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Transformation of cells by the src oncogene results in elevated tyrosine phosphorylation of two related
proteins, p80 and p85 (p80/85). Immunostaining with specific monoclonal antibodies revealed a striking change
of subcellular localization of p80/85 in src-transformed cells. p80/85 colocalizes with F-actin in peripheral
extensions of normal cells and rosettes (podosomes) of src-transformed cells. Sequence analysis of cDNA clones
encoding p80/85 revealed an amino-terminal domain composed of six copies of a direct tandem repeat, each
repeat containing 37 amino acids, a carboxyl-terminal SH3 domain, and an interdomain region composed of
a highly charged acidic region and a region rich in proline, serine, and threonine. The multidomain structure
of p80/85 and its colocalization with F-actin in normal and src-transformed cells suggest that these proteins may
associate with components of the cytoskeleton and contribute to organization of cell structure.

Transformation of cells by tyrosine kinase oncogenes
leads to alterations of cell shape, cellular metabolism,
growth control, and gene expression (16, 31, 54). A substan-
tial body of evidence indicates that many if not all of these
changes are a direct result of the tyrosine kinase activity of
the oncogene product (reviewed in references 31, 54, and
66). Rous sarcoma virus (RSV) encodes an enzymatically
activated, 60-kDa tyrosine protein kinase, pp60v"src (6, 15,
44). However, the product of the normal cellular homolog of
src, pp60c-sc, is enzymatically down regulated and does not
induce significant alterations in cellular growth or changes in
cell morphology when overexpressed in rodent or avian cells
(30, 53, 67). Oncogenic activation of c-src and concomitant
activation of tyrosine kinase activity can be achieved by
mutation of the regulatory site of tyrosine phosphorylation,
Tyr-527 (11, 40, 58, 63). Thus, expression of pp6Ov-src or
activated forms of the c-src protein pp60527F results in
efficient cellular transformation and the increased tyrosine
phosphorylation of approximately 15 to 30 cellular proteins
(27, 33, 45, 61).

Genetic studies have shown that structural perturbation of
several different domains of pp6Osrc leads to alterations in
the pattern of tyrosine phosphorylation of specific cellular
proteins and accompanying changes in morphological phe-
notypes (reviewed in references 31 and 54). For example,
mutation of the site of myristylation (e.g., Gly-2 to Ala) of
pp60v-src or pp60527F blocks cellular transformation (9, 32,
61) and the tyrosine phosphorylation of a 120-kDa cellular
protein (35, 45, 61). pp60src contains two regions that share
amino acid sequence similarity with other nonreceptor ty-
rosine protein kinases (55) and regulatory proteins such as
phospholipase C--y, Crk, and GTPase-activating protein
(GAP) (70, 73, 76). Structural alterations within these re-
gions alter or abolish the transforming activity of src (18, 28,
51, 59, 77, 79) and lead to alterations in the tyrosine
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phosphorylation of two pp60sr-binding proteins of 130 and
110 kDa (37, 62). These observations indicate that the
interaction of pp64Yrc with its cellular substrates is governed
by a complex process involving correct intracellular distri-
bution as well as domain-mediated interactions with cellular
proteins.
Whereas recent experiments have shown that tyrosine

phosphorylation of some cellular proteins appears to direct
stable protein-protein interactions (10, 56), knowledge of
how tyrosine phosphorylation of cellular proteins leads to
reorganization of cellular structures and/or the modulation of
the functional activity of components of growth regulatory
pathways is just now beginning to emerge. For example,
many components of the cytoskeleton appear to be tyrosine
phosphorylated in RSV-transformed cells, including vincu-
lin, talin, ezrin, calpactin, paxillin, and fibronectin receptor
(reviewed in reference 8). Yet it is unclear how modifications
of such proteins influence the global alterations in structure
of the cytoskeleton common to transformed cells. Still other
proteins that are tyrosine phosphorylated in RSV-trans-
formed cells appear to play a role in regulation of growth
control or metabolism, including epidermal growth factor
receptor (78), GAP and GAP-associated proteins (4, 22),
mitogen-activated protein kinase (64), and phosphatidylino-
sitol kinase (10). For a number of these proteins, tyrosine
phosphorylation appears to contribute directly to alterations
in functional activity (10, 60, 64, 71).
We have previously described the isolation of a panel of

monoclonal antibodies (MAbs) with specificity for proteins
that become tyrosine phosphorylated in cells expressing
activated forms of the src protein (36). Among these anti-
bodies, several are directed toward immunologically related
proteins, the major species having apparent molecular
weights of 80 and 85 kDa. In this report we describe the
properties of these proteins (referred to as p80/85) in normal
and src-transformed cells and the sequence of a cDNA clone
encoding p80/85. In normal cells, the p80/85 proteins are
phosphorylated on serine and threonine; in cells expressing
activated forms of pp6Osrc, they become heavily phosphor-
ylated on tyrosine. Immunofluorescence analysis reveals a
striking change of subcellular localization of p80/85 upon
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transformation. In normal chicken cells, immunostaining
with MAbs revealed a punctate staining within the cyto-
plasm and staining of peripheral cell extensions. The colo-
calization of p80/85 and actin in peripheral extensions sug-
gests that p80/85 may associate with elements of the
cytoskeleton in normal cells. In transformed chicken cells,
p80/85 colocalized with actin in rosettelike structures repre-
sentative of membrane contact sites with the substratum (17,
48, 72). Such structures, referred to as rosettes or po-
dosomes, are characteristic of cells transformed by tyrosine
kinase oncogenes and contain a variety of cytoskeletal
proteins in addition to F-actin, such as a-actinin, vinculin,
talin, and fimbrin (reviewed in reference 8). Analysis of the
deduced amino acid sequence of a cDNA clone encoding
p80/85 revealed a unique structural organization. The amino-
terminal half of the protein is composed of six copies of a
direct tandem repeat, 37 amino acids in length. The carboxy-
terminal portion contains an SH3-like domain, characteristic
of cytoskeleton-associated proteins, and is separated from
the repeat by a region of charged amino acids and a region
rich in Pro, Ser, and Thr. The multiple-domain structure of
p80/85 and its colocalization with cytoskeleton-associated
proteins suggest that these proteins may contribute to the
organization of the cytoskeleton.

MATERIALS AND METHODS

Cells, viruses, and plasmids. Primary chicken embryo (CE)
cells were prepared from 10-day embryos (SPAFAS, Nor-
wich, Conn.). Chicken cells were transfected with plasmid
DNA containing c-src gene mutants in a nonpermuted RSV
clone as described previously (61) and maintained in Dul-
becco's modified Eagle's medium with 10% fetal bovine
serum. COS cells were transfected with either a control
plasmid, pSV.25, an expression vector containing a simian
virus 40 (SV40) origin of replication, early promoter, and a
cDNA clone of p80/85, or pCMV.25, an expression vector
containing the cytomegalovirus promoter and enhancer, an
SV40 origin, and the p80/85 cDNA clone 25. Transfected
COS cells were maintained in Dulbecco's modified Eagle's
medium with 10% fetal bovine serum for 60 h before immu-
nostaining or lysis.

