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ABSTRACT

A PCR strategy was used to amplify novel sequences residing

between two degenerate protein tyrosine phosphatase [PTPase]-
specific primers. Partial Class I and II clones were isolated from
a library constructed with this P19 stem cell derived-cDNA.
The predicted amino acid sequence of these PCR fragments revealed
sufficient identity with the PTPase consensus to indicate that a
region from two individual PTPases had been cloned. Northern
analysis of the Class II or PTP2 PTPase revealed a 5 Kb mRNA in all
mouse tissues and cell lines examined, while the mouse CAP-1 (Class
I) gene was found to be expressed as 5 and 7 Kb mRNA transcripts in
a variety of mouse tissues.

CAP-1 PTPase cDNAs have been cloned from messenger RNA derived
from mouse kidney and embryonal carcinoma cells. The composite cDNA
contains an open reading frame which encodes 942 amino acids. The
N-terminal portion of the predicted protein (M,= 107,000) shares
30-37% identity with homologous regions in the cytoskeletal
agsociated proteins, band 4.1, ezrin, moesin, radixin, and talin.
This PTPase has been termed CAP-1 for cytoskeletal associated
protein related PTPase. The C-terminal phosphatase domain is 33-41%
identical to catalytic domains of known PTPases. The bacterially
expressed GST/CAP-1 fusion protein preferentially removes phosphate
moieties from tyrosine residues.

CAP-1 exhibits a specific pattern of transcription in several
tigssues, that is, in leg muscle as well as heart and brain. In
adult leg muscle, CAP-1 is expressed as two distinct transcripts
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which are approximately 500 bp shorter than that found in other
murine tissues. The éorresponding skeletal muscle cDNAs were cloned
ro elucidate the mechanism by which the different mRNAs arise. The
composite leg muscle CAP-1 [LMCAP-1] cDNA, with leg muscle-specific
sequence at the 5’ end, predicts a truncated LMCAP-1 protein which
lacks part of the protein 4.1 homology region.

This CAP-1myc fusion was transiently expressed in COS-1 cells
to elucidate the localization and possible function of CAP-1. A
CAP-1myc specific protein close to the predicted molecular weight
(110-120 Xba) was immunoprecipitated from these metabolically
labeled cells. Concurrently, indirect immunofluorescence with an
amyc antibody revealed a punctate, non-nuclear pattern of exogenoué
CAP-1myc expression in transfected COS-1 cells. Morphological
changes such as the "giant cells" observed in several CAP-lmyc
/pMT21- and CAP-1myc/pECE-generated NIH 3T3 clones, appear unigque
to CAP-1, suggesting that this phenomenon is a result of the
dephosphorylation of a cytoskeleton/membrane protein found normally

associated with this enzyme.
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CHAPTER 1

GENERAL INTRODUCTION



2

1.1 Protein Tyrosine phosphorylation

Regulated changes in the phosphorylation state of tyrosyl
residues in proteins have been implicated in a number of
fundamental multicellular processes such as cell communication,
¢ell growth and development. Cellular proteins are more frequently
phosphorylated on serine and threonine residues (Taborsky, 1974)
than on tyrosine residues (Hunter, 1982). In a normal cell, 0.01%-
0.05% of the total protein phosphoamino acids is phosphotyrosine
(Hunter and Sefton, 1980); whereas, this level is increased in
retroviral transformed cells to 1-3% (Sefton et al, 1981). In fact,
many of the known protein tyrosine kinases (PTKs) were discovered
as products of retroviral-encoded oncogenes, indicating a role for
these enzymes in the regulation of normal and aberrant cell growth
(Cantley et al, 1991). While the biochemistry and cell biology of
protein tyrosine kinases have been studied extensively, relatively
little is known about the protein tyrosine phosphatases (PTPases).
Clearly, in order to fully understand the role of tyrosine
phosphorylation in the regulation of cellular function it is

essential that these enzymes be identified and characterized.

1.2 Protein Tyrosine Kinases

The reversible and dynamic nature of protein phosphorylation
makes it ideally suited to transduce external signals across the
plasma membrane and to propagate the signal throughout the cell. In
the past decade it has become apparent that many of the primary<

signals are transmitted by activation of protein tyrosine kinases
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(PTKs; Ullrich and Schlessinger, 1990). In addition, members of the
gerine/threonine (Hunter, 1987; Siegfried et al, 1990) and of the
recently identified serine/threonine/tyrosine, or STY, kinases are
also involved in these signalling pathways (Ben-David et al, 1891;
Howell et al, 1991; Piwnica-Worms gt al, 1991; Stern et al, 1991;
reviewed in Linberg et al, 1992). Many <cell growth and
proliferation events are initiated via interaction of growth factor
ligands with the external domain of specific receptors, followed by
oligomerization and subsequent activation of the intrinsic tyrosine
kinase. Other mechanisms involved in regulating receptor protein
tyrosine kinases or RPTKs can be delineated as: phosphorylation at
putative protein kinase C (PKC) sites; ligand-induced
autophosphorylation generating kinase activation and regulation of
substrate binding; and tyrosine phosphorylation of a C-terminal
residue resulting in negative regulation (as illustrated in Figure
1.1; reviewed in Ullrich and Schlessinger, 1890).

The non-receptor PTKs, with src as a prototype {see Figure
1.1), can be subdivided into four functional regions as follows:
amino terminal regions necessary for myristylation and stable
membrane association; the substrate interaction domain or src
homology (SH) region; the catalytic domain with major activating
autophosphorylation sites; and the C-terminal negative regulatory
region (Pawson,1988). Src-related PTKs are thought to be involved
in regulating cellular growth control and as well, perform
specialized functions in differentiated cells (Eiseman and Bolen,

19950) . These membrane associated proteins may function through



Figure 1.1 A diagrammatical representation of the intracellular and
raceptor protein tyrosine kinases (PTKs). The generic intracellular
PTK, src is divided into: the N-terminal myristylation site
followed by a unique membrane association region; the src homology
(SH3 and SH2) region; the catalytic domain; and negative regulatory
region. The prototypic RPTKs-the EGF and PDGF receptor PTKs, have
Cys-rich and Ig-like repeats within its external domain,
respectively. The transmembrane spanning region (TM) is followed by
putative phosphorylation sites (i.e. for protein kinase C) in its
juxtamembrane region. The PDGF receptor has an insertion or kinase
insert (XI) within the catalytic domain. All PTKs contain an
essential lysine as the ATP binding site and have several
autophosphorylation sites at tyrosine (tyr) residues throughout its
kinase domain and within the KI. A negative regulatory region is
also located at the C-terminal end. This illustration was modified
from Veillette and Davidson (1992) and Eiseman and Bolen (1990} .
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interaction with intégral membrane proteins. The best characterizad
example of this is identified in T cell activation, where
glycoprotein-mediated induction activates a src-like p56!°* protein
tyrosine kinase; the signal is transduced through a noncovalent
link formed between the cytoplasmic domain of the glycoproteins CD4
or CD8 and the aminc terminal domain of the intracellular p56'**
(Shaw et al, 1990; Turner et al, 1990; Veillette gt al, 1989} . The
noncovalent association of c¢ytokine and hemopoietic receptors with
intracellular PTKs was recently identified as an important
component in the transmission and reception of primary signals
(Eiseman and Bolen, 1990). Integral membrane receptér and kinase
combinations can function to enhance signalling possibilities; for
instance, association of the interleukin or T cell antigen receptor
with the src-like PTK,p59™™ as well as the interaction of the B-
cell surface antigen receptor with p53/56"™ is thought to generate
ligand-dependent phosphorylation of specific substrates (Gould and
Hunter, 1985; Hatakeyama et al, 1991; Kobayashi et al, 1983;

Murakami et al, 1993; Samelson et al, 1990; Yamanashi et al, 1991).

