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ABSTRACT The transmembrane protein-tyrosine-
phosphatases (PTPases) LAR, PTPN, and PTPcr each contain
two intracellular PTPase domains and an extracellular region
consisting of Ig-like and fibronectin type III-like domains. We
describe the cloning and characterization of human PTPNr
(HPTPa) and compare the structure, alternative splicing,
tissue distribution, and PTPase activity of LAR, HPTPS, and
HPTPor, as well their ability to associate with the intracellular
coiled-coil LAR-interacting protein LIP.1. Overall, these three
PTPases are structurally very similar, sharing 64% amino
acid identity. Multiple isoforms of LAR, HPTP6, and HPTPor
appear to be generated by tissue-specific alternative splicing
ofup to four mini-exon segments that encode peptides of 4-16
aa located in both the extracellular and intracellular regions.
AlternatiVe usage of these peptides varies depending on the
tissue mRNA analyzed. Short isoforms of both HPTPor and
HPTP6 were also detected that contain only four of the eight
fibronectin type III-like domains. Northern blot analysis
indicates that LAR and HPTPr are broadly distributed
whereas HPTPS expression is largely restricted to brain, as is
the short HPTPor isoform containing only four fibronectin
type III-like domains. LAR, HPTPS, and HPTPor exhibit
similar in vitro PTPase activities and all three interact with
LIP.1, which has been postulated to recruit LAR to focal
adhesions. Thus, these closely related PTPases may perform
similar functions in various tissues.

Protein-tyrosine-phosphatases (PTPases) are a structurally
diverse family of transmembrane and intracellular-type en-
zymes that together with protein-tyrosine kinases regulate
protein tyrosine phosphorylation (1). Tyrosine phosphoryla-
tion of signaling molecules, such as enzyme and adapter
proteins or cytoskeleton-associated proteins, is intimately as-
sociated with diverse cellular processes, including activation,
proliferation, differentiation, and migration (2-4). Transmem-
brane-type PTPases contain extracellular regions of varying
architecture connected to one or two intracellular PTPase
domains via a transmembrane peptide (5). This structure
suggests that these proteins play an important role in commu-
nicating information between the outside and inside of the cell.
For instance, deficiencies in the expression of the CD45
transmembrane PTPase abrogate lymphocyte maturation and
activation (6). Several closely related transmembrane PT-
Pases, including LAR, PTP8, PTPu, PTP,u, and PTPK, have
extracellular regions comprising tandemly arranged Ig-like
domains and fibronectin type III (FN III)-like domains (7-15).
This extracellular-region architecture is also found in known
cell adhesion molecules, including the neural cell adhesion
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molecule N-CAM (16) and in receptors for growth-regulatory
proteins (17), suggesting that some of these transmembrane
PTPases have similar ligands and thus function in regulating
cell-cell or cell-matrix interactions. Consistent with such a
role is the demonstration that PTP,u and PTPK have ho-
mophilic binding properties (18-20). Further, LAR and the
intracellular LAR-interacting protein LIP.1 colocalize at focal
adhesions (21). We report the cloning and molecular charac-
terization of the human PTP& (HPTPo) transmembrane
PTPase§ and compare the tissue distribution and tissue-
specific alternative splicing of HPTPo(with that of HPTPS and
LAR. Whereas HPTPo, HPTPS, and LAR are structurally
very similar, there exist distinct patterns of tissue distribution
and structural diversity within this subfamily of transmem-
brane-type PTPases. Further, HPTPo and HPTP8, like LAR,
can interact with LIP.1, suggesting that these PTPases may
serve similar functions in regulating cell-matrix interactions.

MATERIALS AND METHODS
cDNA Cloning and Sequencing. HPTPo- cDNA clones 55,

47, 16, and 31 (Fig. 1) were isolated from a Agtll human fetal
brain cDNA library (Clontech) essentially as described (15).
HPTPo cDNA clones 46.8, 62.1, and 75.1 (Fig. 1) were
obtained by reverse transcription (RT)-PCR amplification
(10) using RNA derived from human fetal lung FHs 738Lu
cells (ATCC HTB 157) and human fetal brain (Clontech).
HPTPU cDNAs were subcloned into plasmid vectors prior to
DNA sequence determination by the chain-termination
method. The putative initiation methionine residue shown in
Fig. 2A is encoded by nt 109-111.
Northern Blot Analysis. A tissue Northern blot containing

about 2 jig of poly(A)+ RNA per lane was obtained from
Clontech and hybridized to 32P-labeled DNA probes under
conditions recommended by the supplier. The specificity of
HPTPa, HPTP6, and LAR probes was confirmed by dot blot
experiments using plasmid DNAs containing the various PT-
Pase sequences (data not shown).