Immunoprecipitation and Western immunoblotting. Immu-
noprecipitates of p80/85 were prepared by lysis of cells in
modified RIPA buffer containing proteinase and phosphatase
inhibitors as previously described (61), followed by incuba-
tion of 500 pug of cellular protein with 5 ,ug of protein
A-purified MAb (4F11 or MHl) at 0°C for 1 h (37, 61).
Immunocomplexes were recovered by the addition of 50 ,ul
of protein A-Sepharose beads (Pharmacia, Piscataway, N.J.)
that were previously preincubated with 5 pLg of affinity-
purified rabbit anti-mouse immunoglobulin G (IgG) (Jackson
ImmunoResearch Laboratories, West Grove, Pa.), followed
by gentle agitation for 1 h. The beads were washed in
modified RIPA buffer three times and then once in TN buffer
(50 mM Tris-HCl [pH 7.5], 150 mM NaCI). The proteins
were subjected to sodium dodecyl sulfate (SDS)-polyacryl-
amide gel electrophoresis (PAGE) and immunoblotting with
5 ,ug of anti-p80/85 MAb (4F11, lHl, or 1H3) or affinity-
purified rabbit phosphotyrosine (pTyr) antibodies per ml as
described previously (36, 61, 62).

Metabolic labeling, subcellular fractionation, and phos-
phoamino acid analysis. CE cells were labeled with 32Pi
(Dupont, NEN Research Products, Boston, Mass.) as pre-
viously described (35). Subcellular fractionation of CE cells
was carried out by differential centrifugation of cell lysates

as previously described (37, 61). Two-dimensional phos-
phoamino acid analysis of p80/85 was performed as previ-
ously described (36).

Immunofluorescence microscopy. Cells were seeded and
grown overnight on glass coverslips, washed with phos-
phate-buffered saline, and fixed for 5 to 20 min in 3%
paraformaldehyde as described previously (61). The cells
were permeabilized with 0.4% Triton X-100, washed with
phosphate-buffered saline, and incubated with 150 ,ul of
primary antibody (10 p.g of MAb 4F11 or 1H3 per ml) for 60
min at room temperature. After washing, the cells were
further incubated with affinity-purified rabbit anti-mouse IgG
for 60 min, washed, and then incubated with fluorescein
isothiocyanate-conjugated donkey anti-rabbit IgG (5 pLg/ml;
Jackson ImmunoResearch Laboratories) for 60 min. For
double-immunostaining experiments, cells were incubated
first with MAb 4F11, washed, and incubated with rabbit
anti-mouse IgG and then incubated for 60 min with Texas
red-conjugated donkey anti-rabbit IgG (5 ,ug/ml) and ni-
trobenzoxadiazole-phalloidin (0.16 jig/ml; Molecular
Probes, Inc., Eugene, Ore.). Samples were visualized with a
Leitz Orthoplan fluorescence microscope.

Identification of lambda gtll cDNA clones, DNA sequence
analysis, and computer-aided analysis of DNA and protein
sequences. A lambda gtll CE cDNA library (Clontech, San
Diego, Calif.) was screened with anti-p80/85 MAbs. An
appropriate dilution of the library was plated on Escherichia
coli Y1090, and plates were incubated at 42°C for 3.5 h.
Plates were then incubated with isopropyl-p-D-thiogalacto-
pyranoside (IPTG)-saturated nitrocellulose filters at 37°C for
3.5 h. The filters were removed and incubated with anti-
p80/85 MAbs. Antibody binding was scored by incubation
with alkaline phosphatase-conjugated rabbit anti-mouse IgG
(Jackson ImmunoResearch Laboratories), and the color
reaction was developed by using alkaline phosphatase sub-
strates nitroblue tetrazolium and 5-bromo-4-chloro-3-indolyl
phosphate (Sigma, St. Louis, Mo.). Phage from positive
plaques were purified by three rounds of plaque purification.
The cDNA inserts were isolated and subcloned into Blue-
script (Stratagene, La Jolla, Calif.). Smaller DNA fragments
generated by restriction enzyme digestion of the initial
cDNA inserts were isolated and subcloned into Bluescript
plasmid. DNA sequencing was done by the dideoxy se-
quencing procedure (65), using T7 DNA polymerase (Phar-
macia) and [35S]dATP (1,350 Ci/mmol; New England Nucle-
ar). DNA and amino acid sequences were analyzed by using
the sequence analysis software DB System (R. Staden), the
GCG package of the University of Wisconsin Genetics
Computer Group (19), and FASTA (57).
Northern (RNA) blotting. Total cellular RNA was purified

from CE fibroblasts by the guanidinium isothiocyanate-
cesium chloride method (14). Poly(A)+ RNA was prepared
by oligo(dT)-cellulose chromatography (1). Ten micrograms
of total cellular RNA of 1.7 ,ug of poly(A)-containing RNA
was electrophoresed on a 1.2% formaldehyde-agarose gel,
transferred to a nylon membrane, and hybridized with a
32P-labeled, nick-translated 2.0-kb BamHI-EcoRI fragment
of p80/85 cDNA (see Fig. 6).

Nucleotide sequence accession number. The nucleotide
sequence of clone p85.25 has been given the GenBank
accession number M73705.

RESULTS

Biochemical characterization of p80/85. Previous experi-
ments (36) have led to the identification and characterization
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FIG. 1. Species cross-reactivity of p80/85 MAbs. Cell extracts,
prepared from either 527F- or RSV-transformed cells, were immu-
noprecipitated with the p80/85 MAb 1H3 (lanes 1 to 5) or 4F11 (lanes
6 to 10). The resulting immune complexes were resolved by SDS-
PAGE, transferred to nitrocellulose, and immunoblotted with anti-
pTyr serum as described in Materials and Methods. Lanes: 1 and 6,
527F-infected CE cells; 2 and 7, RSV-transformed NIH 3T3 cells; 3
and 8, RSV-transformed Rat-1 cells; 4 and 9, RSV-transformed
hamster 1OW cells (34); 5 and 10, RSV-transformed human osteosa-
rcoma cell line (HOS) (42).

of several MAbs that react with a group of immunologically
related, tyrosine-phosphorylated proteins of 80 to 85 kDa.
As a first step in the characterization of these proteins, we
determined the reactivity of several different MAbs with
respect to proteins in cells of avian, rodent, and human
origin. As shown in Fig. 1, MAb 1H3 immunoprecipitated
multiple polypeptides (the major species being 80 and 85
kDa) from extracts of RSV-transformed CE cells (lane 1) but
did not react with similar proteins from extracts of RSV-
transformed rodent or human cells (lanes 2 to 5). In contrast,
MAb 4F11 (and MAb MHl; data not shown) immunoprecip-
itated identical polypeptides of 80 to 85 kDa from extracts of
RSV-transformed CE cells and polypeptides of approxi-
mately 80 kDa from extracts of RSV-transformed rodent and
human cells (lanes 7 to 10). The reactivity pattern observed
with MAbs 1H3 and 4F11 defines at least two separate
epitopes within the p80/85 proteins, one that is avian specific
and another that is apparently conserved in similar proteins
of other species. Since each of the major polypeptides
observed in CE cells contained at least two different MAb
epitopes, these polypeptides appear to be structurally very
similar. For simplicity, we will refer to these proteins as
p80/85.