1.2-1 The Role for $H2 Domains in PTK function

Signal-mediated interaction of phosphotyrosyl residues and SH2
domains function to translocate signalling components from the
cytosol to the plasma membrane where they associate with substrate
and effector proteins. Upon activation and autophosphorylation, the
PTK (i.e. the PDGF receptor) will form high affinity physical

complexes via interaction of specific phosphotyrosines with the SH2
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domain of signalling proteins (Anderson gt al, 1990; Mayer and
Hanafusa, 1990; Mayer et al, 1991). Stimulation of receptor or
receptor-associated tyrosine kinases is known to trigger a chain of
events involving multiple pathways such as phosphatidylinositol
metabolism or signalling through ras {(Cantley et al, 1991) . Several
of these pathways involve SH2-containing proteins such as: ras
GTPase-activating protein, GAP; phospholipase C vy, or PLCy; and
phosphatidylinositol 3-kinase (PI3-K) associated protein, p85
(Escobedo et al, 1991; Kaslaukas et al, 1990; Ostu et al, 1991;
Skolnik et al, 1991; Stahl et al, 1988; Suh et al, 1988;).
Interaction of these proteins with specific phosphotyrosiné
regsidues is a prerequisite for the phosphorylation of signalling
molecules and subsequent stimulation of second messenger pathways

which culminate in pleiotrophic cellular responses (Ullrich and

Schlessinger, 1990; Williams et al, 1991).

1.2-2 Developmental expression of PTKa

Through the study of protein tyrosine kinases it has become
apparent that tyrosine phosphorylation is an essential element in
certain developmental pathways. This role is evident in the
functional requirement for specific transmembrane tyrosine kinases
as documented for c-kit in mouse development and for the sevenless
protein in the determination of cell fate in Drosophila (Basler and
Hafen, 1988 ;Tan et al, 1990). The spatial and temporal expression
of the sev PTK is required for normal ommatidia development

(Banerjee et al, 1987; Bowtell et al, 1988). The restriction of trk
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expression to the developing neural crest and of the related trkB
to specific structures in the adult brain is consistent with
distinct roles for these neurotrophic receptor PTKs in the
developing nervous system (Martin-Zanca et al, 1990; reviewed in
Barbacid et al, 1991). However, it may be difficult to identify
developmentally important enzymes if the pattern of expression is
not obvious or if the differentially expressed PTK is part of a
redundant pathway. For instance, mutations must be produced in both
the Drosophila cell adhesion molecule, fasciculin and the
cytoplasmic kinase, abl, to disrupt normal growth cone guidance in
the developing CNS axon (Elkins gt al, 1990) . Developmental and
tissue-specific processing or alternate promoter usage can generate
functionally distinct isoforms of PTKs with an array of structural
modifications: this has been observed in the inclusion of a neural -
specific exon in n-src (Brugge et al, 1985; 1987), with the loss of
the catalytic domain in the tissue-specific trkB (Klein et al,
1990) or by the trﬁncation. of a PDGF-binding external domain
generating an embryonic isoform of the PDGF receptor kinase (Vu gt
al, 1989). It is clear that differentially expressed and
alternative processed kinases constitute an important component in
the cascade which translates external sigmals into developmental

and proliferative decigions (Pawson and Bernstein, 1990).

1.3 Protein Tyrosine Phosphatases
The 1level of phosphorylation at equilibrium reflects a

critical balance between the phosphorylating and dephosphorylating
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enzymes, thus emphasizing a role for both PTKs and PTPases. The
existence of protein tyrosine phosphatases (PTPases) was first
identified in cells transformed with retroviral temperature-
gengitive PTKs (Hunter et al, 1979). These cells displayed a
tranaformed phenotype along with elevated levels of phosphotyrosine
upon transformation at the permissive temperature (36°C). Cells
grown at the nonpermissive temperature (41°C), at which the kiﬁase
was inactive, reverted to a normal phenotype with a corresponding
decrease in the phosphotyrosine level. This effect was independent
of protein turnover, suggesting the presence of a dephosphorylating
enzyme (PTPase) in these cells (Radke and Mortin, 1979) .
Concomitantly, DPTPase activity was detected in EGF-receptor-rich,
A431 membrane fractions by the identification of a slow time-
dependent decrease of ?P; from EGF-induced, in witro [y **P] ATP-
labeled membrane proteins {Carpenter et al, 1979; Brautigan et al,

1981) .

1.3-1 Purification and Initial Characterization of PTPases

The search for PTPases has since been an active area of
regearch. PTPase activity has been partially purified £from
particulate and soluble fractions of many tissue and cell types
using a variety of artificial substrates (Lau et al, 1989 and
references therein). Many of these PTPases were identified as
multiple forms due to differential separation on ion exchange
(DEAE) columns and to differences in molecular weight (Lau et al,

1985) . The rate-limiting step'in the isolation of a highly purified
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enzyme preparation was the identification of a substrate that could
be made in large quantities and phosphorylated at high specific
activities. In 1988, Tonks and his colleagues in Fischer's group,
purified human placental PTPases to homogeneity using chemically
modified lysozyme as the phosphotyrosine-labeled substrate. Most
importantly, upon thiophosphorylation with [y-S]ATP, this
artificial substrate was used as a powerful affinity chromatography
step (Tonks et al, 1988a). Comparison of this pure preparaticn of
PTP1B with those of previously described PTPases revealed several
general features. PTPase activity was shown to be: dependent on the
. presence of active thiol groups (i.e. requires reducing agents such
as DTT); inhibited by micromolar concentrations of vanadate and
zince; independent of divalent cations; optimal at neutral pH;
jnsensitive to fluoride; and specific for phosphotyrosine-
containing substrates (Brautigan et al, 1981; Nelson and Branton,

1984; Tonks et al, 1988b).

1.3-2 Comparison of PTPases with Other Phosphatases

Analysis of these biochemical properties raised the question
of whether the protein tyrosine phosphatases share similarities
with other phosphatases or whether they congtitute a separate class
of phosphotyrosine-specific dephosphorylating enzymes. In &
parallel study, a low molecular weight protein tyrosine phosphatase
was purified and subsequently its cDNA was cloned. This phosphatase
shares little amino acid identity with the PTPase purified by

Tonks, however, it does appear to have a catalytic mechanism very
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similar to PTP1B-related PTPases (Charbonneau et al, 1988; Comica
et al, 1989; Waheed et al, 1988; Wo et al, 1992).