Detection of mRNA by RT-PCR. Poly(A)+ RNA isolated
from human kidney and fetal brain tissue was obtained from
Clontech. Total RNA from FHs 738Lu and human umbilical
vein endothelial cells (Clonetics, San Diego) was prepared by
the guanidinium isothiocyanate method (22). RT-PCR (10)
products were analyzed in 1.5% or 1.8% agarose gels. The

Abbreviations: PTPase, protein-tyrosine-phosphatase; HPTP6 and
HPTPo,Q human PTPases 8 and o-, FN-III, fibronectin type III; F4-F7,
FN III-like domains 4-7; meA-meD, mini-exons A-D; RT, reverse
transcription; GST, glutathione S-transferase.
§The HPTPo- sequence reported in this paper has been deposited in
the GenBank database (accession no. U35234).
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FIG.1. Schematic structure of HPTPo, cDNA. At the top is a composite of 6.4-kb cDNA encoding HPTPo which includes the relative positions
of the 5' untranslated (5'UT) and 3' untranslated (3'UT) regions. The open reading frame encodes three Ig-like domains, eight FN III-like domains,
the transmembrane peptide (TM), and two PTPase domains. Below the schematic, thick lines represent lengths and relative positions of the various
HPTPa cDNAs isolated. Dashed lines and brackets represent deleted sequences as compared with other cDNAs. The locations of the alternatively
used mini-exon A-D (meA-meD) and FN III-like domain 4-7 (F4-F7) sequences are indicated with vertical arrows. Clones 46.8, 62.1, and 75.1
were derived by RT-PCR.

sequences of the synthetic oligonucleotide PCR primers are

available upon request.
Preparation of PTPase Fusion Proteins and Phosphatase

Assay. DNA sequences encoding cytoplasmic regions of LAR
(7), HPTP6 (10), HPTPa (Fig. 2A), and CD45 (23) were

inserted into the polylinker region ofpGEX.2T (Pharmacia) to
create glutathione S-transferase (GST) fusion proteins (see
Table 1). GST-PTPase fusion proteins were expressed in
Escherichiza coli NM522 and purified from bacterial lysates by
use of glutathione-Sepharose beads (Pharmacia). Phosphatase
activities of partially purified GST-PTPase fusion proteins
were measured (24) using [32P]phosphotyrosine-containing
myelin basic protein (MBP) or Raytide peptide substrates.
Substrates were labeled with [-y-32P]ATP by the p56Ick tyrosine
kinase (Upstate Biotechnology, Lake Placid, NY). The protein
concentration of the various GST fusion proteins was deter-
mined by Coomassie staining.

Interaction Trap Assay. Plasmid DNAs and yeast strains
used for the interaction trap assay were provided by Roger
Brent and colleagues (Massachusetts General Hospital, Bos-
ton) and used as described (25). The regions of the LAR (7),
HPTPS (10), HPTPa (Fig. 2A), CD45 (23), and LIP.1 (21)
peptides fused to the LexA DNA-binding domain or B42
transcription-activation domain are given in Table 2.

Cell Transfections and Protein Analysis. COS-7 transfec-
tions were done with the expression vector pMT.2.LIP.lb,
encoding LIP.1, or the control expression plasmid pMT.2 as

described (21). Transfected COS-7 cells were metabolically
labeled with [35S]methionine and then lysed in 1% (vol/vol)
Nonidet P-40/150 mM NaCl/50 mM Tris HCl, pH 8.0/5 mM
EDTA as described (21). Cell lysates were precleared with
glutathione-Sepharose beads (Pharmacia), and samples (0.2
ml) of the lysates were incubated for 16 hr at 4°C with 1 ,ug of the
GST fusion proteins (described above) before addition of gluta-
thione-Sepharose beads for 2 hr at 4°C. The beads were washed
with phosphate-buffered saline containing 0.1% Triton X-100,
and the samples were analyzed by SDS/10% PAGE under
reducing conditions. Immunoprecipitations using the anti-LIP.1
monoclonal antibody a-LIP.1.77 were done as described (21).

