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Receptor tyrosine phosphatases (R-PTPases) feature PTPase domains in the context of a receptor-like
transmembrane topology. The R-PTPase R-PTP-k displays an extracellular domain composed of fibronectin
type III motifs, a single immunoglobulin domain, as well as a recently defined MAM domain (Y.-P. Jiang, H.
Wang, P. D’Eustachio, J. M. Musacchio, J. Schlessinger, and J. Sap, Mol. Cell. Biol. 13:2942-2951, 1993). We
report here that R-PTP-x can mediate homophilic intercellular interaction. Inducible expression of the
R-PTP-x protein in heterologous cells results in formation of stable cellular aggregates strictly consisting of
R-PTP-k-expressing cells. Moreover, the purified extracellular domain of R-PTP-x functions as a substrate for
adhesion by cells expressing R-PTP-x and induces aggregation of coated synthetic beads. R-PTP-x-mediated
intercellular adhesion does not require PTPase activity or posttranslational proteolytic cleavage of the R-PTP-x
protein and is calcium independent. The results suggest that R-PTPases may provide a link between cell-cell
contact and cellular signaling events involving tyrosine phosphorylation.

The identification of a protein tyrosine phosphatase
(PTPase) homology domain has recently allowed the identi-
fication of a large number of members of the PTPase family.
This complexity of the PTPase family suggests that the
regulation of cellular PTPase activity constitutes an intricate
but hitherto poorly understood level of control of signaling
mechanisms which involve tyrosine phosphorylation. A
large subfamily of PTPases features a receptor-like trans-
membrane topology, displaying diverse but often highly
conserved extracellular domains (receptor PTPases [R-
PTPases]) (recently reviewed in reference 5). An important
role for potential extracellular ligands for such R-PTPases
can be inferred from studies on the CD45 R-PTPase. CD45
cross-linking with monoclonal antibodies can have profound
effects on cellular signaling and activation pathways (13, 30,
45). Experiments with a chimeric CD45 protein in which the
extracellular domain was replaced by that of the epidermal
growth factor receptor led to similar conclusions (6). The
identification of the in vivo ligands for R-PTPases is thus
likely to lead to new insights in the field of cellular regula-
tion.

R-PTPases with extracellular domains containing cys-
teine-rich clusters, highly glycosylated serine/threonine-rich
regions, and carbonic anhydrase-like domains have been
reported (2, 5, 27, 31). The broadest subfamily, however, is
characterized by a combination of fibronectin type III re-
peats and immunoglobulin (Ig) domains, with members often
found most highly expressed in epithelial and neuronal
tissues (28, 44, 47, 51). Two other R-PTPases, R-PTP-k, the
subject of this study, and mRPTPy, in addition contain a
so-called MAM domain, so far defined solely on the basis of
homology (4, 10, 22). The combination of Ig and fibronectin
type III domains, as well as the posttranslational proteolytic
processing observed in the case of R-PTP-k and LAR (22,
44, 50), are features typical of cell adhesion molecules
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capable of mediating homophilic cell-cell binding (reviewed
in references 14 and 43). In this study, we report that
R-PTP-k functions in several respects as a typical cell
adhesion molecule. Its expression promotes homophilic cell
aggregation, and cells expressing R-PTP-«k adhere to sub-
strates consisting of a purified protein corresponding to the
extracellular domain of R-PTP-k. R-PTP-k-mediated cell
adhesion does not require the R-PTP-«k PTPase activity. That
homophilic binding is an intrinsic property of the extracel-
lular domain of the R-PTP-k protein is further suggested by
its ability to induce aggregation of synthetic beads (Covas-
pheres) coated with this domain. These data suggest that
certain R-PTPases may have the potential to mediate regu-
latory events in response to cell-cell contact.