Since structural alterations of specific domains of pp6Osrc
have been shown to alter the extent of tyrosine phosphory-
lation of the pp64Yrc substrates p120, p110, and p130 (35, 37,
61, 62), we sought to determine whether alterations of
specific domains of pp60Orc altered the tyrosine phosphory-
lation of p80/85. Cells were infected with viruses encoding
c-src or different transforming and nontransforming variants
of c-src (37, 61), including 2AIc-src (unmyristylated mutant
of c-src), 527F (activated, transforming variant of c-src),
2A/527F (unmyristylated, nontransforming mutant of 527F),
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FIG. 2. Expression and tyrosine phosphorylation of p80/85 in CE
cells infected with transforming and nontransforming src variants.
(A) Detection of p80/85 in CE cells following immunoprecipitation
and immunoblotting with MAb lHl. CE cells (lane 1) were trans-
fected with nonpermuted RSV viral vectors encoding c-src (lane 2),
2A/C (lane 3), 527F (lane 4), 2A/527F (lane 5), d192 (lane 6),
d192/527F (lane 7), and d1155/527F (lane 8). The bands present at
approximately 50 and 25 kDa are the IgG heavy and light chains,
respectively. (B) Tyrosine phosphorylation of p80/85 in CE cells
expressing activated src variants. An immunoblot identical to that
shown in panel A was probed with anti-pTyr serum as described in
Materials and Methods.

d192c-src (a weakly transforming SH3-deletion mutant of
c-src), d192/527F (an SH3-deletion mutant of 527F that
induces a fusiform morphology), and dllS5/527F (a nontrans-
forming SH2-deletion mutant of 527F). Cell extracts were
prepared from variant-infected cells and immunoprecipitated
with MAb lHl, and the immune complexes were resolved
by SDS-PAGE and transferred to nitrocellulose. Western
blot analysis with MAb lHl revealed similar amounts of
p80/85 in the various immune complexes (Fig. 2A). Parallel
Western blot analysis using pTyr antibodies showed little
detectable tyrosine-phosphorylated p80/85 in extracts of CE
cells or in cells infected with c-src or the unmyristylated
form of c-src, 2A/c-src. In contrast, tyrosine-phosphorylated
p80/85 was readily observed in immune complexes from cells
infected with activated c-src mutant 527F and unmyristy-
lated mutants of 527F and 2A/527F, with SH3-deletion
variants d192c-src and d192/527F, and with the SH2-deletion
variant d1155/527F (Fig. 2B). These results indicated that
p80/85 was efficiently tyrosine phosphorylated only in cells
expressing src variants encoding an activated tyrosine ki-
nase. Structural alterations of pp6Src that influence mem-
brane association or alteration of the SH2 and SH3 domains
did not reduce the tyrosine phosphorylation of p80/85. This
is in marked contrast to the tyrosine phosphorylation of
other src substrates (e.g., p120, p110, and p130) wherein
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FIG. 3. Fluorescent localization of p80/85 in CE cells and c-src 527F-transformed cells. Normal (A) and 527F-transfected (B) cells were

grown overnight on glass coverslips, fixed with paraformaldehyde, permeabilized, and immunostained with MAb 4F11 as described in
Materials and Methods. Arrowheads denote areas of intense staining.

alterations in specific domains of pp6osrc reduce the tyrosine
phosphorylation of these proteins (35, 37, 61, 62).

Intracellular localization of p80/85. To determine the intra-
cellular localization of p80/85 in normal cells and assess the
effect of transformation on the intracellular distribution of
p80/85, we used antibodies to p80/85 to immunostain CE

cells and cells transformed with 527F (Fig. 3). CE cells
exhibited an intense staining at the periphery of cells as well
as a punctate staining within the cytoplasm, indicating
association with plasma membranes and possibly endoplas-
mic reticulum (arrowheads in Fig. 3A). CE cells transformed
with 527F exhibited a strikingly different pattern of staining,

FIG. 4. Coimmunostaining of p80/85 and F-actin in CE cells and c-src 527F-transformed cells. CE cells and CE cells transformed with
527F were grown on glass coverslips and processed as described for Fig. 3. (A and C) Detection of F-actin in cells incubated with
nitrobenzoxadiazole-phalloidin; (B and D) identical cells incubated with p80/85 MAb 4F11, rabbit anti-mouse antibody, and Texas
red-conjugated donkey anti-rabbit antibody. The arrowheads denote coincident areas of immunostaining in the respective preparations.
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FIG. 5. Subcellular fractionation and phosphoamino acid analy-
sis of p80/85. (A) Subcellular fractionation of p80/85 was carried out

following hypotonic lysis and Dounce homogenization of CE cells
(lanes 1 to 3), cells infected with 527F (lanes 4 to 6), and cells
infected with 2A/527F (lanes 7 to 9). Individual fractions were

immunoprecipitated with MAb lHl, subjected to SDS-PAGE, and
immunoblotted with MAb lHl. Nuclear (N), membrane (M), and
cytosolic (C) fractions were generated as described in Materials and
Methods. (B) Phosphoamino acid analysis of p80/85. CE cells and
527F-transformed CE cells, as indicated, were labeled with 32pi.
Immune complexes of p80/85 were prepared as described in Mate-
rials and Methods, subjected to SDS-PAGE, extracted, acid hydro-
lyzed, and analyzed by two-dimensional thin-layer electrophoresis.
Authentic phosphoamino acids were coelectrophoresed and identi-
fied by ninhydrin staining. S, phosphoserine; T, phosphothreonine;
Y, pTyr.