RESULTS AND DISCUSSION

Structure of HPTPOr. To isolate human transmembrane
PTPases similar to LAR and HPTP8, a human fetal brain
cDNA library was screened with a mixture ofLAR and HPTP6
cytoplasmic-region cDNA probes (7, 10) under nonstringent
hybridization conditions. A cDNA clone thus isolated (clone

16, Fig. 1) encoded a peptide that was related to LAR and
HPTP8, but was most similar to rodent PTPcr (11, 12, 26-29).
This cDNA was termed HPTPo- cDNA. Additional overlap-
ping HPTPo- cDNA clones were isolated by using appropriate
HPTPor cDNA probes (clones 47, 31, and 55) or by isolation
of RT-PCR-derived cDNA clones (clones 46.8, 62.1, and 75.1;
Fig. 1). The longest composite cDNA spans 6.4 kb and contains
a 5844-bp open reading frame encoding a protein of 1948 aa.

The deduced amino acid sequence of this HPTPo- isoform is
shown in Fig. 2A aligned with the human HPTP8 and LAR
transmembrane PTPase sequences. As the N-terminal 29 aa

are likely to serve as a signal peptide (31), the 30th amino acid
(glutamic acid) is predicted to be the N terminus of the mature
1919-aa HPTP5 protein and is designated +1 (Fig. 2A). A
hydrophobic stretch of 25 aa, residues 1253-1277 (underlined
in Fig. 2A), is likely to be the transmembrane peptide. Se-
quence comparisons suggest that the 1252-aa extracellular
region of HPTPo comprises three Ig-like domains and 8 FN
III-like domains. Four putative N-linked glycosylation sites are
present (# in Fig. 2A), three of which are conserved in
HPTPo, HPTP8, and LAR. HPTPU contains two or three
overlapping putative furin-like endoprotease cleavage sites
located between aa 1161 and 1171 (pro.site in Fig. 2A),
suggesting that HPTP(, like HPTPS, LAR, and rat PTPo, is
expressed on the cell surface as two subunits derived by
proteolytic cleavage of a proprotein (10, 11, 32). The 642-aa
HPTPoa intracellular region contains two PTPase domains.
The overall amino acid sequence identity is 73% for HPTPo-
vs. HPTPS, 68% for HPTPor vs. LAR, 71% for HPTP8 vs.

LAR, and 93% for HPTPo- vs. mouse PTPu (MPTPo(). The
intracellular regions of HPTPa, HPTP8, and LAR share 82%
amino acid identity. Thus, the overall architecture and se-

quence of HPTPoU are very similar to those of LAR and
HPTP8, and PTPa is evolutionarily well conserved.