MATERIALS AND METHODS

Reagents, buffers, and media. The mouse R-PTP-k cDNA
and polyclonal antiserum 116 have been described previ-
ously (22). BSS buffer is 55 mM NaCl, 40 mM KCl, 15 mM
MgSO,, 10 mM CaCl,, 20 mM glucose, 50 mM sucrose, 2 mg
of bovine serum albumin (BSA) per ml, and 10 mM Tricine
(pH 6.95) (42). BSA was from Intergen and heat inactivated
(60°C for 30 min in phosphate-buffered saline [PBS]) before
use. 1,1'-Dioctadecyl -3,3,3',3’ - tetramethylindocarbocya-
nine perchlorate (diI) was from Molecular Probes, Inc.
Green fluorescing Covaspheres were obtained from Duke
Scientific. The monoclonal antibody against human placental
alkaline phosphatase was from Medix Biotech (catalog no.
A-018-02). Drosophila melanogaster S2 cells were propa-
gated at room temperature in Drosophila Schneider medium
supplemented with 10% heat-inactivated fetal bovine serum
(Sigma). Insect (Spodoptera frugiperda) Sf9 and High-Five
cells were cultured in Grace medium supplemented with 10%
heat-inactivated fetal bovine serum. L6 cells were propa-
gated in Dulbecco modified Eagle medium supplemented
with 20% fetal bovine serum.

Expression of the R-PTP-ix protein. The entire mouse
R-PTP-k cDNA (22) was introduced in both orientations as
an Hpal-EcoRV fragment into the Hpal site of a derivative
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of the pCasper expression vector containing the heat shock
protein 70 (hsp70) promoter (46). A mutated cDNA failing to
undergo proteolytic processing at the furin cleavage site (22)
was introduced into the same vector in a similar manner. A
cDNA encoding a truncated, catalytically inactive form (Ak)
of R-PTP-k was constructed by restriction digestion with
BspEI and Klenow fill-in of the wild-type cDNA. This leads
to the introduction of a stop codon after amino acid residue
1083 and the generation of a protein lacking the cysteine
residues essential for catalysis in the two intracellular cata-
lytic homology domains of R-PTP-«k (18). The resulting
constructs were cotransfected into Drosophila S2 cells with
plasmid pPC4 (conferring a-amanitin resistance) (23), using
calcium phosphate precipitation. Pools of stably transfected
cells were selected in the presence of 5 pg of a-amanitin per
ml for 3 weeks.

For expression in mammalian cells, the R-PTP-kx cDNA
was introduced into the Xhol site of the pMJ30 vector (21)
and cotransfected with plasmid pSV2neo into rat L6 cells.
Clones surviving G418 selection were screened for expres-
sion by immunoblotting. This procedure did not detect
endogenous R-PTP-k protein in the parental L6 cells. The
expressed protein underwent appropriate furin cleavage as
described previously (22).

Aggregation assays. Transfected S2 cells were heat
shocked at 37°C for 30 min to induce expression of the
R-PTP-k protein from the hsp70 promoter and allowed to
recover for 2 h. Adherent cells were collected, washed twice
in BSS, resuspended in BSS at a concentration of 4 x 10°
cells per ml, and incubated in Coulter Counter vials on a
rotary shaker for 2 h at 100 rpm at room temperature.
Quantitation of aggregate formation was performed by using
the Coulter Counter with the following settings: 1/amplifica-
tion = 4; threshold = 10; 1/aperture current = 32.

For experiments involving the fluorescent dye dil, dye
was added to the growth medium at a concentration of 3.2
uM during heat shock and washed away prior to recovery
and assay. A total of 2 x 106 cells of each population were
mixed and allowed to coaggregate in a total volume of 1 ml.
Aggregate composition was monitored under visible and
fluorescent light, using a Nikon Diaphot inverted micro-
scope.

Expression and purification of the extracellular domain of
the R-PTP-k protein. Amino acids 1 to 639 of the R-PTP-«
proprotein (22) were fused in frame with human placental
alkaline phosphatase (9) between the Bg/II and HindIII sites
of the vector pBacBlue III (Invitrogen) by a series of
appropriate cloning steps. This part of the R-PTP-« protein
corresponds to the 110-kDa cleavage product encompassing
most of the extracellular domain of R-PTP-x (the furin
cleavage site occurs at amino acids 640 to 643). This leads to
the production of a 180-kDa fusion protein consisting of
(from N to C terminus) the R-PTP-k signal peptide, the
extracellular domain of R-PTP-k, and human placental alka-
line phosphatase. Recombinant virus was generated and
expanded in Sf9 cells, using the Pharmingen Baculo-Gold
transfection kit, and used to infect High-Five cells at a
fivefold multiplicity of infection for production of the K2AP
fusion protein. A secreted alkaline phosphatase control
protein was generated in L6 myoblast cells by stable trans-
fection with a modified version of the AP-TAG vector (9)
encoding a fusion protein of alkaline phosphatase with a
signal peptide. Both proteins were affinity purified by elu-
tion from an anti-alkaline phosphatase monoclonal antibody
(Medix Biotech) column with 150 mM NaCl-1 mM MgCl,-1
mM CaCl,-100 mM diethanolamine (pH 11.5) (followed by
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FIG. 1. Expression of the R-PTP-k protein in transfected S2
cells. Detergent lysates were prepared from stably transfected S2
cells (2 x 10° cells per lane), resolved by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis, and immunoblotted with an
antiseérum directed against the extracellular domain of the R-PTP-k
protein. Lanes: 1, R-PTP-k antisense vector-transfected cells, not
heat shocked; 2, antisense vector-transfected cells after heat shock;
3, sense vector-transfected cells, not heat shocked; 4, sense vector-
transfected cells after heat shock; 5, lysate from COS cells tran-
siently transfected with an R-PTP-«x expression vector (22). Molec-
ular weight standards are indicated in kilodaltons.

