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The p36 substrate of tyrosine-specific protein kinases co-localizes with
non-erythrocyte a-spectrin antigen, p230, in surface lamina of
cultured fibroblasts
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Biochemical and immunofluorescence studies have
demonstrated that p36, a major substrate for the tyrosine-
specific protein kinases induced by several sarcoma viruses
and epidermal growth factor, is associated with plasma mem-
branes and detergent-resistant cytoskeletal structures of
cultured cells. We have used here polyclonal antisera and
monoclonal antibodies in indirect immunofluorescence
microscopy to study the subcellular location of p36 and the
p230, which is a subplasmalemmal polypeptide showing
immunologic cross-reactivity with erythrocyte a-spectrin.
Both p36 and p230 showed a diffuse distribution in fixed and
permeabilized cells and were localized in a surface lamina-like
network in Triton-extracted cells. In double-staining experi-
ments, an extensive co-distribution between these proteins
was seen in detergent-treated cultured fibroblasts. These
results, together with our previous work, suggest that the p36
protein is an integral part of the detergent-resistant protein-
aceous network at the cytoplasmic face of the plasma mem-
brane.
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Hunter and Cooper, 1981; Ghosh-Dastidar and Fox, 1983).
In the latter case, the kinase responsible for p36 phosphoryl-
ation has not been identified, but it should be noted that the
160 000 mol. wt. EGF-receptor protein possesses tyrosine
kinase activity (Cohen et at., 1982) and an as yet incompletely
known association exists between pp6Ov-src and EGF-receptor
activity (Chinkers and Cohen, 1981; Kudlow et al., 1981;
Buhrow et at., 1982; Cohen et at., 1982).
The role of p36 in normal cells and its contribution to the

pleiotropic alterations observed in transformed cells has re-
mained unelucidated. One way to approach this problem has
been to determine the subcellular distribution of p36 by using,
for instance, cell fractionation. These studies have indicated
that p36 is associated with plasma membranes (Cooper and
Hunter, 1982; Amini and Kaji, 1983) or with detergent-
resistant cytoskeletal structures (Cheng and Chen, 1981;
Cooper and Hunter, 1982). Recently, results of studies with
specific antisera and immunofluorescence microscopy have
also suggested that p36 is closely associated with the plasma
membrane in untransformed cultured cells (Courtneidge et
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Introduction
Cells transformed by retroviruses have been a favoured

model system to study the molecular mechanisms of malig-
nant transformation because they harbor genetic loci, the
viral oncogenes, whose activity can initiate and maintain the
transformed phenotype (Bishop, 1983). In particular, studies
with Rous sarcoma virus-transformed cells have revealed an
oncogene-encoded, 60 000 dalton phosphoprotein (pp60v-src),
possessing a capacity for tyrosine-specific phosphorylation, a
rare modification in normal cells (Collett and Erikson, 1978;
Levinson et al., 1978, 1980; Erikson et al., 1979; Maness et
al., 1979; Collett et al., 1980; Hunter and Sefton, 1980;
Gilmer and Erikson, 1981; McGrath and Levinson, 1982).
Among the identified substrates of the pp60v-src (see Sefton et
at., 1982) undergoing tyrosine phosphorylation, a protein of
mol. wt. 36 000 daltons has been the subject of an intensive
study. It represents -0.30o of the total cellular protein
(Erikson and Erikson, 1980; Radke et al., 1980; Cooper and
Hunter, 1983), and has been shown to be phosphorylated to
the same tyrosine residue both in transformed cells and by
purified pp60v-src in vitro (Radke and Martin, 1979; Erikson
and Erikson, 1980). It is also phosphorylated at tyrosine in
normal, epidermal growth factor (EGF) receptor-positive
cells, upon exposure to EGF (Cooper and Hunter, 1981;
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Fig. 1. Immunoblot of electrophoretically separated polypeptides of
cultured human fibroblasts using anti-p36 antibodies. (1) Amido black
staining. (2) Immunoblot with anti-p36 antibodies.
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Fig. 2. Immunoblot of electrophoretically separated polypeptides of ghost
preparations of human red blood cells. (1) Amido black staining. (2) Im-
munoblot with monoclonal anti-p-230 antibodies. (3) Immunoblot with
monoclonal anti-p-230 antibodies preabsorbed with a-spectrin. a-sp denotes
a-spectrin.

al., 1983; Nigg et aL 1983).
In this study we have used immunofluorescence micro-

scopy to compare the subcellular location of p36 with that of
p230, a recently described subplasmalemmal, lattice-forming
protein which is immunologically cross-reactive with
a-spectrin of human red blood cells (Lehto and Virtanen,
1983). The results show an extensive co-distribution between
these proteins and suggest a structural or functional associa-
tion between p36 and p230.