Isolation of cDNAs Encoding Multiple Isoforms of HPTPor,
HPTP6, and LAR. Several of the HPTPo cDNA clones
isolated either contained or lacked sequences encoding short
peptide regions designated meA-meD or lacked sequences
encoding F4-F7 (Fig. 1), suggesting the existence of multiple
HPTPo- isoforms that are generated by alternative splicing.
This suggestion is consistent with previous results demonstrat-
ing the existence of two or more isoforms for rodent PTPor (12,
26-29), mouse and human PTPS (9, 10), and human and rat
LAR (30, 33). To determine the extent to which the meA-meD
and F4-F7 sequences were alternatively used by HPTPo-,
HPTP6, and LAR, RT-PCR analysis using primers flanking
the alternatively used sequences was followed by sequence
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FIG. 2. Deduced primary structure of HPTPTr. (A) The HPTPoT amino acid sequence deduced from cDNA cloning is shown and is compared
with the HPTP6 (10) and human LAR (7) sequences. The predicted signal peptide, transmembrane peptide (TM), and proprotein processing site
(pro.site) are underlined. The extent and boundaries of the Ig-like domains, FN III-like domains, processing site, transmembrane peptide, and
PTPase domains are indicated by dashes and vertical lines, respectively. The predicted domain junctions are based on the human lar gene
organization (30). The relative positions of the alternatively used HPTPo-- meA-meD peptides are shown, and putative N-linked glycosylation sites
are indicated by #. Dots in the HPTP6 sequence and LAR sequence indicate identical amino acids with HPTPo-. Spaces in the sequ'ences indicate
gaps. (B) Deduced amino acid sequences of various HPTPoQ HPTP8, and LAR cDNA clones isolated by RT-PCR analysis anid/or cDNA cloning.
Shown are amino acid sequences containing (+) or lacking (-) the sequences encoding the meA-meD peptides or F4-F7. The position of the
sequence insertion or deletion is marked by stars. Numbering refers to the amino acid numbers shown in A. Superscripts designate the source of
the amino acid sequence: 1, RT-PCR using FHs 738Lu RNA; 2, cDNA cloning using the fetal brain cDNA library and in most cas'es by RT-PCR
using brain mRNA; 3, RT-PCR using brain and kidney mRNA; 4, cDNA cloning as d'escribed (7, 10, 30); 5, RT-PCR using human umbilical vein
endothelial cell RNA; 6, RT-PCR using brain mRNA. n.f. indicates that these isoforms were not found by RT-PCR using brain, kidney, or human
umbilical vein endothelial cell mRNA or by cDNA cloning. n.d., Not detected as determined by O'Grady et al. (30). t indicates that the change
of amino acid between the sequence containing or lacking certain alternatively used sequences is probably the result of alternative splicing.

determination of the individual PCR products. In most cases, contained the meB sequence. LAR isoforms lacking the
RT-PCR-derived cDNA or cDNA-library-derived cDNA was F4-F7 sequences were also not detected (30), although a rat
isolated that either contained or lacked the meA-meD se- LAR isoform mRNA that lacks sequences encoding F4, F6,
quences, as well as the F4-F7 sequences, for all three PTPases. and F7 has been reported (33). All of these alternatively used
The amino acid sequences determined for the alternatively sequences are inserted between exon-exon junctions based on
used meA-meD and F4-F7 for HPTPa, HPTPS, and LAR are the exon-intron organization of the human lar gene (30). The
summarized in Fig. 2B. No LAR clones were isolated that meA peptide is predicted to affect the length of a loop region
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between the D and E ,3-strands of the second Ig-like domain,
the meB peptide is predicted to affect the spacing between the
second and third Ig-like domains (34), the meC peptide is
located within the fifth FN III-like domain, and the meD
peptide is located between the transmembrane peptide and the
first PTPase domain (PTPase D1) (Fig. 2A). The alternative
usage of F4-F7 presumably affects the distance between the
Ig-like domains and the plasma membrane. The tissue-specific,
alternative expression of the HPTPO-, HPTP6, and LAR meD
coding segment was analyzed by RT-PCR (Fig. 3). HPTPo-
mRNA with or without the meD sequence (356 and 308 bp,
respectively; confirmed by sequence analysis of PCR-
generated cDNA) was present in both brain and kidneymRNA
(lanes 3 and 4), whereas the predominant HPTP8 mRNA in
both brain and kidney lacked the meD sequence (292 bp; lanes
6 and 7). LAR mRNA lacking the meD sequence predomi-
nated in the brain sample (312 bp; lane 9), whereas the kidney
sample contained only the mRNA lacking the LAR meD
sequence (279 bp; lane 10). Thus, the RT-PCR analysis and
cDNA cloning demonstrate that all three members of the
human LAR/PTP8/PTPo' subfamily can generate a large
number of isoforms by the tissue-specific inclusion or exclusion
of the meA-meD peptides and F4-F7.
The functional significance of the existence of multiple