rapid neutralization with 1 M N-2-hydroxyethylpiperazine-
N'-2-ethanesulfonic acid [HEPES; pH 8.0]) or with PBS
containing 50% ethylene glycol, as indicated. The eluted
protein was dialyzed against PBS and stored at 4°C. The
K2AP and alkaline phosphatase proteins were approxi-
mately 90 and 50% pure, respectively, as determined by
silver staining.

Adhesion assays. For adhesion assays, 4-pl aliquots of
protein samples (20 pg/ml) were spotted on 35-mm-diameter
bacteriological petri dishes at equal distances from the
center of the plate and allowed to bind to the plate at room
temperature for 30 min. This yielded circular protein-coated
areas of approximately 3-mm diameter. The solutions were
removed by aspiration, and the surface of the entire plate
was blocked for 60 to 90 min with 1% heat-inactivated BSA
(32). The plates were incubated with a suspension of S2 cells
(4 x 10°ml) in BSS with shaking (50 rpm) for 1 h at room
temperature or with L6 cells in S-MEM (minimum essential
medium, modified for suspension culture; GIBCO) (2 x
10%/ml) without shaking at 37°C, washed three times with
PBS, fixed in 3.7% formaldehyde, stained with crystal violet,
and counted. Since only limited areas of the dish are coated
in comparison with the number of cells available, the avail-
able surface area for adhesion is the limiting factor in these
experiments.

Covasphere aggregation assays. Proteins (approximately
800 ng, 4 pg/ml) were covalently coupled to 20 pl of
0.5-pm-diameter green fluorescent Covaspheres by incuba-
tion for 1 h at 37°C and then 1 h at 4°C. After coupling,
samples were sonicated for 10 s and washed with blocking
buffer (10 mM [Tris pH 7.4], 1 mg of BSA per ml). After 30
min of incubation on ice in blocking buffer, the samples were
resonicated and resuspended in 10 times the original Cova-
sphere suspension volume of PBS. Aggregation of Covas-
pheres at this concentration was monitored by fluorescence
microscopy and quantitated with a Coulter Counter (1/
aperture current = 1/4; 1/amplification = 1/4; threshold = 10)
after 3 h of incubation at room temperature. This setting
detects particles larger than approximately 60 Covaspheres
(16).

RESULTS

Stable, inducible expression of the R-PTP-x protein in
Drosophila S2 cells. We reasoned that analysis of adhesive
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FIG. 2. S2 cell aggregation induced by R-PTP-k expression. (A
and B) Photographs of transfected S2 cell populations after heat
shock induction and aggregation for 2 h. A typical experiment is
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capacities conferred by R-PTP-k would be facilitated by
ectopic expression into a cell line likely to lack conserved
ligands for a mammalian R-PTPase. In addition, we wished
to use a recipient cell line displaying a low capacity for
spontaneous aggregation or adhesion. The Drosophila S2
cell line meets both of these criteria and constitutes a system
widely used to analyze both homophilic and heterophilic cell
interactions (e.g., references 26, 36, and 42). Consequently,
we introduced the wild-type R-PTP-kx cDNA (22) under the
control of the hsp70 heat shock promoter into a modified
version of the pCasper expression vector (46). The use of
this promoter allows transcription of the introduced cDNA
to be induced by brief heat treatment (30 min at 37°C,
followed by a 2-h recovery at room temperature). Constructs
containing the R-PTP-k cDNA in either orientation with
respect to the promoter were stably introduced into the
recipient S2 cells, and the transfected cells were analyzed for
inducible expression of the R-PTP-k protein. As shown in
Fig. 1 (lanes 3 and 4), in cells transfected with a construct
containing the R-PTP-k cDNA in the sense orientation with
respect to the heat shock promoter, immunoblotting with an
anti-R-PTP-«k antiserum revealed, upon heat induction, the
appearance of a 210-kDa protein. This protein corresponds
to the unprocessed form of R-PTP-k seen in mammalian cells
(22). No such protein was detected after similar treatment of
S2 cells transfected with an expression vector containing the
R-PTP-k cDNA in the antisense orientation with respect to
the promoter.