Results
Characterization of the antisera
The specificity of the anti-p36 antiserum and the

monoclonal anti-p230 antibodies is demonstrated in Figures 1

and 2; electrophoretically separated polypeptides of cultured
fibroblasts or ghost preparations (Steck et al., 1970) of
human red blood cells were transferred to nitrocellulose
sheets which were then exposed to rabbit anti-p36 (Figure 1),
or to mouse anti-p230 (Figure 2), followed by horseradish
peroxidase (POX)-conjugated mouse anti-rabbit IgG or
POX-conjugated goat anti-mouse IgG, respectively. The anti-
p36 antibodies recognized specifically a single polypeptide of
mol. wt. 36 000 daltons while the monoclonal anti-p230 anti-
bodies recognized a single polypeptide of 230 000 daltons cor-
responding to c-spectrin (Marchesi, 1983). The a-spectrin
reactivity of the rabbit anti-p230 antiserum has been demon-
strated elsewhere (Lehto and Virtanen, 1983).
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Immunofluorescence (IF) findings
No staining was seen either with anti-p36 or anti-p230 anti-

bodies in IF microscopy of paraformaldehyde-fixed cells,
suggesting that neither of the corresponding antigens is expos-
ed at the cell surface (Figure 3a). On the other hand, for the
most part homogeneous, membrane-associated staining was
seen with both antisera in paraformaldehyde-Nonidet P-40
(NP-40)-fixed cells (Figure 3b and c). There was also some
cytoplasmic staining discernible with both antisera as shown
by focusing at different levels of the monolayer. In addition,
a dense, ventrally located plaque-like formation could often
be visualized with anti-p230 antibodies (Figure 3c). Both the
anti-p36 and the anti-p230 staining reactions could be in-
hibited by preabsorption of the antisera with the correspon-
ding purified antigens (Figure 3d and e). In cytoskeletal
preparations of cultured fibroblasts, p36 was seen to be
localized to an extensive, lace-like network which distinctly
coincided with the externally disposed detergent-resistant cell
surface glycoproteins that could be visualized with tetra-
methyl rhodamine isothiocyanate-conjugated wheat germ ag-
glutinin (TRITC-WGA) (Figure 4a and b). Notably, this close
co-distribution is probably not due to a collapse of Triton-
non-extractable material onto other detergent-resistant struc-
tures in a non-specific manner since, for instance, myosin, a
detergent-resistant cytoskeletal component which is closely
associated with the cell surface (Zigmond et al., 1979), show-
ed a completely different distribution in these same prepara-
tions (Figure 4c). In double staining, a close co-distribution
was seen with p36 and p230; they were both localized to a lat-
tice, similar to that decorated by TRITC-WGA, and could be
seen both at the ventral and dorsal surfaces of the cytoskeletal
preparations (Figure 5a - d).

Discussion
Many studies have sought to determine the subcellular

location of p36 in order to find topological associations which
could elucidate the function of this major tyrosine-specific
kinase substrate in both normal and transformed cells. It has
become evident from cell fractionation, morphologic and im-
munochemical studies that p36, or at least a fraction of it, is
closely associated with plasma membranes (Cooper and
Hunter, 1982; Amini and Kaji, 1983; Courtneidge et al.,
1983; Nigg et al., 1983), with detergent-resistant cytoskeletal
structures (Cheng and Chen, 1981; Cooper and Hunter, 1982)
or, according to one study, with ribonucleoprotein particles
(Arrigo et al., 1983). However, distinctly specific interactions,
such as that of vinculin, another important tyrosine kinase
substrate, and focal adhesion sites (Sefton et al., 1981), have
not been found between p36 and other membrane or
cytoskeletal components. On the other hand, the suggestion
that cytosolic malic dehydrogenase activity is associated with
p36 (Rubsamen et al., 1982), has recently been challenged
(Cooper et al., 1983; Courtneidge et al., 1983).
The results presented here show that in cultured fibroblasts

p36 co-distributes with p230, a subplasmalemmal, cyto-
skeleton-associated protein, which is closely associated with
the cytoplasmic face of the plasma membrane (Lehto and
Virtanen, 1983). It also remains in the detergent-resistant sur-
face lamina, which consists of both detergent-resistant cyto-
plasmalemmal and cell surface proteins (Ben Ze'ev et al.,
1979; Mescher et al., 1981) and which can be visualized with
fluorochrome-conjugated WGA (Lehto et al., 1983). This co-
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Co-localization of p36 and p230 in surface lamiina