HPTPo-, HPTP8, and LAR isoforms is unclear, but presum-
ably some isoforms (containing meA, meB, meC, and/or
F4-F7) affect the interaction of these PTPases with their
putative extracellular ligands, whereas others containing the
meD peptide may affect interactions with intracellular pro-
teins and/or PTPase activity. Some isoforms of N-CAM
contain the 10-aa VASE peptide located within the fourth
Ig-like domain. This alternatively used peptide regulates the
neurite outgrowth-promoting activity of N-CAM (35). Small
peptide insertions between the second and third Ig domains
have been reported for other cell adhesion molecules, includ-
ing the neural adhesion molecules Nr-CAM and neurofascin
(36, 37). Thus, it seems likely that the meA-meC peptides
regulate the interaction of the ectodomains of HPTPU,
HPTP8, and LAR with their putative ligand(s). The intracel-
lular meD peptide contains potential serine phosphorylation
site(s), suggesting that phosphorylation of these site(s) might
affect PTPase activity and/or interaction with substrates or
other binding molecules.

Differential Tissue Distribution of HPTPo, HPTP6, and
LAR mRNA. Northern blot analysis was performed with
poly(A)+ RNA isolated from various human tissues and
gene-specific cDNA probes. HPTPo- mRNA (7.7 kb) was
detected in all of the tissue samples tested except for placenta
and liver (Fig. 4A). The brain sample also contained relatively
high amounts of a 6.6-kb HPTPo- mRNA. A HPTPor F4-F7-
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FIG. 3. Differential expression of HPTPo-, HPTPS, and LAR
mRNAs containing or lacking the meD sequence. RT-PCR analysis
of poly(A)+ RNA isolated from fetal brain and kidney tissues was

performed with primers specific for HPTPo-, HPTPS, or LAR. The
various PCR products generated were subcloned into plasmid vectors
and the nucleotide sequences were determined. Control indicates
RT-PCR with no poly(A)+ RNA template. Lane M, DNA size
markers.
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FIG. 4. Northern blot analysis of poly(A)+ RNA from various
human tissues with radiolabeled cDNA probes specific for HPTPO-
(A), HPTPoU isoforms containing F4-F7 (B), HPTP8 (C), LAR (D),
or f3-actin (E). The HPTPor cDNA probe spans nt 1777-1956 and
3215-3658, which encode aa 528-587 and 1006-1153 of the full-length
HPTPxT isoform (Fig. 2A); the HPTPoa probe specific for F4-F7 spans
nt 2158-2793, which encode aa 655-866; the HPTP6 cDNA probe
spans nt 3157-3622, which encode aa 982-1136 (10); the LAR cDNA
probe spans nt 1197-1921, which encode aa 260-501 (7). Size markers
are at left. The time of exposure at -80°C with an intensifying screen
for autoradiograms A-D was 16-48 hr, and for E, 1 hr. Sk. mus.,
skeletal muscle.

specific probe hybridized to the 7.7-kb mRNA but not to the
6.6-kb mRNA, suggesting that this shorter mRNA species
encodes the HPTPU isoform lacking F4-F7 (Fig. 4B). HPTP6
mRNA was predominantly detected in brain and, to a lesser
extent, in heart, placenta, and kidney (Fig. 4C). These HPTP8-
positive tissues contained multiple HPTPS mRNA species
ranging in length from 7.9 to 11.2 kb. LAR mRNA expression
was detected in all of the tissue samples tested except for
skeletal muscle (Fig. 4D). In brain, LAR mRNA was 8.4 kb
long, whereas in the other tissue samples it was 9.0 kb. The
existence of different-length HPTPOT, HPTP8, and LAR
mRNAs is consistent with the generation of distinct PTPase
isoforms by alternative splicing of pre-mRNA (see also Figs. 2
and 3). Taken together, these results indicate that the HPTPo-,
HPTP8, and LAR PTPases have overlapping but distinct
tissue distribution and that PTPase isoforms are expressed in
a tissue-specific manner.
Comparison of HPTPOr, HPTPS, and LAR PTPase Activi-

ties. To establish that HPTPo- has PTPase activity and to
compare its activity with that of HPTP6 and LAR, the
intracellular regions of these three proteins were expressed as

Table 1. PTPase activities of HPTPo-, HPTP5, and LAR

PTPase activity,
units/mg of fusion protein

Fusion protein* MBP Raytide MBP/Raytide
GST-HPTPo (1342-1919) 140,000 9,400 14.9
GST-HPTPS (1279-1892) 65,600 4,700 14.0
GST-LAR (1275-1881) 234,000 9,600 24.4
GST-CD45 (584-1281) 441,000 1,110,000 0.4
GST <30 <20