We previously reported that in mammalian cells, the
210-kDa R-PTP-« precursor protein undergoes proteolytic
cleavage by a furin-like protease, with both cleavage prod-
ucts remaining noncovalently attached (22). We have simi-
larly observed, in R-PTP-k-transfected S2 cells, the appear-
ance of a minor 110-kDa species cross-reactive with anti-R-
PTP-« antiserum directed against the extracellular domain of
the R-PTP-k protein, suggesting that in S2 cells, the R-PTP-«
protein may at least partly be processed similarly as in
mammalian cells through proteolytic cleavage by a furin-
type endoprotease. Cleavage was also observed upon ex-
pression of the entire extracellular domain of the R-PTP-«
protein in Sf9 cells by using baculovirus vectors (not shown).
A Drosophila furin homolog has recently been described
(38). However, significant cleavage appeared to occur
mainly after expression periods longer than those used in
this study. Thus, most of the R-PTP-k protein expressed in
the transfected S2 cells during aggregation and adhesion
assays was in the uncleaved 210-kDa precursor form.

Expression of R-PTP-k induces cell aggregation. To study
whether R-PTP-k expression may mediate cell-cell aggrega-
tion, cells stably transfected with the R-PTP-k cDNA in the
sense orientation were subjected to an aggregation assay.
Cells were induced or not by heat shock application, resus-
pended, subjected to rotary shaking to ensure mixing and

shown. (A) Control (antisense vector-transfected) cells; (B) cells
transfected with an expression vector carrying the R-PTP-k cDNA in
the sense orientation. Insert, higher magnification of a typical aggre-
gate. (C) Time course and quantitation of aggregation by Coulter
Counter counting of above-threshold particles. A typical experiment
is shown. Open squares, antisense vector-transfected cells, unin-
duced; full squares, antisense vector-transfected cells, induced; open
circles, cells transfected with an expression vector containing the
R-PTP-k cDNA in the sense orientation, uninduced; full circles,
sense vector-transfected cells, induced. Error bars indicate standard
errors (three determinations per sample and time point).
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FIG. 3. Aggregates consist solely of cells expressing the R-PTP-k protein. Two different cell populations, one of which had been labeled
with the fluorescent dye dil, were allowed to coaggregate, and the resulting aggregates were inspected by visible and fluorescence microscopy.
dil fluorescence is white in the photographs. (A) A pool of R-PTP-k-expressing cells (sense vector transfected, heat induced) was allowed to
aggregate in the presence of an equal number of dil-stained R-PTP-«-negative (antisense vector-transfected, heat-induced) cells. (B) R-PTP-«
expressing cells were stained with dil and allowed to aggregate in the presence of unstained R-PTP-k-negative cells. (C) Mixture of stained
and unstained R-PTP-«-positive cells. Representative aggregates are shown. In each case, 10 aggregates were randomly localized under
visible light only. Subsequent inspection under UV light consistently showed the staining pattern exemplified in the photographs.

avoid adhesion to the vessel, and then assayed for aggregate
formation. The extent of aggregate formation was compared
with that displayed by uninduced (not heat-shocked) cells or
similarly treated control cells transfected with the vector
containing the R-PTP-k cDNA in the antisense orientation.
In heat-shocked sense cDNA-expressing cells, we observed
the formation of a large number of aggregates consisting of
more than 10 and up to approximately 100 cells. By contrast,
control cells (not heat shocked or antisense vector trans-
fected) remained primarily as a single cell suspension (Fig.
2A). This property of the transfected cells was stable and
reproducible over more than 2 months of continuous culture
of the transfected cells and was consistently observed in
several independent stable and transient expression experi-
ments (not shown) of S2 cells. The fact that aggregation was
incomplete, with a proportion of R-PTP-k-transfected cells
remaining as single cells throughout the assay period, may
be due to the fact that the transfected cell population
consisted of an uncloned pool of cells presumably differing in
their levels of R-PTP-k expression or to a loss of protein
expression or cell viability during the aggregation assay.
However, the requirement for R-PTP-«k expression in all
cells within aggregates was proven by mixing experiments
using dye-labeled cells (see below).

