoglio. 1981 . Transformation sensitive protein
with molecular weight of 45,000 secreted by mouse fibroblasts. Cancer Res. 41 :3648-
3651 .

19 . Koehler.G., andC. Milstein . 1975. Continuous cultures of fusedcells secreting antibody
of predefined specificity. Nature (Loud.) . 256:495-497 .

20 . Ferracini, R., M. Prat, and P. Comoglio . 1982 . Dissection of theantigenicdeterminants

expressed on the cell surface of RSV-transformed fibroblasts by monoclonal antibodies .
Int. J . Cancer. 29:477-481 .

21 . Steck, T., and J . Yri . 1973 . Selective solubilization of proteins from red blood cell
membranes by protein perturbants . J. Supramol Struct. 1 :220-232 .

22 . Laemmli, U. K. 1970. Cleavage of structural proteins during the assembly of the head
of the bacteriophage T. Nature (Land.). 227:680-683.

23 . Laskey, R., and A. Mills. 1975. Quantitative film detection of 3-H and 14-C in
polyacrylamide gels by Buorography . Eur. J. Biochem. 56:335-340 .

24 . Goldman, R., B. Chojnacki, andM.J. Yerna . 1979. Ultrastructure of microfilaments
bundles in baby hamster kidney (BHK 2l) cells: the use of tannic acid . J. Cell Biol.
80 :759-766.

25 . Yamada, K. M. 1978 . Immunological characterization of a major transformation-
sensitive fibroblast cell surface glycoprotein. J Cell Biol. 78:520-541 .

26 . Traub, P., and W. Nelson . 1982 . Effect of the ionic environment on the incorporation
of the intermediate-sized filament protein vimentin into residual cell structures upon
treatment of Ehrlichascites tumour cells with Triton X-100. l. Biochemical analysis. J.
Cell Sci . 53 :49-76.

27 . Bravo, R., J. Small, S. Fey, P . Larsen, and J . Celis . 1982. Architecture and polypeptide
composition of HeLa cytoskeletons. J. Mol. Biol. 154:121-143.

28 . Strculi, C., B. Patel, and D. Critchley . 1981 . The cholera toxin receptor ganglioside
GM I remains associated with Triton X-100 cytoskeletons of Balb/c 3173 cell, Exp. Cell
Res. 136:247-254 .

29. Condeelis, J. 1979. Isolation of Con-A caps during variousstages of formationand their
association with actin and myosin . J. Cell Biol. 80:751-758.

30. Ben-Ze'ev, A., A. Duerr, F. Solomon, and S. Penman . 1979 . The outerboundary of the
cytoskeleton : a lamina derived from the plasma membrane proteins . Cell. 17 :859-865.

31 . Mescher, M., M. Jose, and S. Balk. 1981 . Actin-containing matrix associated with the
plasma membrane of the murine tumour andlymphoid cells . Nature (Land.). 289:139-
144.

32 . Traub, P., andW. Nelson. 1982 . Effect of the ionic environment on the incorporation
of the intermediate-sized filament protein vimentin into residual cell structures upon
treatment of Ehrlich ascitestumour cells with Triton X-100. II . Ultrastructural analysis .
J. Cell Sci. 53 :77-95 .

33 . Lehto, P., T. Vartio, and I . Virtanen. 1980 . Enrichment of a 140K surface glycoprotein
in adherent, detergent-resistant cytoskeletons of cultured human fbroblasts. Biochem .
Biophys. Res. Commun. 95:909-916.

34. Lehto, P., T. Vartio, and 1 . Virtanen. 1981 . Resistente of a 140,000K surfaceglycopro-
rein in cell-free matrices of cultured human fibroblasts. FEBS (Fed. Eur. Biochem. Soc.)
Lett. 124:289-292.

35 . Carter, W., and S. Hakomori. 1981 . A new cell surface, detergent-insoluble glycoprotein
matrix of human and hamster fbroblasts. J. Biol. Chem. 256:6953-6960.

36. Carter, W. 1982. The cooperative role of the transformation-sensitive glycoproteins
gp140 and fibronectin in cell attachment and spreading. J Biol. Chem . 257:3249-3257.

37. Lehto, V. P. 1983. 140,000dalton surface glycoprotein .A plasma membranecomponent
of the detergent-resistant cytoskeletal preparation of cultured human fbroblasts. Exp.
Cell Res . 143:271-286 .

38. Bourguignon, L., andS. Singer. 1977 . Transmembrane interactions and the mechanism
of capping of surface receptors by their specific ligands. Proc. Natl. Acad. Sci. USA.
74 :5031-5035 .

39. Ash, J ., D. Louvard, and S. Singer. 1977 . Antibody-induced linkages of plasma mem-
brane proteins to intracellular actomyosiscontaining filaments in cultured fbroblasts .
Proc. Nail. Acad. Sci. USA. 74 :5584-5588 .

40. Koch, G., and J. Michael. 1978 . An association between actin and the major histocom-
patibility antigen H-2. Nature (Land.) . 273:274-278 .

41 . Flanagan, J ., and G. Koch . 1978 . Cross-linked surface Ig attaches to actin . Nature
(Loud.). 273:278-281 .

42. Painter, R., and M. Ginsberg. 1982 . Concanavalin A induces interactions between
surface glycoproteins and platelet cytoskeleton. J. Cell Biol. 92 :565-573 .

43. Sheterline, P., and C. Hopkins . 1981 . Transmembrane linkage between surface glyco-
proteins and components of thecytoplasm in neutrophyl leucocytes. J. Cell Biol. 90:743-
754.

44. Carraway, C. A., G. Jung, J . R. Craik, R. W. Rubin, and K. L . Carraway. 1983 .
Identification of a cytoskeleton-associated glycoprotein from isolated microvilli of a
mammary ascites tumor. Exp. Cell Res. 143:303-308.

45 . Jung, G., R. M. Helm, C. A. CarothersCarraway, and K. L. Carraway. 1984 . Mechanism
of concanavalin A-induced anchorage of the major cell surface glycoproteins to the
submembrané cytoskeleton in 13762 ascites mammary adenocarcinoma cells. J. Cell
Biol. 98:179-187 .

46. Moss, D. J . 1983 . Cytoskeleton-associated glycoproteins from chicken sympathetic
neurons and chicken embryo brain . Eur. J. Biochem. 135:291-297 .

TARONS ET AL.

	

Surface Glycoprotein in Triton-insoluble Cell Skeleton

	

51 9