Fig. 3. Immunofluorescence microscopy showing reaction of anti-p36 antibodies on paraformaldehyde-fixed cells (a) on paraformaldehyde-NP40-fixed cells
(b), and of rabbit anti-p230 antibodies on paraformaldehyde-NP40-fixed cells (c). (d) and (e) show the staining reaction of paraformaldehyde-NP40-fixed
cells with anti-p36 (d) and anti-P230 antibodies (e) preabsorbed with the corresponding antigens. The prints in (d) and (e) are slightly underdeveloped to allow
the visualization of the cell contours. Scale bar = 10 Am.
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Fig. 4. Immunofluorescence microscopy of cytoskeletal preparations of cultured fibroblasts. Anti-p36 antibodies (a), TRITC-WGA (b), and anti-myosin anti-
bodies (c). (a) and (b) represent double-staining of the same section. Scale bar = 3 zm.

localization is most apparent in the Triton XIOO-extracted
cytoskeletal preparations of the cells in which -70'Vo of the
cellular protein has been removed (Lehto, 1983). The struc-
tural basis of the co-distribution of p36 and p230 is not clear.
The fact that the plasma membrane-associated localization of
both of these proteins can also be seen in prefixed cells,
makes it improbable that the co-distribution is artefactual
and due to fortuitous adherence of the proteins to each other.
It is possible, however, that the reticular staining pattern seen
in cytoskeletal preparations does not represent a native con-

finement of the proteins but is due to their lateral reorganiza-
tion after extraction of most of the plasma membrane lipids
with detergent (cf., Lehto et al., 1983). The concomitant
alterations in the distribution of both p36 and p230 upon
detergent extraction strongly favor, however, the interpreta-
tion of either direct or indirect linkage between these proteins.
This view is further strengthened by our more recent findings
that both anti-p36 and anti-p230 fluorescence are excluded
from the areas of microfilament bundles and that both anti-
gens seem to undergo a similar partial redistribution upon

1703

.i 2 :; :1
u

I. e

lF ..; ,j :.,. O. ;0,

..-.



V.-P. Lehto et al.

Fig. 5. Immunofluorescence microscopy of cytoskeletal preparations of cultured fibroblasts. Double-staining with anti-p36 antibodies (a and c) and mono-
clonal anti-p230 antibodies (b and d). Scale bar = 10 itm (a and b), 2 Atm (c and d).

prolonged cytochalasin treatment (K. Alitalo, J. Keski-Oja,
I. Virtanen and V.-P. Lehto, unpublished observations).
P230 appears to be an immunoanalogue of ct-spectrin, a

well-characterized component of erythrocyte membrane
skeleton (Branton et al., 1981; Marchesi, 1983). Recently, a
family of spectrin-like molecules have been discovered in
various types of non-erythroid cells in all of which they are
peripherally distributed (Levine and Willard, 1981; Bennett et
al., 1982; Burridge et al., 1982; Glenney et al., 1982; Repasky
et al., 1982; Lehto and Virtanen, 1983). In view of the pro-
posed role for p36 as a mediator of malignant transformation
and of its co-distribution with p230, it is important that
spectrin-like proteins are able to cross-link actin (Burridge et
al., 1982; Glenney et al., 1982) and that they have been sug-
gested to play a key role in the regulation of cell motility and
surface phenomena (Lazarides and Nelson, 1982; Lehto and
Virtanen, 1983) which all undergo major changes during
transformation.

Materials and methods
Cells
Human embryonic fibroblasts were cultured in plastic Petri dishes in

Roswell Park Memorial Institute (RPMI) 1640 medium, supplemented with
10% fetal calf serum (FCS; Flow Laboratories, Irvine, Scotland) and anti-
biotics. Human red blood cells were obtained from the Finnish Red Cross
Blood Transfusion Service (Helsinki).
Preparation of antisera

p230 was purified from fetal calf lens by hydroxyapatite column chromato-
graphy and preparative polyacrylamide gel electrophoresis (Lehto and Vir-
tanen, 1983). The antibodies were raised in rabbits, and affinity-purified as
described previously (Lehto and Virtanen, 1983). To produce monoclonal
antibodies against p230, BALB/c mice were inoculated i.p. with 100 yg of
crude p230 fraction of lens tissue in Freund's complete adjuvant, and boosted
i.v. 21 days later with 15 Ag of the same material in NaCI-P buffer (140 mM
NaCl, 0.1 M phosphate buffer, pH 7.2). Three days later the mice were
sacrificed, the spleens were excised and 1.25 x 108 suspended spleen cells were
fused with 1.25 x 107 cells of P3/NS-7/1-Ag 41-1-myeloma line according to
Kohler and Milstein (1975).