To quantitate objectively the extent of cell aggregation, we
performed a determination of superthreshold particles with a
Coulter Counter (Fig. 2C). This type of counting underesti-
mates the real extent of cell aggregation, since only the
largest aggregates formed are scored by this procedure, as
determined by comparison with visual inspection and count-
ing of the aggregates formed (not shown). This procedure
revealed no induction of aggregation by cells transfected
with a vector expressing the R-PTP-k cDNA in the antisense
orientation. By contrast, sense vector-transfected cells
showed a high degree of time-dependent aggregate formation
after heat shock induction. Aggregation reached a plateau
value after approximately 2 h of incubation. A low but
reproducible degree of aggregation was seen in sense vector-
transfected cells in the absence of heat shock induction. This
may be due to a degree of leakiness of the heat shock
promoter under conditions of the assay (25°C) or because of
induction of the heat shock promoter by stress conditions
due to performance of the assay itself.

Notably, the conditions of the assay (medium, time scale,
and speed of shaking) are similar to those used to demon-
strate the adhesive properties of a number of well-estab-
lished adhesion molecules (26, 36, 42). Whereas it is difficult
to measure binding affinities of many cell adhesion molecules
(which often are low and rely on cooperativity (see, e.g.,
reference 8), this similarity suggests that the strength of
cell-cell interaction conferred by expression of R-PTP-k is
comparable to that previously described for conventional
adhesion molecules.

Aggregation of R-PTP-k-expressing cells is strictly ho-
mophilic. The observed aggregation correlating with expres-
sion of R-PTP-k could be accounted for by a homophilic
binding mechanism, in which cell-cell binding is mediated by
interaction between R-PTP-k proteins on different cells
within aggregates, by binding of the R-PTP-k protein to a
second cell surface ligand intrinsic to the parental trans-
fected cells (heterophilic mechanism), or by a non-cell-
autonomous mechanism, e.g., one involving a secreted
soluble factor. We were able to distinguish between these
possibilities by marking different populations of cells with
the fluorescent lipophilic dye dil (39) and testing for their
coaggregation. In these experiments, cells expressing
R-PTP-x or not were labeled with the dye, mixed with
unlabeled cells of either type, and subjected to aggregating
conditions. The presence of cells of either population in the
aggregates formed was then monitored by fluorescence
microscopy. The results are illustrated in Fig. 3. Strikingly,
mixing of unlabeled R-PTP-k-positive cells with labeled
R-PTP-k-negative cells led to the formation of aggregates
consisting exclusively of unlabeled cells. Conversely, when
the R-PTP-k-expressing cells were labeled and allowed to
aggregate with unlabeled control cells, aggregates consisted
entirely of labeled cells, demonstrating that dil labeling does
not interfere with the aggregation capacity of the transfected
cells. Mixing of labeled and unlabeled cells, both expressing
R-PTP-k, led to the formation of mixed aggregates contrib-
uted to by cells of either staining type, thus confirming that
cells that are either stained or not with dil have the ability to
aggregate with each other. These results lead to the conclu-
sion that aggregation of the R-PTP-k-transfected cells re-
quires the presence of the protein on all cells within the
aggregate, implying a homophilic binding mechanism. How-
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FIG. 4. R-PTP-«k-induced S2 cell aggregation does not require
the intracellular catalytic domain of the R-PTP-k protein or post-
translational proteolytic processing at the furin cleavage site. Paren-
tal S2 [S2 (par)] cells were stably transfected with expression
vectors encoding an R-PTP-k cDNA in which the furin cleavage site
had been mutated (CM) (22), a cDNA encoding a catalytically
inactive deletion mutant of R-PTP-k lacking most of the intracellular
(PTPase) domain (Ak), or a wild-type R-PTP-x cDNA (wt). Cells
were heat induced and subjected to aggregating conditions for 2 h,
and above-threshold aggregates were counted with a Coulter
Counter. Error bars indicate standard errors (three determinations
per sample). The apparent differences in aggregation intensity
between the different forms of R-PTP-k may reflect small differences
in protein expression levels (not shown). The numbers provided by
use of the Coulter Counter actually provide an underestimation of
the amount of aggregation as determined by visual inspection and
counting of aggregates, since only large particles above a certain
threshold size are scored by the Coulter Counter.

ever, these experiments do not rule out the possibility of
heterophilic ligands in other types of cells found in vivo.