Analysis of tyrosyl-specific phosphatase structure and
function has also encompassed examination of highly characterized
enzymes such as the phosphoserine phosphatases. Cohen has
subdivided the phosphoserine phosphatases into type 1 or type 2
based on several criteria including sensitivity (or resistance in
case of type 2) towards two heat stable phosphatase inhibitors
(Cohen and Cohen, 1989; Cohen, 1982; 1989). Type 2 phosphatases are
further classified by virtue of their divalent cation requirement:
type 2A phosphatase is Mn*'-dependent; type 2B or calcineurin is
regulated by Ca?* and calmodulin; and the type 2C enzyme requires
Mg** for activity (refer to references in the following reviews-
Cohen, 1985; Lau et al, 1989). The prototypic PTPase, PTP1B and
other related enzymes share no structural similarity with the
deduced amino acid sequence of the phosphoseryl phosphatase
catalytic domains (Charbonneu et gl, 1589) . However, there is
preliminary data suggesting that in vitro PTPase activity is
asgsociated with zinc sensitive, Ni**/calmodulin dependent type 2B
(or célcineurin) activity (Chan et al, 1986; Chernoff et al, 1984;
Pallen et al, 1985). In addition, while animal and bacterial
alkaline phosphatases dephosphorylate proteins in vitro, several
lines of evidence argue against its physiological significance (Lau
et al, 1989; Leis and Kaplan, 1982; Li et al, 1984; Swarup et al,
1981; Tamura et al, 1986). Similarly, PTPase activity attributed to

the partially pure prostate-specific phosphatase is tartrate,
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fluoride, and vanadate sensitive, while the osteoblastic acid
phosphatase is tartrate insensitive and vanadate and fluoride
sensitive (Himeno et al, 1989; Lau et al, 1985;1989; Li et al,
1984; Lin and Clinton, 1985; Pohlmann et al, 1988). It is not known
if the results of these in vitro assays represent in vivo events.
These™ studies do establish that protein tyrosine phosphatases and
phosphoserine phosphatases are distinct enzymes and that PTPase

activity may evolve from at least two classes of structurally

different but functionally similar phosphatases.

1.4 Transmembrane Protein Tyrosine Phosphatases

The predicted protein structure of recently cloned and
identified protein tyrosine phosphatases suggests that the
repertoire of signalling pathways may now include transmembrane and
jntracellular phosphatases (see Figure 1.2; reviewed in Tonks et
al, 1991). Initial primary sequence data obtained from the
purified PTP1B had sufficient similarity with that of two tandemly-
repeated cytoplasmic domains of the T and B cell-gpecific CD45
(T200 or leukocyte common antigen- LCA), to classify this well
characterized, cell surface protein as a receptor-like PTPase
{Charbonneau et al, 1988; 1989%9). Recent findings suggest that
transmembrane PTPases are a family of structurally diverse,
requlated enzymes involved in many facets of signal transduction
pathways. The external portion of many transmembrane PTPases are
clagsified as having receptor- or cell adhesion molecule-like

domains (Table 1.1; Figure 1.2; Shaw and Thomas, 1991; Streuli et



Figure 1.2 A schematic illustration of the transmembrane and
intracellular protein tyrosine phosphatases (PTPases). The
glycosylated receptor-like domain of the prototypic transmembrane
PTPase, CD45, is followed by a transmembrane spanning region and
two intracellular PTPase domains (R type I). Included as an
exception to this general architecture, is the single catalytic
domain-containing PTPase- HPTPS (R-type III). The cell adhesion
molecule CAM-like motifs: Fn type III and Ig-like repeats are found
in the extracellular domain of many known receptor PTPases (R-type
II). The proteolytically derived subunits of LAR interact
noncovalently; the other CAM-like PTPases may have a similar
structure. The HPTPa or HPTP¢ (R-type IV) may depend on interacting
integral membrane for regulation. The N-terminal domains of all
intracellular enzymes have been arbitrarily positioned closest to
the plasma membrane. The catalytic and non-catalytic domains of
these PTPases have been illustrated by patterned boxes. The
individual PTPases represented here are referenced in Tables 1.1
and 1.3 and throuchout the text. This diagram is not all inclusive
and has been modified from Tonks et al (1991).
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al, 1990; Trowbridge, 1991). Thus it is possible that this group of
PTPases plays a role in regulating cell growth and differentiation
by cell adhesion- and ligand-mediated modulation of tyrosine
phosphatase activity.

Transmembrane PTPases can be subdividgd into several classes
dependent upon the number of PTPase catalytic domains and by
claggification of the extracellular domain into receptor, éell
adhesion molecule, or short, non-descript categories {Table 1.1;
Figure 1.2). The LAR, or leukocyte common antigen-related PTPase
was identified by virtue of its similarity with the receptor-like,
CD45 (Streuli et al, 1988). This similarity includes the general
structural architecture of two cytoplasmic catalytic domains, a
transmembrane spanning region, and an extracellular domain.
However, the external (E) and transmembrane/ cytoplasmic (P)
regions of LAR are proteolytically cleaved and the mature protein
is expressed on the cell surface as noncovalently-linked subunits
(Streuli et al, 1992). This dipeptide topography has been adopted
by at least another member of the transmembrane PTPases; therefore,
it is not unique to LAR (Jiang et al, 1993). The external domains
of LAR, of the Drosophila hqmologue DLAR, and of the closely
related HPTP6 are composed of immunoglobulin- or Ig-like domains
and fibronectin type III (Fn-III) repeats; the function of these
regions is generally ascribed to cell adhesion and defines R-type
IIA (Table 1.1 ;Krueger et al, 1990; Streuli et al, 1988; 1989;
Saito and Streuli, 1991). DPTP and HPTPu, derivatives of the

Receptor type II subclass or R-type IIB, contain non-homologous



Table 1.1 Receptor PTPage Isoforms

This summary was modified from a Table presented in Fischer et al,
1991. The receptor PTPases denoted HPTP are of human origin, those
referred to as RPTP were cloned from mouse, with the exception of
LRP, while the letter D, identifies Drosophila PTPases. The CD43
PTPase was cloned from human, mouse and rat. The receptor or R-
types, delineated in Figure 2 and in the text, was originally
proposed in Fischer et al, 1991. R-type 1 ig typically a receptor-
like transmembrane molecule with two intracellular domains with
similarity to the PTPase domain. Type II was subdivided into A, B,
and C based on the presence of the fibronectin type III-like (Fn
III) and immunogobulin-like (Ig-like) domains (R-type IIA), the Fn
III and Ig-like domains with additional ({(+) external domain
sequence (R-type IIB) or due to the presence of fn III alone ({(R-
type IIC). R-types are also assigned according to the number of
pPTPase catalytic domains present in the cytoplasmic domain (i.e.
Type III has only one). Type IV PTPases have short extracellular
domains with the size specified as number of amino acids (aa). Type
V has a carbonic anhydrase-like region in the external domain.