most of the p80/85 being localized to sites of membrane-
substratum contact termed rosettes or podosomes (17, 48,
72). Cells infected with the unmyristylated, nontransforming
variant 2A/527F exhibited a pattern similar to that of CE
cells, although fewer areas of distinct focal staining were

observed (data not shown).
Because of the characteristic pattern of p80/85 staining

exhibited by cells transformed with 527F, double-label im-
munofluorescence was used to localize both p80/85 and
F-actin, a component of focal adhesions in normal cells and
rosettes/podosomes in RSV-transformed cells. CE cells ex-

hibited a characteristic array of actin stress filaments (Fig.
4A) when stained for F-actin; however little p80/85 staining
was evident in stress filaments themselves. Instead, colocal-
ization of p80/85 and actin was observed at or near the ends
of actin filaments (arrowheads in Fig. 4A and B). The
colocalization of actin and p80/85 in these cells is consistent
with p80/85 being associated with elements of the cytoskel-
eton and may indicate that it is present at or near sites of
actin filament attachment. When cells transformed with 527F
were stained for F-actin and p80/85, costaining of rosettes/
podosomes was clearly evident. The virtually quantitative
colocalization of p80/85 and actin in rosettes/podosomes,

structures enriched for cytoskeleton-associated proteins, is
further evidence for the association of p80/85 with elements
of the cytoskeleton.
The interaction of p80/85 with subcellular components was

further addressed by biochemical subcellular fractionation
experiments. CE cells or cells infected with 527F or 2A/527F
were homogenized in hypotonic buffer, and the extracts
were subjected to differential centrifugation to yield a low-
speed fraction enriched for nuclei and nuclear membranes, a
high-speed (100,000 x g) fraction enriched for cellular mem-
branes, and a supernatant fraction containing cytosolic pro-
teins. Each fraction was immunoprecipitated with MAb
lHl, and the immune complexes were isolated, analyzed by
SDS-PAGE, and immunoblotted with either MAb lHl (Fig.
5A) or pTyr antibodies (data not shown). In each instance,
p80/85 was recovered in the cytosolic fraction, indicating
that under the conditions used to fractionate the extracts,
p80/85 was not stably associated with nuclei or cellular
membranes.
To confirm the tyrosine phosphorylation of p80/85, phos-

phoamino acid analysis of p80/85 was carried out with
32P-labeled CE and 527F-infected cells. p80/85 from unin-
fected CE cells was phosphorylated on both serine and
threonine residues, whereas in 527F- and 2A/527F-infected
cells, p80/85 contained phosphoserine, phosphothreonine,
and pTyr (Fig. SB). Thus, p80/85 proteins appear to be
substrates for both serine/threonine and tyrosine kinases.

Isolation of cDNA clones encoding p80/85. To identify
cDNA clones encoding p80/85, a CE lambda gtll cDNA
library was screened with four MAbs, two reactive only with
chicken p80/85 and two that exhibited species cross-reactiv-
ity. Eight positive clones were identified, subcloned, and
characterized by restriction enzyme mapping. The eight
cDNAs fell into three distinct groups of cDNA inserts.
Restriction mapping of representative clones from each of
the three groups, clones 19, 23, and 25, revealed the pres-
ence of an overlapping region in all three clones (Fig. 6A).
The complete sequence of clone 25 was obtained by se-
quence analysis of smaller DNA fragments generated by
restriction enzyme digestion. In addition, limited sequencing
of clones 19 and 23 confirmed the sequence of overlapping
regions of these clones. As shown in Fig. 6B, clone 25 was
2,460 bp in length and contained a long open reading frame
beginning at nucleotide 383 and terminating at nucleotide
2071 (TAG amber stop codon). The open reading frame
encoded a putative polypeptide of 563 amino acids (predict-
ed molecular weight of 63,300). The demarcation between
the coding and noncoding sequence was supported by nu-
cleotide sequence composition analysis using GCG Program
Testcode and CodonPreference. Inspection of the sequence
revealed a second in-frame ATG located 30 bp downstream
from the first in-frame ATG. While the first ATG conformed
to the canonical Kozak sequence, matching at positions -6,
-3, and -1 (41), it is not known which of the putative start
codons is used. Sequence analysis of clone 25 revealed a
382-bp 5' leader sequence containing translation stop codons
in all three reading frames. That these codons function to
prevent translational initiation from an upstream start codon
was indicated by the observation that extracts from bacteria
expressing the lambda gtll clone 25 contained an approxi-
mately 70- to 80-kDa peptide that was reactive with MAb
4F11 in a Western immunoblot, indicating the absence of a
P-galactosidase-p85 fusion protein. Clone 25 contains 439 bp
3' of the putative amber stop codon. Analysis of other cDNA
clones suggested a substantially longer 3' untranslated re-
gion (Fig. 6A). When cDNAs (clone 25 or 19) were nick
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A
B CCGGTGCAAAACAGCTATTGCTATGTCCTAAGTTTGTGCACAGGGTGTGGAATTAGCAGC

AGTCCTCAGGAAGGGACGTGGAGTGGGATTGCTGCCTGAACAGAAGTCCTCAGTGCAGAG
GTACAAAGGGTGCTACCAGTGAGTGAACTAAAACCATGTGTTAATTTGAACAAAGGTCTC
TTCCTTGGTCTCTTTAAAATCTCATCTTTAATTGCTGCTGATCTTTGTGCAGTGCCAGTA

J'-o GAAAAATTAAGGATGTGGCTCAAACAGCCTGAGAGCCAATGACCACAGAGGTGGCTGATG
TTTGTTTCCTTTGCTGGGAATTTTGGGTTGCGCTTCTGTCAGCATACATAGAAGGTAAAG

MetThrValLeuLeuLeuValValLeuG1nMetTrpLys
TGAGTTTCTATGTAACGGGAGCATGACGGTGCTGCTTCTGGTGGTGTTGCAGATGTGGAA

60
120
180
240
300
360

420

14 AlaThrAlaGlyHisSerIleAlaValSerGlnAspAspGlyAlaAspAspTrpGluThr
GGCTACCGCAGGCCACTCCATTGCCGTCAGCCAGGATGATGGAGCAGATGACTGGGAGAC 480

34 AspProAspPheValAsnAspValSerGluLysGluGlnArgTrpGlyAlaLysThrVal
AGATCCCGACTTTGTGAATGACGTGAGTGAGAAAGAGCAGCGCTGGGGGGCTAAAACTGT 540

400bp

FIG. 6. p80/85 cDNA structure and sequence. (A) Restriction
enzyme map of p80/85 cDNAs. The structures of cDNA clones
isolated by screening a lambda gtll cDNA library with p80/85 MAbs
were determined by restriction enzyme digestion as described in
Materials and Methods. Based on sequence analysis of individual
clones (see text), the putative translational start site and stop site
were located and are indicated by arrowheads. The broken line
denotes nucleotides present in clone 23 and not in the other p80/85
clones. The origin of these nucleotides was not determined. (B)
Nucleotide sequence and predicted amino acid sequence of clone
p85.25. The internal tandem repeats are overlined, the predicted
long a-helical region is indicated by dashes, and the SH3 motif is
indicated by dots. Numerical positions of the nucleotides are shown
at the right, and the numerical positions of amino acid residues are

indicated at the left.