Supernatants from hybridoma cultures were screened primarily by an
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enzyme-linked immunosorbent assay with the original antigen preparation as
a ligand. The positive clones were further selected for specificity towards p230
in both immunofluorescence microscopy, using the previously characterized
anti-p230 rabbit serum as a control, and in immunoblotting on elec-
trophoretically separated polypeptides of human red blood cell ghosts and
cultured fibroblasts. Rabbit antibodies to p36, purified from chicken fibro-
blasts by ion exchange and hydroxyapatite column chromatography (Erikson
and Erikson, 1980; Courtneidge et al., 1983), were raised as described
previously (Courtneidge et al., 1983). Anti-myosin antibodies were a kind gift
from R.A. Badley (Unilever Research Laboratory, Sharnbrook, UK) (Badley
et al., 1978).
IF microscopy

Cells grown on glass coverslips were washed with NaCI-P buffer and then
fixed with 2.5% paraformaldehyde in 0.01 M phosphate buffer, pH 7.2, at
room temperature for 15 min. For some experiments, the paraformaldehyde-
fixed cells were treated with 0.1%o NP-40 (BDH-Chemicals Ltd., Poole, UK)
in NaCL-P buffer for 5 min to permeabilize the cells (Laurila et al., 1978).
Cytoskeletal preparations of cultured fibroblasts were produced by treating
the cells with 0.5% Triton X-100 (BDH-Chemicals) in 50 mM Tris-HCl, sup-
plemented with 1 mM phenylmethyl sulfonyl fluoride (PMSF; Sigma
Chemical Co., St. Louis, MO) and 1 mM N-p-tosyl-L-lysine chloromethyl
ketone (TLCK; Sigma) on ice for 15 min, washed with ice cold NaCl-P buf-
fer, and then fixed with 2.5% paraformaldehyde for 15 min.
For IF microscopy, the fixed cells or cytoskeletal preparations were exposed

either to rabbit-anti-p230 antibodies or to rabbit anti-p36 antibodies followed
by fluorescein isothiocyanate (FITC)-conjugated goat anti-rabbit IgG anti-
serum (Cappel Laboratories, Cochraneville, CA). For double immuno-
fluorescence stainings, the cells were first exposed to rabbit-anti p36 followed
by FITC-conjugated goat anti-rabbit IgG and then to hybridoma anti-p230
antibodies followed by TRITC-conjugated goat-anti mouse IgG (Cappel).
The specificity of the immunofluorescence staining was assessed by preabsor-
bing the antisera with the corresponding antigens in an approximate
antigen/antibody ratio of 40:1. To visualize the surface lamina, the detergent-
treated cultured fibroblasts were exposed to TRITC-WGA (Vector
Laboratories, Burlingame, CA) as described previously (Lehto et al., 1983).
The specimens were mounted in 5007o glycerol buffered with veronal acetate
(pH 8.4) and examined in a Zeiss Universal microscope equipped with an epi-
illuminator III RS, HBO 200 W lamp, phase contrast optics and filters for
FITC- and TRITC-fluorescence.
Electrophoretic techniques

Polyacrylamide gel electrophoresis in the presence of SDS was performed
according to Laemmli (1970). Transfer of electrophoretically separated poly-
peptides onto a nitrocellulose~paper was carried out with a commercial blot-
ting apparatus (Trans Blot, Bio-Rad, Richmond, CA) according to the
method of Towbin et al. (1979).
Immunoblotting

For immunoblotting, the nitrocellulose sheets were soaked in NaCl-P buf-
fer, 3% bovine serum albumin (BSA), 10% normal swine or rabbit serum,
0.1%7o Triton X-100 for 2 h, washed and exposed to 50 Ag/ml of the primary
antiserum in NaCl-P buffer supplemented with 2% BSA and 0.2% Triton
X-100 in the above medium for 60 min. After washing, the sheets were in-
cubated with POX-conjugated swine-anti-rabbit IgG or POX-conjugated
rabbit-anti-mouse IgG (50 Ag/ml; Dakopatts, Copenhagen, Denmark) for
60 min, washed and then exposed to 3,3'-diaminobenzidine-tetrahydro-
chloride (DAB; Fluka AG, Buchs, Switzerland) in 10 mM Tris-HCl buffer,
pH 7.5, 0.05% H202 to develop the peroxidase reaction.
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