Table 1.1

PTP R-TYPE EXTERNAL DCMAIN PTPase # REFERENCE
RECEPTOR
CD45 I Receptor-like 2 Thomas et al, 1985;1987

Ralph et al, 1987

CELL ADHESION MOLECULE

LAR IIA Fn III & Ig-like 2 Streuli et al, 1988
DLAR IIA FN III & Ig-like 2 Streuli et al, 19895
HPTPG IIA FN III & Ig-like 2 Krueger et al, 1990
DPTP IIB FN III & Ig-like + 2 Streuli et al, 1989
HPTPU IIB FN III & Ig-like + 2 Gebbink et al, 1991
DPTP9%A IIC FN type III 2 Tian et al, 1991;

Yang et al, 1991;
Hariharan et al, 1991

HPTPS ITI FN type III 1 Krueger et al, 1990

DPTP10D III FN type III 1 Tian et al, 1991;
Yang et al, 1991;
Hariharan et al, 1991

UNKNOWN FUNCTION
RPTPa Iv Short (123 aa) 2 Sap et al, 1950
HPTPa iv ibid 2 Krueger et al, 1990
Kaplan et al, 1990

HLRP IV ibid 2 Jirik et al, 1990
LRP IV ibid 2 Matthews et al, 1990
HPTPe Iv Short (27 aa) 2 Krueger et al, 1990
HPTP{ v carbonic anhydrase 2 Wary et al, 1993
BPTPY v like domain 2 Barnea et al, 1993

Krueger and Saito, 1992
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sequences of unknown function in addition to the Ig-like and Fn
type 1II repeats (Gebbink et al, 1591; Streuli et al, 198%). The R-
type IIC Drosophila DPTP99A, meanwhile, contains only several Fn
type III repeats followed by a transmembrane domain and two
cytoplasmic PTPase domains (Hariharan gt al, 1991; Tian &t al,
1991; Yang et al, 1991). The structure of HPTPS and DPTP10D is
predicted to consist of a rod-shaped domain with 15-16 and 12 Fn
type III repeats, respectively, on the outside and a single
catalytic domain on the inside of the cell, placing these PTPases
in the new R-type III group (Hariharan et al, 1991; Kreuger gt al,
1990; Tian et al, 1991; Yang et al, 1991). These cell adhesion
molecule-like motifs may employ either cell-cell, cell-
extracellular matrix (ECM) or cell-ligand interactions to generate
regulated changes in PTPase activity. Alternatively, signalling
through the catalytic domain may in effect modify external domain-
mediated cell adhesion (Cunningham et al, 1987; Moos et al, 1988;
Norton et al, 1990; Patthy, 1990).

The external domains of the R-type IV, HPTPox and HPTPe,
however, are relatively short, consisting of 123 and 27 residues,
respectively. These regions are non-descript in that they: are not
highly conserved between human and mouse homologues, lack known
structural motifs, and instead encode many putative N- and O-linked
glycosylation sites (Krueger et al, 1990). Maintenance of the
overall external domain topography rather than congervation of the
primary sequence is suggestive of PTPase regulation via asscciation

with integral membrane receptors or by oligosaccharide-mediated,
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lectin induction {(Jirik et al, 1990; Kaplan et al, 1990; Kreuger et

al, 1990; Matthews et al, 1990; Sap et al, 1990).

1.4-1 CD45: The prototype receptor PTPase

The prototypic receptor-like PTPase, CD45, has a heavily
glycosylated external domain, a membrane spanning region and two
imperfectly repeated catalytic domains; domain I and domain II have
40% and 33% identity with PTP1B, respectively (Table 1.1; Figure
1.2; Charbonneau et al, 1988; 1989; Thomas et al, 1985). CD45 is a
heterogenous molecule with molecular weights ranging from 180 to
220 kDa. These isoforms are generated by alternative splicing of
three exons (4, 5, and 6) followed by subsequent disparate O-linked
glycosylation of the external domain (Barclay gt al, 1987; Ralph et
al, 1987; Saga et al, 1986; 1987; Streuli and Saito, 1989; Streuli
et al, 1987; Thomas et al, 1985; 1987; Trowbridge, 1991).
Differential expression of these isoforms allow CD45 to interact
and respond to a variety of cell-linked or soluble ligands.

The recent identification of phosphatases which appear to be
regulated indicates that PTPases do not simply reverse the effects
of PTKs but that they are signal transducers in their own right.
For instance, the cell surface expression of this hemopoietic-
specific receptor PTPase, (D45, is essential for antigen-induced
signal transduction in T and B cell activation and maturation
(Justement et al, 1991; Koretsky et al, 1990; Ostergaard et al,
1989; Pingel and Thomas, 1989; Weaver et al, 1991). This suggests

that CD45 can regulate signal transduction by specific interaction
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with membrane-assdciated proteins, whereby antigen-induced
dephosphorylation of tyrosyl residues by CD45 can effect lymphoid
cell activation (reviewed in: Clark and Ledbetter, 198%; Shaw and
Thomas, 1991). Antibody-mediated crosslinking of a subset of T cell
differentiation antigens, such as CD2, CD3, or CD28 to form
homoaggregates on the cell surface is sufficient to trigger the
increase of cytoplasmic free calcium. This increase in [Ca®‘]; is
abolished when these receptors are crosslinked to (D45 (Ledbetter
et al, 1987; 1988; Samelson gt al, 1990a). However, the CD4-
mediated signalling is enhanced rather than inhibited when CD4 and
CD45 are crosslinked by antibodies (Ledbetter et al, 1988). In
addition, when T- or B-cell associated receptors are brought into
close contact with CD45, this PTPase also modulates signal
transduction (i.e. increased [Ca*];)} through these receptors
(Justement et al, 1991; Ledbetter gt al, 1988). Therefore, the
function of CD45 in T and B cells may depend on the nature of the
interacting proteins.

Isoforms of CD45 are differentially expressed at wvarious
stages of lymphocyte maturation such as resting, memory, and
activated B and T cells (Powrie and Mason, 1988; Sanders gt al,
1988) . This could account for the pleiotrophic results obtained in
the aforementioned crosslinking experiments. CD45 could normally
undergo direct lateral contact with T and B cell surface molecules
via specific ligand-mediated events, with each isoform recognizing
a slightly different ligand and evoking a particular response

(Clark and Ledbetter, 1989).
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Phosphotyrosyl phosphorylation is known to be one of the
earliest events to occur upon antigen-induced T-cell activation
{Samelson et al, 1985). Mutant T cells lacking cell surface
expression of CD45 (CD45°/CD4* or CD45°/CD8') have impaired responses
to antigen-induced stimulation through the T cell receptor or
TCR/CD3 complex (Pingel and Thomas, 1989; Weaver gt al, 1991).
These cells fail to show increased tyrosine phosphorylation,
phosphatidylinositol 4,5-bisphosphate (PIP,) metabolism and PIP,
turnover-dependent elevation of [Ca®*]; 1levels wupon antigen
induction {Koretzky et al, 1990; 1991).  CD45 "deficient" cells
have, in effect, uncoupled both the T cell antigen and CD2
receptors from PIP, metabolism. Since phosphotyrosine
phosphorylation is found to precede and is a prerequisite for
activation of the PIP, hydrolysing enzyme phospholipase Cy (PLCy),
it follows that the CD45 PTPase is involved in activating a PTK
(June et al, 1990; Koretzky et al, 1991; Ledbetter et al, 1991;
Mustelin et al, 1990; Nishibe et al, 1%90). This kinase can then
bring about the events which immediately follow antigen-induced
stimulation such as tyrosine phosphorylation of PLCy and of the
zeta subunit of the TCR/CD3 complex (Baniyash et al, 1988; June et
al, 1990; Mustelin gt al, 1990}.