R-PTP-x-mediated cell aggregation does not require phos-
phatase activity, furin proteolytic cleavage of the R-PTP-x
proprotein, or calcium. The experiments described above
were performed with a full-length R-PTP-x cDNA, leaving
unclear whether the PTPase activity of the intracellular
domain is required to confer adhesive properties. In several
instances, an intact intracellular domain of cell adhesion
molecules has in fact been shown to be required for certain
aspects of cell-cell interaction (20, 34). To test this issue, we
constructed a cDNA encoding a truncated protein lacking
most of the intracellular, catalytic domain of R-PTP-k (Ak).
Figure 4 shows that cells expressing the Ak protein displayed
aggregation properties similar to those of cells expressing the
catalytically active wild-type R-PTP-x protein. We also
tested the role of the furin cleavage site in the extracellular
domain of R-PTP-k. Mutation of this site also left the
adhesion behavior intact, suggesting that cleavage of the
R-PTP-« proprotein (22) is not required for induction of cell
aggregation.

Cell adhesion molecules which either do (e.g., cadherin
family members and integrins) or do not (e.g., N-CAM and
Ng-CAM) require the presence of Ca?* have been described
(12, 14, 19). Our experiments in Fig. 2 were performed in the
presence of 10 mM Ca* in the aggregating cell suspension.
A similar experiment performed in the absence of calcium
ions and in the presence of 1 mM EGTA revealed no calcium
requirement for R-PTP-k-mediated cellular aggregation un-
der the conditions of the assay (data not shown). This
calcium-independent type of cell-cell binding is thus similar
to that described for other cell adhesion molecules contain-
ing Ig and fibronectin type III repeats.

The purified extracellular domain of the R-PTP-x protein
functions as a specific substrate for adhesion by R-PTP-x-
expressing cells. We next wished to determine whether the
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extracellular domain of R-PTP-k was able to function by
itself as a substrate for attachment for cells expressing the
R-PTP-« protein without the requirement for other factors to
assist in the adhesion process. A baculovirus expression
system was used to produce a soluble recombinant protein
consisting of virtually the entire extracellular domain of the
R-PTP-k protein, fused at its C terminus to placental alkaline
phosphatase to serve as a tag for purification and detection
(9). Fusion between the two protein moieties was designed
to occur precisely before the furin proteolytic cleavage
signal in the fourth fibronectin type III repeat in R-PTP-k.
The recombinant protein (K2AP) was purified from the
conditioned medium of baculovirus-infected cells by affinity
chromatography and used to coat small areas of bacteriolog-
ical petri dishes along with a number of control proteins.
Subsequently, the petri dishes were briefly incubated with
R-PTP-k-expressing or control cells under conditions of
moderate shear force, washed, and fixed, and the number of
adherent S2 cells was counted. Significantly, only induced,
R-PTP-k-expressing cells adhered to the K2AP-coated sur-
face area (Fig. 5; Table 1). Uninduced or antisense vector-
transfected cells did not adhere to the K2AP-coated surface
areas. In addition, there was no attachment of induced,
sense vector-transfected cells to control coated surfaces,
including surfaces coated with the alkaline phosphatase tag
moiety or recombinant extracellular domain of human epi-
dermal growth factor receptor also purified by affinity chro-
matography from a baculovirus expression system (29).