translated and used to probe a Northern blot of either total or

poly(A)-containing CE RNA, a major RNA species of ap-

proximately 4 kb (and a minor species of 5.5 kb) was

detected (Fig. 7).
Clone 25 encodes proteins of 80 and 85 kDa. To verify that

clone 25 encoded a component of the p80/85 proteins, the
cDNA insert of clone 25 was subcloned into expression
vectors containing either the SV40 (pSV.25) or cytomegalo-
virus (pCMV.25) promoter-enhancer and an SV40 origin of
replication. COS cells were transfected with either pSV.25
or a control plasmid lacking the clone 25 insert. Sixty hours
posttransfection, the cells were immunostained with either a

chicken-specific MAb (1H3; Fig. 8A and B) or a species-
cross-reactive p80/85 MAb (4F11; Fig. 8C). A significant

1 2

54 LysGlySerGlyHisGlnGluHisIleAsnleHisGlnLeuArgGluAsnValPheGln
GAAAGGATCCGGCCATCAAGAGCACATCAATATTCATCAACTGAGAGAGAATGTATTCCA

74 GluHisGlnThrIleLysGluLysGluLeuGluThrGlyProLysAlaSerHisGlyTyr
AGAACACCAGACCATCAAAGAGAAGGAGCTTGAAACAGGACCAAAAGCTTCCCATGGCTA

94 GlyGlyLysPheG1yVa1G1uG1nAspArgMetAspLysSerAlaValGlyHisGluTyr
TGGAGGGAAATTCGGCGTTGAACAAGATCGCATGGATAAATCAGCTGTTGGACACGAGTA

114 GlnSerLysLeuSerLysHisCysSerGlnValAspSerValLysGlyPheGlyGlyLys
CCAGTCAAAGCTTTCTAAGCATTGCTCACAAGTGGATTCTGTGAAAGGATTTGGAGGCAA

134 PheG1yValGlnThrAspArgVa1AspG1rnSerAlaVa1G1yPheG1uTyrGlfnGlyLys
GTTTGGAGTACAAACTGACAGAGTTGACCAGTCAGCTGTTGGGTTTGAATACCAGGGGAA

154 ThrGluLysHisAlaSerGlnLysAspTyrSerSerGlyPheGlyGlyLysTyrGlyVal
AACAGAGAAACATGCCTCCCAAAAAGACTACTCAAGTGGTTTTGGTGGAAAATATGGAGT

600

660

720

780

840

900

174 GlnAlaAspArgValAspLysSerAlaValGlyPheAspTyrGlnGlyLysThrGluLys
GCAAGCTGACAGGGTGGACAAGAGTGCAGTGGGGTTTGATTACCAGGGTAAAACCGAGAA 960

194 HisGluSerGlnLysAspTyrSerLysGlyPheGlyGlyLysTyrGlyValAspLysAsp
ACATGAGTCACAAAAAGATTATTCCAAGGGCTTTGGTGGTAAATATGGTGTTGACAAGGA 1020

214 LysValAspLysSerAlaValGlyPheGluTyrGlnGlyLysThrGluLysHisGluSer
CAAAGTGGACAAAAGTGCTGTTGGCTTTGAATATCAAGGCAAAACGGAAAAACATGAATC 1080

234 GlnLysAspTyrValLysGlyPheGlyGlyLysPheGlyValGlnThrAspArgGlnAsp
ACAGAAAGATTATGTGAAGGGGTTTGGAGGCAAGTTTGGTGTGCAGACAGACAGACAAGA 1140

254 LysCysAlaLeuGlyTrpAspHisGlnGluLysValGlnLeuHisGluSerGlnLysAsp
CAAATGTGCACTTGGCTGGGATCACCAGGAGAAAGTGCAGCTGCATGAATCCCAGAAAGA 1200

274 TyrLysSerGlyPheGlyGlyLysPheGlyValGlnThrGluArgGlnAspProSerAla
CTATAAGAGTGGTTTCGGAGGGAAATTTGGTGTACAGACAGAAAGGCAGGACCCATCTGC 1260

294

314

valGlyPneAspTyrLysbluLysLeuAlaLysnHsGluSertlnGLInAspTyrSerLys
TGTGGGGTTTGATTACAAGGAGAAACTAGCCAAGCATGAATCTCAACAAGATTATTCAAA

GlyPheGlyGlyLysTyrGlyValGlnLysAspArgMetAspLysAsnAlaAlaThrPhe
AGGATTTGGTGGGAAGTACGGTGTACAGAAGGATCGGATGGATAAGAATGCAGCAACTTT

1320

1380

334 GluAspIleGluLysProThrSerThrTyrGlnLysThrLysProValGluArgValAla
TGAAGATATTGAGAAACCAACCTCAACATATCAGAAAACTAAGCCAGTAGAACGTGTCGC 1440

354 AsnLysThrSerSerI leArgAlaAsnLeuG uAsnLeuAlaLysGluLysGluGlnGlu
TAATAAAACAAGTAGCATTAGAGCTAACTTGGAAAACCTCGCCAAGGAGAAAGAACAGGA 1500
----------------------------------------------

374 AspArgArgLysAlaGluAlaGluArgAlaGlnArgMetAlaArgGluLysGlnGluGln
AGACCGAAGGAAGGCAGAAGCTGAGAGAGCACAAAGAATGGCACGGGAGAAACAAGAACA 1560
-------------------------------------__

394 GluGluAlaArgArgLysLeuGluGluGlnAlaLysAlaLysLysGlnThrProProPro
GGAAGAGGCTCGAAGGAAACTGGAGGAGCAAGCTAAAGCCAAAAAACAAACTCCACCACC 1620

414 SerProThrThrGlnProAlaGluProLysThrProSerSerProValTyrGlnAspAla
ATCTCCTACCACACAACCAGCTGAACCGAAGACACCCTCAAGCCCAGTCTACCAGGATGC 1680

434 ValSerTyrAspAlaGluSerAlaTyrLysAsnSerSerThrThrTyrSerAlaGluHis
AGTTTCCTATGATGCAGAGTCTGCCTACAAGAACTCTAGCACAACATACTCAGCAGAACA 1740

454 GluProGluSerGlyTyrLysThrThrGlySerAspTyrGlnGluAlaValSerGlnArg
CGAGCCGGAATCCGGCTACAAAACGACAGGGTCAGACTACCAAGAAGCAGTGAGTCAGCG 1800