During T cell activation, the accessory protein CD4 {or CD8)
interacts intercellularly with antigen/major histocompatibility
complex (MHC) and is found to colocalize with the TCR/CD3 complex
at the antigen presenting cell, APC- T cell interface (Bolen and

Veillette, 1989; Emmrich, 1988; Kupfer et al, 1987). Transmission
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of signals resulting in antigen-induced proliferation of T cells is
coincident with interaction of the membrane-associated PTKs, p59%"
and p56'*, with TCR/CD3 and CD4 {(or CD8), respectively (Rudd et al,
1988; Samelson et al, 1990b; Veillette et al, 1988; 1589). Kinase
activity of the src-like PTKs is suppressed by phosphorylation of
a tyrosine located in the C-terminal regulatory domain (reviewed in
Cantley et al, 1991). In unstimulated T cells, phosphate occupancy
is high at tyrosine 505 of pS56'™, this is coincident with low
kinase activity {Veillette et al, 1988; 1989). Activation of T
cells upon overexpression of the F505 (Tyr to Phe) mutant of p56lck
confirms this regulatory mechanism (Abraham et al, 1991). CD45 may
exert its effect at this critical residue on the CD4- or CD8-linked
PTK, p56'* or on the TCR/CD3-associated p59™" (Mustelin and Altman,
1990; Mustelin et al, 1989; 1992; Samelson et al, 1990b). In fact,
analysis of parental, CD45-deficient, and revertant cell lines have
revealed a correlation between the presence of cell surface
expression of CD45 and dephosphorylation of tyrosine 505 on p56'°
(Ostergaard et al, 1989; Ostergaard and Trowbridge, 199b) .
Similarly by employing immunofluorescence labeling techniques,
pS9®™ was found to co-cap or co-distribute with CD45 under
physiological conditions (Mustelin et al, 1992). This data is
concistent with CD45-mediated dephosphorylation and subsequent
activation of receptor-associated PTKs in T and B cell stimulation
and maturation.

Ligand-induced oligomerization and cell surface

relocalization as well as putative Ser/Thr phosphorylation and
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auto-dephosphorylation are events proposed to broker changes in
CD45 catalytic activity and substrate selection. Antigen- or anti-
CD3-induced tyrosine phosphorylation on CD45 was found to be
transient, indicating the ability of CD45 to undergo
autodephosphorylation. This is consistent with a bilateral feedback
loop involving the associated PTK and the CD45 PTPase (Stover et
al, 1991). The CD45 primary sequence predicts several protein
kinase C (PKC) phosphorylation sites, similar to those found in the
juxtamembrane region of receptor PTKs, indicating a role for serine
phosphorylation in the regulation of CD45 activity (Charbonneau et
al, 1988). Treatment of T cells with the Ca?* ionophoré, ionomycin:
induced intracellular Ca?* levels which in time generated a large
decrease in CD45 PTPase activity. This was coincident with a
decrease in phosphoserine phosphorylation on (D45, presumably
catalyzed via the Ca?/ Calmodulin protein phosphatase (Ostergaard
and Trowbridge, 1991). This regulatory event may reflect the actual
feedback mechanism in place upon antigen-induced increase in
intracellular Ca** levels. However, phosphorylation of (D45 with
various serine/threonine kinases in vitro does not appear to alter
the catalytic activity of this PTPase (Tonks gt al, 1990Db).

Stimulation of lymphocytes result in an increase in the co-
distribution of CD45 with the cytoskeletal protein fodrin found
underneath the patched or capped lymphocyte receptor structure
(Bourguignon et al, 1985). This spectrin-like protein, fodrin
preferentially co-isolates with CD45 and binds in a saturable

manner to an in vivo-labeled 48 kDa phosphopeptide of CD45. Most
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importantly, in vitro complex formation of CD45 with fodrin and
with spectrin (to a lesser extent), is found to increase (D45
PTPase activity (Lokeshwar and Bourguignon, 18%2). Accordingly,
phosphorylation of CD45 on Ser/Thr residues by PKC in vivo, in
response to phorbol ester, is concomitant with down-regulation of
CD45 PTPase activity as well as a change in lateral wobility on the
cell surface; this appears to involve an induced binding to the
cytoskeleton and may alter substrate accessibility to this PTPase
{(Autero and Gahmberg, 1987; Patarroyo and Gahmberg, 1984). The
covalent attachment of a particular lipid to CD45, may contribute
to chnges in the lateral wembrane localization or regulation of
CD45 function (Takeda and Maizel, 1990). The functional similarity
of CD45 to the EGF receptor was recently found to extend to the
receptor-like oligomerization of CD45. However, homodimer formation

was not sufficient to induce a functional change in PTPase activity

in vitro and instead observed differences in activity were clearly
dependent upon other factors (Takeda et al, 1992). This 1is

consistent with a complex mechanism of ligand-mediated regulatory

control of CD45 function.

1.4-2 PTPase catalytic domains: Receptor domain I and II

A unique feature of the transmembrane PTPase is the presence
of two catalytic domains; the exception to this rule is the
discovery of a single PTPase domain in HPTPF and DPTP1OD (Krueger
et al, 1990). Initial studies revealed that these catalytic domains

are sufficient to confer phosphctyrosine-specific activity to both
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the purified and recombinantly expressed receptor PTPases, CD45 and
LAR (Charbonneau et al, 1988; Streuli et al, 1989; 1990; Tonks et
al, 1990). The bacterially expressed domain I of these PTPases was
shown to have catalytic activity towards several substrates,
whereas domain II did not have activity towards these artificial
gubstrates (Streuli et al, 1990). However, complete or partial
removal of the second domain appeared to influence the substrate
specificity of domain I (Streuli et al, 1989; 1990). A subsequent
study was able to demonstrate PTPase activity in domain 2 of CD45
(Tan et al, 1993). Wang and Pallen (1991) have also characterized
domain II of HPTPa as having activity, however, its artificial
substrate specificity is distinct from that of domain I. This is
suggestive of an important function for domain II in context of
ligand-mediated activation. In this scenario, each domain may
dephosphorylate a specific set of substrates upon differential
activation by a particular ligand. Alternatively, the second domain
may serve as a docking area or regulatory region such that the
binding of a particular substrate or modulatory protein will alter
the activity of the first domain. This is consistent with the lack
of an essential cysteine in the second domain of several receptor
PTPases (Krueger et al, 1990; Guan and Dixon, 1990; Tian et al,
1991; Yang et al, 1991). This essential cysteine is present in and
necessary for active PTPases; it is known to be involved in the
catalytic process due to the recent isolation of covalent
phosphocysteine intermediates (Guan and Dixon, 1991a; Itoh et al,

1992; Pot et al, 1991; Streuli et al, 1989; 1990). Thig 1is
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suggestive of a regulatory rather than a catalytic role for the
distal PTPase domain in at least some RPTPases. Elucidation of the
actual cell-associated or soluble ligand(s) and physiological
substrates of PTPases are essential to determine the regulatory
significance of domain I and II and ultimately to understand the

function of these transmembrane phosphatases.