Whereas, for technical reasons, all the experiments de-
scribed above were performed in the context of insect cells,
we also tested the effect of R-PTP-k expression in mamma-
lian cells in a similar cell-to-substrate adhesion assay. Stable
R-PTP-k-overexpressing cell lines were generated from
transfected rat L6 cells. The resulting clones expressed
appropriately cleaved and processed R-PTP-k protein, as
reported previously (22). In contrast to the situation for
transfected and heat shock-induced S2 cells, virtually all of
the R-PTP-k protein present in the transfected cells was
present in the mature cleaved form (not shown). The cell line
used as a recipient for R-PTP-k overexpression, rat L6
myoblast cells, already shows a low level of spontaneous
adhesion to a K2AP protein-coated surface, although we
were unable to detect endogenous R-PTP-k protein in these
cells by immunoblotting (data not shown). However, stable
overexpression of an R-PTP-k cDNA in these cells led to a
significant and reproducible (2.7-fold = 1.0; » = 3) increase
in adhesive capacity to a surface coated with the recombi-
nant soluble extracellular domain of the R-PTP-k protein
(Fig. 5; Table 2).

The purified extracellular domain of R-PTP-«x can mediate
aggregation of coated synthetic beads. Further evidence that
the extracellular domain of the R-PTP-k protein can bind
homophilically in the absence of accessory mechanisms was
gained from experiments with synthetic beads. The purified
recombinant extracellular domain of R-PTP-k (K2AP, fused
to an alkaline phosphatase tag) was covalently coupled to
synthetic 0.5-pm-diameter fluorescing beads (Covaspheres).
Such coated beads rapidly self-aggregated to form large
particles which eventually precipitated out of the suspen-
sion. No such behavior was observed for beads coated with
the alkaline phosphatase tag protein alone or with a control
protein (BSA). Particle formation was quantified by use of a
Coulter Counter (Fig. 6). Measurement of superthreshold
aggregates showed dramatic aggregation of beads coated
with the K2AP protein but not of beads coated with control
protein. In similar experiments, we attempted inhibiting
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FIG. 5. Adhesion of R-PTP-k-transfected cells to a surface coated with recombinant purified R-PTP-k extracellular domain (K2AP)
protein. A representative of several experiments is shown. R-PTP-«-negative (antisense vector-transfected, induced) (A) and -positive (sense
vector-transfected, induced) (B) S2 cells and R-PTP-k-negative (C) and -positive (D) L6 cells were incubated with a surface partially coated
with the K2AP protein (circle), and the adherent cells were fixed and stained (see also Tables 1 and 2).

aggregation by using antiserum 116, directed against a pep-
tide corresponding to amino acids 60 to 76 of the R-PTP-«
protein (22). No inhibition could be observed with use of this
antiserum (Fab fragments at a final concentration of 1 mg/ml;
data not shown).

DISCUSSION

The data presented demonstrate that R-PTP-k, an R-
PTPase related to the LAR-like subfamily (containing a
combination of Ig and fibronectin type III domains), is
capable of mediating homophilic binding between cells, thus
indicating a function for the extracellular domain of an
R-PTPase. In this respect, the R-PTP-k protein behaves
similarly to members of the N-CAM family of cell adhesion
molecules. Our observation makes it likely that homophilic
binding may be a more general phenomenon among R-PT-
Pases of the LAR family. In fact, during and after submis-
sion of this report, two reports describing cell aggregation
mediated by the R-PTPase mRPTPp appeared (4, 11). This
phosphatase displays 54% homology at the amino acid level
to mRPTPy in its extracellular domain (10). Whereas our
experiments identify one ligand for the extracellular domain
of the R-PTP-k protein, however, they clearly do not rule out
the possibility of additional, as yet to be identified hetero-
philic ligands. In fact, many cell adhesion molecules of the
N-CAM family, for instance, appear to display heterophilic

TABLE 1. Adhesion of control and R-PTP-k-expressing S2 cells
to surfaces coated with the recombinant, purified extracellular
domain of the R-PTP-« protein®

No. of adherent cells/protein-coated area

Protein® S2 control S2-R-PTP-«
Uninduced Induced Uninduced Induced
K2AP-a 0 0 0 1,367 = 545 (n = 3)
AP 0 0 0 0
HER 0 0 0 0
BSA 0 0 0 0
Fibronectin ~4,000 ~4,000 ~4,000 ~4,000

¢ Different populations of S2 cells were incubated in bacterial petri dishes
containing a set of 3-mm-diameter areas coated with the different proteins
tested. No variation was observed between experiments in the extent of
adhesion by the various cell types to the positive control fibronectin or
polylysine substrates.