PTPase assays were done with purified GST fusion proteins and
[32P]phosphotyrosine-labeled MBP or Raytide peptide substrates at
37°C for 30 min as described (24).
*Numbers in parentheses indicated the amino acid residues of the
PTPases fused to GST.
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Table 2. Assay of interaction of LIP.1 with LAR, HPTP8,
and HPTPc

Bait Interactor (3-Gal units

LAR-D1D2 (1275-1881) LIP.1 (794-1185) 176
LAR-D2 (1530-1881) LIP.1 (794-1185) 143
HPTP8-D2 (1624-1892) LIP.1 (794-1185) 554
LIP.1 (794-1185) LAR (964-1881) 1835
LIP.1 (794-1185) HPTPa-D2 (1586-1919) 184
LAR-Dl (1275-1715) LIP.1 (794-1185) <10
CD45 (584-1281) LIP.1 (794-1185) <10

The interaction trap assay was performed as described (25). Num-
bers in parentheses are the amino acid residues of the PTPases and
LIP.1 fused to the LexA DNA-binding domain (the baits) or to the B42
transcription activation domain (the interactors). The interactors LAR
(964-1881) and HPTPo-D2 (1586-1919) were isolated by screening a
cDNA library with LIP.1 (794-1185) as bait. Measurements of ,B-ga-
lactosidase ((3-Gal) levels in liquid cultures were done in duplicate
from two independent isolates, and the average values of (-Gal units
are shown.

GST fusion proteins and purified by glutathione-Sepharose
chromatography. HPTPo-, as well as HPTP6, LAR, and leu-
kocyte CD45 PTPase, dephosphorylated the [32P]phosphoty-
rosine-containing MBP and Raytide peptide substrates (Table
1). The approximate specific activity and in vitro substrate
preference (i.e., the MBP/Raytide activity ratios) were similar for
HPTPoQ, HPTP6, and LAR (but different for CD45), suggesting
that these three enzymes may act upon similar substrates.

Interaction of HPTPor, HPTP6, and LAR with the Coiled-
Coil Protein LIP.1. We recently characterized a coiled-coil
phosphoserine protein, LIP.1, that interacts with the mem-
brane-distal LAR D2 PTPase domain and colocalizes with
LAR to focal adhesions (21). To determine whether HPTP6
and HPTPo- might also interact with LIP.1, the interaction
between LIP.1 and the intracellular regions of LAR, HPTPo-,
and HPTPS was tested. LAR, HPTP8, and HPTPa, but not
CD45, interacted with LIP.1 in the interaction trap assay (25)
(Table 2). Further, the 160-kDa LIP.1 was specifically precip-
itated from cell lysates by the LAR-, HPTP6-, and HPTPo-
GST fusion proteins, but not by the CD45-GST fusion protein
(Fig. 5). These results suggest that HPTPcr and HPTP$ also
interact with LIP.1 in vivo. LIP.1 does not appear to be a
PTPase substrate but may function to link LAR, and possibly
HPTPa and PTP5, to other proteins, including putative
substrates and/or is important for recruiting these PTPases to
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FIG. 5. Binding of LIP.1 to LAR-, HPTP8-, and HPTPo-GST
fusion proteins. Shown is SDS/PAGE analysis of proteins precipitated
by LAR-, HPTP6-, HPTPo,-, and CD45-GST fusion proteins, control
GST protein, or the anti-LIP.1.77 monoclonal antibody (a-LIP mAb)
from lysates of 35S-labeled COS-7 cells transfected with the
pMT.2.LIP.lb expression vector, which encodes the 160-kDa LIPi.
The GST-PTPase fusion proteins did not precipitate any detectable
proteins from 35S-labeled, vector-only-transfected COS-7 cells (data
not shown). Molecular mass markers are at left.

focal adhesion. Further, as LAR and LIP.1 asymmetrically
decorate focal adhesions and are excluded from the distal
ends, thus localizing to regions of focal adhesions presumably
undergoing disassembly (21), it is suggested that HPTPc and
HPTPS may also play a similar role in regulating turnover of
focal adhesions.
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