1.4-3 Regulation of PTPase catalytic domains

Phosphorylation on tyrosine residues in proteins is generally
substoichiometric and transient. This is demonstrated by the
relatively higher specific activity of PTPases (by io-looo foldi
relative to PTKs (Fischer et al, 1991). Therefore, signal
transmission via phosphotyrosine-mediated events must correspond
with strict regulatory control of the dephosphorylating enzymes
(Tonks et al, 1991). Modulation of these PTPases may include
requlation via enzyme-specific binding or by post-translational
modification such as phosphorylation. Evidence for the former lies
in the identification of two heat-stable PTPase-specific protein
inhibitors from bovine brain and rabbit tissues which were found to
inhibit the activities of specific PTPase isoenzymes (Ingebritsen
et al, 1988; Ingebritsen, 1989). There is no in vitro evidence for
the involverent of phosphorylation in the modulation of PTPase
activity, however, the regulation of CD45 function ag discussed
earlier sets a precedent for such a role.

Core catalytic domains of purified or bacterially expressed

PTPases have been shown to differ in their preference for
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artificial substrates and in their stimulation versus inhibition by
polyionic compounds (Cho gt al, 1991; 1992; Daum et al., 1991; Itoh
et al, 1992; Pot et al, 1991; Tonks et al, 1988b; Wang and Pallen,
1991; 1992). The relatively high similarity of subgroup catalytic
domain sequence- TCPTP and PTP1B (72%) or LAR and HPTPS (87%),
compared to that of the general PTPase domain amino acid identity
(29-42%) may extend into gimilarities in substrate or effector
preference (Charbonneau gt al, 1989; Cool et al, 1989; Kreuger et
al, 1990; Saito and Streuli, 1991). It is not yet known whether the
difference in core domain sequence and in in wvitro catalytic

parameters corresponds with a difference in vivo.

1.5 Intracellular Protein Tyrosine Phosphatases

Intracellular phosphatases, such as the prototypic PTPase,
PTP1B appear to be modulated via regulatory domains (Cool et al,
1990; Tonks et al, 1988a). The non-receptor enzymes are subdivided
into groups by the nature and position of the noncatalytic domain
(Figure 1.2; Table 1.2). These include the PTP1B-/TCPTP-1like or
alternatively PEST C-terminal domain and the N-terminal: putative
hydrophobic ligand-binding motif, SH2 domain, or membrane/
cytoskeleton-associated protein region {see Table 1.2; Brown-Shimer
et al, 1990; Chernoff et al, 1990; Gu et al, 1991; 1992; Matthews
et al, 1992; Plutzky et al, 1992; Shen et al, 1991; Yang and Tonks,
1991) .



Table 1.2 Classification of non-transmembrane PTPases

The non-receptor PTPases are classified by the nature and position
(N-terminal or C-terminal; N or C) of its non-catalytic domain.
These domains appear to confer subcellular localization, protein
degradation, or protein association to the intracellular PTPases.
Several PTPases have amino terminal domains with no known sequence
homology (no known motifs).



Table 1.2

NONCATALYTIC
PTP N or C DOMAIN TYPE/FUNCTION REFERENCE
SUBCELLULAR LOCALIZATION
PTP1B C Charged but last 35 aa Charbonneau et al, 1989
{Hydrophobic) targets PTP1B Chernoff et al, 1990
to ER membrane Brown-Shimer et al, 1990
Frangioni et al, 1992
PTP1 C ibid Guan et al, 19380
TCPTP C Charged but Hydrophobic Cool et al, 1989

C-terminal 19 aa may predict Mosinger et al, 1992
particulate TCPTP isoform Swarup et al, 1991

PROTEIN DEGRADATION
PEP C PEST or Pro-, Glu-, Ser-, Matthews et al, 1992
PTP-PEST and Thr-rich domain predicts Yang et al, 1993
rapid protein turnover

PROTEIN ASSOCIATION

PTP1C,SHPF N Two SH2 domains that Shen et al, 1992
SHPTP1,HCP bind to phosphotyrosine- Matthews et al, 1992
SHPTP2, SypN containing proteins Plutzky et al, 1992
PTP1D N Vogel et al, 1993
PTP2C N Ahmad et al, 1953
csw N Required for normal Freeman et al, 1992
Drosophila termini Perkins et al, 1992
Feng et al, 1993
PTPH1 N Protein 4.1 family member: Yang and Tonks, 1991

with identity to cytoskeleton
associated protein CAP domain
MEG N Protein 4.1 CAP domain Gu et al, 1991
UNKNOWN FUNCTION/mRNA INDUCED ‘
STEP N No known motif; Striatum- Lombroso et al, 1991
enriched PTPase (3 Kb mRNA)

HePTP N No known motif; mRNA found Zanke et al, 1982

and induced in T cells
CL100 N No known motif; induction Keyse and Emslie, 1992
3Chl34 of mRNA with heat shock Charles et 2l, 1992

CELL CYCLE REGULATED
cdc25b N (D45 isoforms posted at cell Moreno and Nurse, 1991
cycle checkpoints (i.e. G2/M);
Dual-specificity Phosphatase

"YJIRAL AND PATHOGENIC BACTERIAL"™ FUNCTION
VH1 -~ "Core" PTPase is late stage Guan et al, 1991
Vaccinia virus protein with
Ser/Tyr phosphatase activity
YOP2b No known motif; essential Guan and Dixon, 1990
for Yersinia virulence Bliska et al, 1991
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1.5-1 Carboxyl Teminal Domain Regulation of PTP1lE and TCPTP

Data obtained from extensive microsequencing of the first
homogenously purified PTPase, the non-transmembrane PTP1B, was
corroborated by the predicted primary structure of the first 321
amino acids of the cloned PTP1B, however this cDNA also predicted
another 114 C-terminal amino acids (Brown-Shimer et al, 1990;
Chernoff et al, 1990). The fairly high activity of the truncated
PTPIE may be similar to results found in other studies where
truncation in size by limited proteoclysis during purification
generated an increase in enzymatic activity; this suggests the
presence of a regulatory region in these PTPases (Pallen gt gl,
1991; Rotenberg and Brautigan, 1987; Swarup and Subrahmanyam,
1989). Similarly, the enzyme activity of TCPTP is enhanced upon
limited proteolytic cleavage of the C-terminal region (Cool et al,
1990; Zander et al, 1991). In addition, overexpression of the
truncated isoform of TCPTP resulted in a soluble protein with
higher activity than that of the intact TCPTP (Cool et al, 1990).
Relatively high K., or turnover numbers were observed when the
truncated PTP1B or 'bacterially expressed catalytic "core" domains
of LAR and the transmembrane CD45 were purified and used to
dephosphorylate phosphotyrosyl substrates (Cho gt al, 1991; Pot gt
al, 1991; Tonks et al, 1988c; 1990). This indicates that domains
extraneous to those found in the enzymatic core may function to
regulate activity and substrate selection.