2 K2AP-a, K2AP protein purified by elution from an affinity column at
alkaline pH (comparable data were obtained with K2AP protein purified by
elution with 50% ethylene glycol). AP, alkaline phosphatase control protein
(9), corresponding to the tag portion of the K2AP fusion protein. HER, human
epidermal growth factor receptor extracellular domain affinity purified from a
baculovirus expression system (29).
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TABLE 2. Effect of R-PTP-k expression on adhesion of rat L6
cells to surfaces coated with the recombinant, purified
extracellular domain of the R-PTP-k protein®

No. of adherent cells/protein-

Protein® coated area Fold increase
L6 L6-R-PTP-x?
K2AP-a
Expt 1 145 540 3.7
Expt 2 296 525 1.8
Expt 3 87 238 2.7
Avg 2710
AP 0 0
HER 0 0
BSA 0 0
Polylysine ~4,000 ~4,000

2 The experiments were performed as described in Table 1, footnote a.

A representative clone of L6 cells stably expressing the transfected
R-PTP-k cDNA.

< See Table 1, footnote b.

in addition to homopbhilic binding activity (15-17, 25, 37, 43).
Further mapping of the homophilic binding capacity to a
particular subdomain of the extracellular moiety of R-PTP-«
may help to focus the search for putative additional, hetero-
philic ligands.

While contact inhibition of cell growth has been a long-
known phenomenon, several potential links between the
adhesive capacities of cells and signal transduction pathways
have recently been emerging (24). Adherens junctions cor-
respond to sites of locally increased tyrosine phosphoryla-
tion and are subject to its control (49). Furthermore, re-
agents that bind cell adhesion molecules are known to
activate a number of second messenger signals (7, 41). In the
case of integrins or extracellular domains of established cell
adhesion molecules, ligand binding or cross-linking has been
reported to induce changes in cellular tyrosine phosphory-
lation (1, 24). However, the nature of the intracellular
domains of most cell adhesion molecules yields little infor-
mation as to how such signals might be generated. By
contrast, the observation that an R-PTPase displays proper-
ties of a cell adhesion molecule readily suggests possible
mechanisms for the generation of certain intracellular signals
in response to cell-cell contact. For instance, direct cell-cell
contact between R-PTPases on adjacent cells could modify
R-PTPase oligomerization and thus, analogously to receptor
tyrosine kinases, lead to changes in catalytic activity (40).
Alternatively, cell-cell adhesion-mediated relocalization of
R-PTPases could modulate substrate accessibility. More-
over, the similar structural properties of the extracellular
domains of R-PTPases and cell adhesion molecules prompts
the speculation that R-PTPases may, in addition to self-
interaction, also be capable of interacting heterophilically
with other molecules involved in cell adhesion, whether in
cis or in trans, thus further integrating cell-cell contact with
signal transduction processes (14-17, 24, 25, 37, 43).

Preliminary experiments have so far failed to reveal un-
ambiguous changes in protein tyrosine phosphorylation or
PTPase activity in response to R-PTP-k-mediated aggrega-
tion events (data not shown). This may be due to a number
of reasons. R-PTPases may display a high degree of sub-
strate specificity (48). Furthermore, only limited knowledge
is available concerning specific in vivo substrates for R-
PTPases or the specific signaling pathways in which they are
involved (5, 33, 35, 52). Specific substrates for R-PTP-k are
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FIG. 6. Aggregation of synthetic beads (Covaspheres) coated
with a purified recombinant protein (K2AP) corresponding to the
extracellular domain (amino acids 1 to 639) of R-PTP-k, fused to an
alkaline phosphatase tag. Beads were covalently coated with the
K2AP protein or with control proteins (alkaline phosphatase tag
moiety alone [AP] or BSA), sonicated to generate a single bead
suspension, and allowed to aggregate for 3 h at room temperature.
The extent of aggregation was monitored with a Coulter Counter. At
the settings used, the detected particle size corresponds approxi-
mately to 60 beads (16). K2AP-a, protein eluted from the affinity
column at alkaline pH; K2AP-b, protein eluted from affinity column
with 50% ethylene glycol. Error bars indicate standard errors.

so far unidentified or may be lacking in the cell lines
investigated. The situation is thus different from that for
tyrosine kinases, in which case autophosphorylation can
serve as a marker for activity. Finally, since changes in
activity may be local, individual cell recording assays may
be required to detect cellular responses. The identification of
a ligand for a typical R-PTPase now provides the way further
to address this question.
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