474 GluAlaGluTyrGluProGluThrValTyrGluValAlaGlyAlaGlyAspHisTyrGln
AGAGGCAGAATATGAACCAGAGACAGTCTATGAAGTGGCAGGGGCAGGAGACCATTACCA 1860

494 AlaGluGluAsnThrTyrAspGluTyrGluAsnGluLeuGlyIleThrAlaIleAlaLeu
AGCAGAAGAAAATACCTACGATGAATATGAAAATGAACTTGGAATTACAGCCATAGCTCT 1920

514 TyrAspTIyrG nAlaAlaGyAspAspGluIleSerPheAspProAspAspIleIleThr
TTATGATTATCAGGCTGCGGGTGATGACGAGATCTCCTTTGATCCAGATGACATCATCAC 1980

534 AsnI leGluMetI leAspAspGlyTrpTrpArgGlyValCysLysGlyArgTyrGlyLeu
AAACATAGAGATGATAGATGACGGCTGGTGGAGGGGTGTCTGCAAAGGCCGATACGGGTT 2040

*S5555055055550
PheProAlaAsnTyrValGluLeuArgGlnAM

GTTCCCAGCGAATTATGTGGAGCTGAGACAATAGAGACTGTTGTCTGCTGGTTATGCCTT 2100

2.4_-.

FIG. 7. Northern blot analysis of p80/85. Total RNA (lane 1) and
poly(A)+ RNA (lane 2) from CE cells were hybridized with a 2.0-kb
BamHI-EcoRI fragment of p80/85 cDNA as described in Materials
and Methods. Relative sizes of RNAs are indicated in kilobases at

the left. The large and small arrowheads indicate the major band
hybridizing with the p80/85 probe and the minor band, respectively.

AATTCCCCAGTCAATAAATCTGACCTAATACACTACAAATCATGATGCTTTTCTGAGAAT
GGTGGGGTATATACATATTGCTTTTATATTTAATACTTTGCCGATGCTTTTTAAAATGTT
TATGCCACAGAAGTTGCTAATATATTGTAACTACTCTGTTCTTCACTGAGGCTCTTAAGA
TGATTTTCATGCATTTGGAACCATTCTCTGCCAAATTAGCGATTGTCGTAAAAAGCCTTT
CCAAGGACAATTAGCTGTCTGTCATAATATTGCATGTTTTACTCATAAGTGAGCAGATrT
ACCTCGTGTTTAGTCTAGTTAGTCTTCACTAATGTTCAGCTCAGAAA'rCATGCTTGCGGT

2160
2200

2280

2340

2400

2460

number (greater than 5%) of the COS cells transfected with
pSV.25 (or pCMV.25; data not shown) exhibited intense
staining within the cytoplasm and at cell-substratum contact
sites (Fig. 8A). In contrast, cells transfected with the control
DNA showed no such staining (Fig. 8B). Cells stained with
the species-cross-reactive antibody (4F11) exhibited intense
staining at sites of peripheral extensions (Fig. 8C), reflecting
the presence of endogenous monkey p80/85. In a parallel
analysis, cells were transfected with pCMV.25 and 70 h

A
ATG

19

23

TAG
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FIG. 8. Expression of pSV.25 in transfected COS cells as detected by indirect immunofluorescence. COS cells (C) and COS cells

transfected with pSV.25 (A) or a control plasmid (B) were cultured for 60 h and immunostained with a chicken-specific MAb against p80/85
(1H3; A and B) or with a cross-species-reactive anti-p80/85 MAb (4F11; C) as described in Materials and Methods.

posttransfection, cell lysates were subjected to SDS-PAGE
and immunoblotted with the chicken-specific MAb 1H3 to
confirm the presence of immunologically related p80/85
polypeptides (Fig. 9). Lysates from cells transfected with
vector DNA or cells transfected with pCMV.AS (the clone
25 insert in reverse orientation) contained little detectable
p80/85 (Fig. 9, lanes 2 and 5). In contrast, pCMV.25-
transfected cell lysates contained two major species that
were reactive with MAb 1H3 (lanes 3 and 4). These proteins
comigrated with the authentic p80/85 proteins of CE cells
(lane 6). These data confirmed that the cDNA clone p85.25
encodes both the p80 and the p85 proteins observed in
normal and transformed CE cells.

Predicted structural features of p80/85. The predicted
molecular size of the protein product encoded by the longest
open reading frame of clone 25 is 63.3 kDa, suggesting that
additional posttranslational modifications or protein folding
contributes to the greater molecular size as determined by
SDS-PAGE. The p80/85 protein is relatively rich in Gln,
Lys, and Gly residues and has a predicted isoelectric point of
5.3. The amino-terminal 16 amino acids comprise a hydro-
phobic region; however, the results of cell fractionation
experiments (Fig. 5) indicate that this region does not anchor
p80/85 in cellular membranes. Analysis of the deduced
amino acid sequence revealed several interesting structural
features (Fig. 10A). First, the amino-terminal half of the
protein contains six complete internal repeats arranged in
tandem fashion. The repeat region starts at amino acid

1 2 3 4 5 6

_M - Pas

FIG. 9. Immunoprecipitation of p80/85-related proteins from
transfected COS cells. COS cells were transfected with pCMV
vectors as described in the text, and cell lysates were subjected to
SDS-PAGE and immunoblotted with the chicken-specific p80/85
MAb 1H3. Lanes: 1, COS cells; 2, COS cells transfected with
pCMV vector DNA; 3 and 4, COS cells transfected with pCMV.25
DNA; 5, COS cells transfected with pCMV.AS DNA (clone 25 in
the reverse orientation); 6, CE cells.