Subcellular localization of the PTPase may in effect restrict

phosphatase function by limiting the range of putative in vivo
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substrates. The full length intracellular PTPases, PTP1lB and TCPTP,
are localized to a specific subcellular compartment (s) or fraction
by virtue of their C-terminal domain. The final 34 hydrophobic-rich
residues of PTP1B are both necessary and sufficient to localize
this enzyme or a heterologous protein to the cytoplasmic face of
the endoplasmic reticulum, or ER, membrane (Frangioni gt al, 1992).
Membrane attachment may occur by insertion of these hydrophobic
sequences into the lipid bilayer directly, by association with
integral membrane proteins, or alternatively by specific attachment
of the polyisoprenylated and/or palmitoylated moieties predicted to
modify the C-terminal end (Frangioni et al, 1992; Guan et g_l.,
1990) . This is consistent with the identification of PTP1B in both
the particulate and soluble fractions of human placenta and with
the subsequent purification of the soluble truncated form lacking
C-terminal sequences (Brown-Shimer et al, 1990; Charbonneau et al,
1989; Chernoff et al, 1990; Guan et al, 1990; Miyasaka and Li,
1992; Tonks et al, 1988a). In concordance, the final 98 amino acids
of the full length TCPTP are required for localization to a high
molecular weight/particulate fraction (Cool et al, 1990). Two cDNAs
that differ markedly at their 3’-termini, predict intracellular
TCPTPs that retain or lose the hydrophobic C-terminal sequences
(Cool et al, 1989; Mosinger, Jr. et al, 1992; Swarup et al, 1991).
The identification of alternatively spliced PTPl1B transcripts
encoding a different C-terminus may translate into differential
localization and function for the PTP1B isoforms (V. Shifrin and

Neel, B.G as cited in Frangioni et al, 1992). The alternative usage
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of these hydrophobic domains may provide a mechanism whereby
differential targeting could direct dephosphorylation of distinct

substrates leading to specific physiological responses.

1.5-2 The C-Terminal Pro-/Glu-/Ser-/Thr-Enriched or PEST Domain
The modulation or subcellular localization of PTPases appear
to determine the preferred tyrosyl phosphorylated substrate(s). The
jdentification of a putative nuclear localization signal in the
hematopoietic PTPase, PEP, is suggestive of a nuclear PTPase (Dang
and Lee, 1988; Garcia-Bustos et al, 1991; Matthews et al, 1992). In
addition, the timing of PTPase expression and degradation may serve
to determine the functional characteristic of these enzymes. For
instance, the C-terminal 300 amino acids of the PTPases- PEP and
PTP-PEST feature a PEST or Pro-, Glu-, Ser-, and Thr-enriched
domain that is generally coincident with rapid protein turnover
(Matthews gt al, 1992; Rogers et al, 1986; Yang gt al, 1993). PEST
sequences have been reported in a number of nuclear proteins, such
as c-fos, c-myc, and p53 (Rogers et al, 1986; van Lohuizen gt al,
1991; McCarty et al, 1991). The identification of three potential
p34°%? phosphorylation sites in PEP and PTP-PEST is sufficient to
propose a cell-cycle dependent regulation for these PTPases
(Matthews et al, 1992; Yang et al, 1993). A corollary is the cell
cycle regulated Cln3 cyclins which undergo PEST-dependent,
relatively rapid turnover (t,,= 10 minutes; Matthews gt al, 1992;
Tyer et al, 1991; Peter et al, 1990). There may be a role for these

PTPases in cell cycle control by the proposed use of cell-cycle
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regulation and rapid turnover in creating a narrow window through

which PEP or PTP-PEST may function.

1.5-3 N-Terminal Domains: Induction of PTPase Expression

Tissue specific expression or induction-mediated increase in
transcript levels may translate into the spatial and temporal
expression of PTKs, PTPases, and/or their substrates; this
regulated expression way function to define signal transduction
networks. The N-terminal catalytic domain of STEP and HePTP share
little similarity with PTP1B, TCPTP or with other known functional
motifs; it is possible that these small regions encode targetiné
domains or alternatively promote binding to modulatory proteins
(Lombroso et al, 1991; Zanke et al, 1992) . Alternative processing
of the neural-specific STEP (striatum-enriched phosphatase}
transcripts generates a 3 Kb form differentially enriched in the
striatum, while the 4.4 Kb message is most abundant in the cerebral
cortex and is rare in the striatum (Lombroso et al, 1991). Whereas,
the pattern of lectin-, T cell receptor antibody (Ab)-, or anti-CD3
Ab-dependent induction of HePTP encoding mRNA levels is similar to
that of a variety of the lymphocyte-induced proteins. Interleukin
2 receptor « (IL 2Ra), IL2, IL6, p56', and HePTP mRNA transcripts
receive maximal induction at 24-48 hours; this is indicative of a
role for this phosphatase in maintaining the activated lymphocyte
(Ullman et al, 1990; Zanke eft al, 1992). Similarly, oxidative
stress and heat shock were recently shown to induce mRNA

transcripts corresponding to a human PTPase {CL100) . The predicted
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phosphatase domain has similarity to the "catalytic (HCXAG) domain"
of the (Ser/Tyr) dual-specificity, vaccinia virus (VH1)
phosphatase; while the N-terminal region of CL100 has no similarity
to known regqulatory motifs (Charles et al, 1392; Keyse and Emsile,
1992) . The level of PTPase activity may also be regulated as
proposed with the MEG PTPase in which the N-terminal domain is
similar to known hydrophobic ligand binding domains (Gu et ail,
1992) .

1.5-4 SH2-containing PTPages

The identification of SH2 domain-containing protein tyrcsiné
phosphatases provides another mechanism by which PTPases wmay
regulate signal transduction (Adachi et al, 1992; Ahmad et al,
1993; Freeman et al, 1992; Feng et al, 1993; Matthews et al, 1992;
Pei et al, 1993; Perkins et al, 1992; Plutzky et al, 1992; Shen et
al, 1991; Vogel et al, 1993; Yi et al, 1992; Zhao et al, 1993). The
src homology (SH) regions 2 and 3 ,initially described in src-like
tyrosine kinases, were recently identified in a variety of
signalling molecules. The noncatalytic adaptor molecules, such as
crk and nck, are also members of the known SH2 family, which
include: PLCy, ras GAP, PI3-K associated p85, and the src-, fps-,
abl-, and syk-like intracellular PTKs (Pawson and Gish, 1992}.
These GSH2- and SH3-containing proponents also include two
polypeptides from the Interferon-stimulated gene factor 3« (ISGFla}
complex (reviewed by Koch et al, 1991; Pawson and Gish, 1992; Fu,

1992) . In the latter case, interferon-induced translocation of the
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SH2-containing ISGFja complex to the nucleus promotes interaction
with the DNA-binding protein ISGF3y and induces a coincident
increase in DNA binding affinity. The interferon response-essential
PTK, tyk2 appears to link interferon «/f receptor stimulation to
transcription of interferon-responsive genes via SH2-dependent
ISGF3a complex assembly or targeting of tyk2 to nuclear substrates
such as ISGF3y (Valazquez et al, 1992; Fu, 1992; Pawson and Gish,
1992) .