residue 91 and extends to about residue 325 (Fig. 6B). The
first six repeats consist of 37 amino acids, whereas the
seventh is degenerate, containing only 15 to 17 residues. The
amino acid sequence of the repeat units and a derived
consensus sequence is shown in Fig. lOB. Secondary struc-
ture analysis using the Chou-Fasman or Gamier-Os-
guthrope-Robson algorithms suggests that the tandem re-
peats exhibit a general helix-turn-helix structure. The
repeated region is highly hydrophilic. No amphipathic helix
or coiled coil could be recognized by inspection of the amino
acid sequence. A search of the available data bases (National
Biochemical Research Foundation protein data base and
GenBank nucleotide data base) using either the consensus
repeat or individual repeat sequences revealed no sequence
similarity with other known proteins (see Discussion). How-
ever, a search of the protein data base for proteins with
sequence similarity to other regions of p80/85 revealed a
second interesting structural feature, an SH3 motif, present
at the C terminus (Fig. 6B and 10C). The SH3 motif has been
identified in several nonreceptor tyrosine kinases (55), cy-
toskeleton-associated proteins including fodrin and a-spec-
trin (50), yeast actin-binding protein 1 and isoforms of
myosin (21), and NADPH oxidase-associated proteins (43),
as well as in proteins and enzymes thought to play a role in
signal transduction (e.g., GAP, Crk, and phospholipase C--y)
(49, 70, 73, 76). The SH3 motif of p80/85 shares approxi-
mately 50% sequence identity with the SH3 region of
pp60Sr. Its location within p80/85 parallels that of the SH3
motifs of cytoskeleton-associated proteins such as myosin 1
and yeast actin-binding protein 1 (21). Two remaining fea-
tures of the p80/85 sequence deserve comment (Fig. 10A). C
terminal of the repeated domain is a predicted helical region
of 50 to 60 residues, many of which are charged amino acids.
Adjacent to the helical region is a sequence of 18 to 20
residues rich in Pro, Ser, and Thr. Such a region may
provide a bend or kink in the p80/85 proteins. Potential
tyrosine phosphorylation sites (XE/DYX) were identified
within each of the copies of the repeated region and imme-
diately upstream of the SH3 domain. A myosine heavy-chain
kinase phosphorylation site (KXXS) (5, 38) was identified in
repeats 2, 3, and 5 (Fig. 10B), and a CDC2-like phosphory-
lation site (XKSPX) (38) was found in the proline-rich region
(Fig. 6B). Whether any of these sites are phosphorylated in
vivo remains to be determined.
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FIG. 10. Structural features of p80/85. (A) Diagram of p80/85 structure. The internal repeats are indicated by the dotted region, and the
SH3 motif is shown by the black region. The predicted long a-helix and the adjacent Pro-, Ser-, and Thr-rich region are denoted by the striped
and cross-hatched boxes, respectively. (B) Alignment of the amino acid sequences comprising the seven repeated units, obtained by using
the MBIR program ss2align. Positions of aligned identical amino acids are denoted by dashes. The consensus sequence is derived from
identical amino acid residues present in more than five of the seven repeats. The consensus sequence of the repeat region of human
erythropoietic cell protein HS1 is shown for comparison. (C) Comparison of the amino acid sequences of the SH3-regions of p80/85 with the
SH3 regions of other proteins, using MBIR program ss2align. The boxed amino acid residues are identical or conserved in more than half of
the proteins compared with the aligned residues in p80/85. p80/85 sequences are compared with those of phospholipase C-y (plc2),
Acanthamoeba myosin IB heavy chain (myoH), human a-fodrin (fodrin), c-Fgr, c-Fyn, Gag-Crk, Gag-Yes, c-Src, Hck, yeast actin-binding
protein 1 (abpl), chicken a-spectrin, c-Abl, and human erythropoietic cell protein HS1 (hsl). Aligned identical amino acids are represented
by dashes, aligned nonidentical residues are shown in uppercase letters, unaligned residues are in lowercase letters, and gaps in the alignment
are denoted by dots.

DISCUSSION

The p80/85 proteins described in this report are composed
of two major, related polypeptide species and are present
in a wide variety of vertebrate species. The striking al-
teration in intracellular distribution of p80/85 observed in
RSV-transformed cells and the colocalization of these pro-

teins with F-actin in peripheral extensions of normal cells
and podosomes of RSV-transformed cells indicate that
p80/85 may be associated with elements of the cytoskele-
ton.

Structural relatedness of p80/85 polypeptides. Immunopre-
cipitation or direct Western blotting of p80/85 from CE cells
revealed two major immunologically related peptides as well

as several minor species of lower and higher apparent
molecular weights. The conserved nature of the p80/85
proteins is evidenced by detection using MAb 4F11 of
immunologically related proteins of 75 to 80 kDa in normal
and RSV-transformed rodent or human cells and immuno-
logically related polypeptides in drosophila tissue culture
cells (80). Expression ofcDNA clone 25 in COS cells yielded
both an 80- and a 85-kDa protein which reacted with the
chicken-specific antibody 1H3. In vitro phosphorylation of
immune complexes containing either COS cell p80/85 or CE
cell p80/85 with pp6Osrc followed by CNBr cleavage and
SDS-PAGE yielded identical patterns of phosphorylated
peptides (data not shown). These observations demonstrate
that clone 25 encodes the two major forms of p80/85 and are
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consistent with both forms of the protein being encoded by
the same mRNA. The multiple polypeptides observed in CE
cells, however, do not appear to be derived from differential
phosphorylation. Treatment of p80/85 immune complexes
with potato acid phosphatase or tyrosine phosphatase did
not significantly alter the mobility of the p80/85 polypeptides
on SDS-gels (75a). These observations lead us to conclude
that the difference in migration of p80 and p85 may reflect
proteolytic processing or the use of alternative sites of
translational initiation. The latter possibility is strengthened
by the observation that in a 1-h pulse with [35S]methionine
followed by either a 1-, 2-, or 6-h chase, no alteration in the
ratio of labeled p80 and p85 was observed.

Cellular distribution of p80/85. Immunostaining of p80/85
in normal CE cells revealed that the proteins are present at
the periphery of the cell, colocalizing with the ends of the
actin stress fibers but not the fibers themselves (Fig. 3 and 4).
Previous studies have shown that the sites of attachment of
cells to the substratum are rich in a variety of well-charac-
terized cytoskeletal components, including actin, a-actinin,
fimbrin, vinculin, talin, and tensin (8). Indeed, the cytoskel-
etal matrix of cells is replete with proteins of 70 to 85 kDa,
including radixin, an 82-kDa polypeptide found in cell-to-cell
adherens junctions (74), an unidentified 82-kDa polypeptide
localized to sites of cell substratum adhesion (3), and paxillin
(70 kDa), a vinculin-binding protein present in focal adhe-
sions (75). The latter is tyrosine phosphorylated in CE cells
transformed with RSV (25). It is not clear at present whether
one or more of these proteins is structurally related to the
p80/85 family of proteins. The p80/85 proteins described
here, however, are unrelated to the p85 subunit associated
with P13 kinase (23, 52, 69) or ezrin (26). Preliminary
biochemical evidence supports the idea that p80/85 is asso-
ciated with elements of the cytoskeleton (23a). Like pp6Osrc,
a substantial fraction of p80/85 is found associated with
detergent-resistant subcellular structures composed mostly
of cytoskeletal proteins (7, 24).
Upon transformation by RSV, avian and rodent cells

exhibit abnormal adhesions to the substratum, termed ro-
settes or podosomes (17, 48, 72). Like focal adhesions,
rosettes or podosomes are regions of the cell surface in close
contact with the underlying substratum. Coimmunostaining
with antibodies to p80/85 and F-actin indicated that in
src-transformed cells, p80/85 proteins are components of
podosomes. Podosomes appear to be unique to cells trans-
formed by the tyrosine kinase oncogenes src, abl, fps, and
yes, and in addition to containing cytoskeletal proteins
normally found in focal adhesions, these structures also have
been shown to contain the tyrosine kinase oncoproteins (8).
Thus, it is not surprising that p80/85 is a target for pp6Osr.
The role of podosomes in transformation is not known. It has
been suggested that such structures may be important in
mediating the activation of extracellular proteases and deg-
radation of extracellular matrix by transformed cells (12).
Indeed, it has been suggested that the presence of pp6Osrc in
these structures is indicative of a role for tyrosine kinases in
this activation process (13).

Tyrosine phosphorylation of p80/85. An important consid-
eration in the analysis of p80/85 proteins is how (or whether)
tyrosine phosphorylation of these proteins plays a role in
altering the cellular morphology or growth properties of the
transformed cells. The extent of p80/85 tyrosine phosphory-
lation (10 to 30% of total p80/85, as judged by immunopre-
cipitation with pTyr antibody) is similar in cells expressing
transforming variants of pp6Osrc or cells infected with either
unmyristylated, nontransforming variants of src or transfor-

mation-defective SH2 variants. In contrast, the striking
redistribution of p80/85 occurs only in fully transformed
cells. These observations argue that tyrosine phosphoryla-
tion of p80/85 may not be sufficient to trigger alteration of the
cytoskeletal structures and that redistribution of p80/85 is a
direct consequence of other events in transformation. How-
ever, additional points must be considered before dismissing
a role of p80/85 tyrosine phosphorylation in cellular changes.
Additional structural modifications, e.g., serine or threonine
phosphorylation of p80/85 or tyrosine phosphorylation of
other cellular proteins, may be necessary to initiate changes
in the cytoskeleton. Alternatively, the p80/85 proteins may
exist in several compartments within the cell, and the
redistribution of unmyristylated pp6Osrc (or SH2-defective
pp6src) may prevent the tyrosine phosphorylation of the
proper pool of cytoskeleton-associated p80/85 molecules.
Preliminary experiments have indicated that p80/85 proteins
are tyrosine phosphorylated by other members of the src
tyrosine kinase family (NIH 3T3 cells transformed with
activated src, fgr, and fyn [65a]), in response to stimulation
of normal cells with the growth factor EGF (37b, 46a), and in
platelets stimulated with thrombin (45a). In contrast, activa-
tion of pS6lck by binding of CD4 or CD3 antibodies, while
stimulating the tyrosine phosphorylation of proteins of ap-
proximately 75 to 80 kDa, did not lead to increased p80/85
tyrosine phosphorylation (33a). Indeed, we have noticed
significantly reduced expression of p80/85 in B cells and T
cells (37a). Thus, tyrosine phosphorylation of p80/85 may
depend on activation of some, but not all, tyrosine kinases
and in addition reflect differences in tissue-specific expres-
sion of these proteins. Clearly, additional experimentation is
warranted before one can assign a functional role to p80/85
tyrosine phosphorylation and its contributions to cellular
growth regulation and transformation.

Structure of p80/85. The deduced amino acid sequence of
p80 reveals the presence of several distinguishable sequence
motifs (Fig. 10), including a repeated-sequence domain com-
posed of six internal tandem repeats, a predicted a-helical
region, a Pro-, Ser-, and Thr-rich region, and an SH3
domain. The mosaic nature of p80 indicates that it may have
evolved by duplication as well as insertion of common
structural units. Thus, it provides another example for a
growing number of mosaic proteins which contain similar
structural units yet exhibit diverse cellular functions (2, 20).
Internal tandem repeats appear to be a feature of some
membrane-associated proteins and cellular proteins involved
in cell cycle control or differentiation. Such repeat sequence
motifs can be divided into several groups. A 33-amino-acid
ankyrinlike repeat is found not only in ankyrin but also in
Notch, Lin-12, Glp-1, CDC10, SW14, SW16, and Bcl3 (46).
A second repeat motif, the 34-amino-acid knob-and-hole
motif, has been observed in CDC23, Nuc2, CDC16, SSN6,
and SK13 (29, 68). Finally, the cytoskeletal protein spectrin
contains multiple copies of a 106-amino-acid repeat (47). A
comparison of the amino acid sequence of the p80/85 repeat
with the other repeat motifs revealed sequence similarity
only with HS1 (see below). However, it is noteworthy that
internal tandem repeats are often conserved in proteins of
different species, present in various copy numbers, and are
present in proteins of diverse cellular functions. It has been
suggested that each repeat motif may represent a basic
structural and functional unit that could be involved in
mediating interactions with other cellular proteins or that
these domains may facilitate interactions among similar
domains of the same protein (46). It is interesting to specu-
late that in different cells or tissues, the strength or speci-
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ficity of such interactions mediated by repeated sequence
motifs could be readily modulated by addition or deletion of
copies of the repeats.
The C terminus of p80/85 is composed of an SH3 motif,

which is conserved in nonreceptor tyrosine kinases, and
several cytoskeletal-associated proteins and proteins in-
volved in cellular signalling (Fig. 10C). A phylogenetic
analysis of the various SH3 regions, which is based on the
similarity of the amino acid sequences as determined by the
computer algorithm MULTALIGN, showed that the SH3
motifs can be grouped into two subfamilies. One subfamily is
present in nonreceptor tyrosine kinases, Crk, and myeloid
kinase, while the other is found in p85, HS1, myosin heavy
chain, yeast actin-binding protein 1, fodrin, ao-spectrin, and
phospholipase C--y (Fig. 10). It is interesting that this phylo-
genetic division of the SH3 motifs coincides with the puta-
tive function of the proteins, one group being composed of
mostly protein kinases and the other being composed of
structural proteins. Thus, the different subfamilies of SH3
motifs may encode different biological functions. The SH3
motif may function as a binding region to cytoskeleton, as
indicated by its presence in various cytoskeleton-binding
proteins. It will be interesting to investigate the nature of
possible interactions of p80/85 with pp60src, other members
of the src family of kinases, or tyrosine kinase receptors.
Kitamura et al. (39) have reported the sequence of HS1, a

cDNA expressed only in cells of hematopoietic lineage. The
overall structure of HS1 is very similar to that of p85. HS1
contains three copies of an internal tandem repeat which
bears substantial sequence similarity (70 to 75% sequence
identity) with the repeat region of p85 (Fig. 10B). HS1 also
contains a C-terminal SH3 motif (Fig. 10C); however, the
amino acid sequences between these two landmarks are only
20% identical with the corresponding region of p85. Based
on the similarity in amino acid sequence and structural
arrangement, HS1 could either be a human homolog of p85
or a member of a highly related gene family. The fact that we
have been unable to detect a comparable level of expression
of p80/85 in B cells and T cells (37a) suggests that p80/85 and
HS1 are members of a gene family and not homologs of the
same gene product in different organisms.
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