Src homology region-containing proteins function as signalling
molecules. SH2/SHS-dependent association mediates the translocation
of cytosolic signal transducers to plasma membrane or cytoskeletai
locations where they can interact with specific substrates (Koch et
al, 1991). Cytoskeleton iocalized proteins include the actin-
binding, SH3 domain-containing o spectrin subunit and tensin, an
SH2 domain-containing and tyrosine phosphorylated, focal contact
constituent (Davis et al, 1991; Lehto et al, 1988). These SH3
domains were recently postulated to associate with a proline-rich
region found in specific polypeptides (Cicchetti et al, 1992).
Specific phosphotyrosine (PY) residues found in the
autophosphorylated RPTK/PTK act as discrete SH2 docking sites to
support regulatory complex formation at or near the plasma
membrane. This provides a mechanism whereby a molecule, such as v-
crk, with SH2 and SH3 domains but lacking catalytic domains can
increase intrinsic phosphotyrosine levels and thereby transform
cells. The SH2 and SH3 domains of p47%*9"°* may in fact function as

a nucleus for complex formation between PTKs and their substrates,
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and 1in doing sb, may enhance kinase activity, block
dephosphorylation, or protect tyrosine phosphorylated proteins from
proteolysis (Koch et al, 1991 and references therein). This model
is supported by the report of several adapter molecules (SH2/SH3)
which were found to recruit a ras activator to an
autophosphorylated RPTK and thus form a stable complex {reviewed
by, McCormick, 1993)

The SH2-PTPases may modulate the PY/SH2-mediated complex by
interacting with and dephosphorylating phosphotyrosine residues
present on associated PTK, substrate, ox regulatory protein
molecules. The SH2-PTPase may negatively regulate a PTK by bindiné_;
to a complex component and upon dephosphorylation of a specific
phosphotyrosine it can inactivate the kinase and/or decrease its
ability to interact with SH2-containing proteins. Alternatively,
the bound PTPase may dephosphorylate proteins previously modified
by the PTK. In support, the human and mouse SH2 PTPase homologues,
PTP1C and SHP, were recently shown to interact with cellular
proteins (Matthews et al, 1592; Shen et al, 1991). In another
scenario,; the SH2-containing phosphatase may amplify the initial
signal via removal of the negative regulatory C-terminal phosphate
from PTKs. This would prevent SH2 domain/C-terminal PY
intramolecular association and alleviate the negative regulation of
SH2-containing PTKs. High affinity association of SH2-PTPases with
regulatory molecules such as receptor or intracellular PTKs may
modify the activity of the PTPase, through phosphorylation or by

conformational change. For instance, putative phosphotyrosine sites
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located in the homologous C-terminal domain could mediate an
intramolecular interaction with the N-terminal SH2 domain; this
allosteric model of SH2-PTPase inactivation may be similar to the
mechanism proposed above for the negative regulation of src-like
PTKs (Cantley et al, 1991). Alternatively, recent studies report
the EGF- and PDGF-stimulated phosphorylation of RPTK-associated
SH2-DTPases (Feng et al, 1993; Vogel gt al, 1993). This increase in
phosphate residency on these tyrosine moieties was found to induce
the ©PTPase activity, however, the SH2-PTPase did not
dephosphorylate the RPTKs, indicating a coordinated function for

both enzymes (Vogel et al, 1993).

1.6 Cytoskeleton-Associated Proteins and CAP PTPases

Several recently cloned PTPases have N-terminal homology to a
family of cytoskeletal associated proteins (Marshall and Bell,
gsubmitted; Chapters 2 and 4; Gu et al, 1991; Yang and Tonks et al,
1991); this band 4.1 superfamily is found to include; protein
[band] 4.1, talin, ezrin, radixin, and moesin (Conboy et al, 1986;
Funayama gt al, 1991; Gould et al, 1989; Gu et al, 1991; Lankes and
Furthmayr, 1991; Rees gt al, 1990; Turunen et al, 1983; Yang and
Tonks, 1991). These protein 4.1 family members appear to bind via
their N-terminal. region to the cytoplasmic domain of integral
membrane proteins while the diverse C-tefminal domains seem
respongible for interaction with cytoskeletal proteins (Luna,
1991} . Protein 4.1 was shown to play a pivotal role in cell shape

and membrane flexibility by its promotion and stabilization of the
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spectrin-actin compiex and via interaction with the inner face of
the plasma membrane (Cohen et al, 1980; Cohen and Foley, 1980;
Fowler and Taylor, 1980; Ungewickell et al, 1979). Glycophorin A,
B, and C are the main candidate integral membrane proteins proposed
to anchor the N-terminal domain of protein 4.1 in a
phosphatidylinositol-dependent manner to the erythrocyte skeleton-
lipid bilayer (Anderson and Marchesi, 1985; Anderson and Lovrien,
1984; Mueller and Morrison, 1981; Pasternak et al, 1985; Wolfe et
1, 1980) . Likewise, co-distribution of vinculin-binding talin with
the fibronectin receptor (integrin) at focal adhesion plaques is
consistent with talin providing a link between the extracellulaf
matrix and the cytoskeleton at regions of closest cell-substratum
contact (Horwitz et al, 1986; Rees et al, 1990; reviewed in
Burridge and Fath, 1989). Ezrin is found at the submembranous
region of microvilli in intestinal epithelial cells and in other
cell types (Bretscher gt al, 1983). The amino terminal region of
ezrin is seen to restrict subcellular localization to cortical
cytoskeleton and plasma membrane linkage gites; while the
overexpressed carboxy terminal region of ezrin co-distributes with
the stress fiberg or actin patches (Algrain et al, 1993). Whereas,
ezrin-related but distinct, moesin is a cytoskeletal component of
filopodia (Furthmayr et al, 1992; Lankes and Furthmayr, 1991),
radixin is highly concentrated in the undercoat of cell-cell
adherens junctions during interphase and at the cleavage furrow
during cytokinesis (Funayama gt al, 1991; Itoh et al, 1991; Sato et
al, 1991; Tsukita et al, 1989).
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Many proteins found in these cytoskeleton-membrane linkage
sites are phosphorylated on tyrosine residues in normal and RSV-
transformed cells; this list includes ezrin, talin, the g subunit
of integrin, vinculin, tensin, the focal adhesion plaque, PTK
p125°* and paxillin (Bretscher, 1989; Davis et al, 1991; Gould et
al, 1986; Hirst et al, 1986; Horvath gt al, 1990; Igarashi et al,
1990; Pasquale et al, 1986; Tapley et al, 198S5; Turner et al, 1990;
Turner, 1991). Redistribution of ezrin into EGF-stimulated
microvilli and membrane ruffles of A431 cells is concomitant with
rapid phosphorylation on ezrin tyrosine residues (Bretscher, 1989).
In a related study, phosphorylation on an erythroid-maturation;
specific tyrosine residue was found to reduce protein
4.1/spectrin/actin ternary complex formation in vitro; the in vivo
tyrosine phosphorylation of protein 4.1 way effect transient
changes in cytoskeleton/membrane plasticity (Anderson and Marchesi,
1985; Subrahmanyam et al, 1991; Tang et al, 1988). PTK-modulated
proteins are concentrated at gap junctions, growth cones, focal
adhesion plaques, and other membrane formations indicating a
regulatory role for cytoskeleton/ membrane assnciated PTPases in
the assembly and function of these specialized structures (Bishop,
1991; Matten et al, 1990).

Phosphotyrosine-containing proteins found at focal adhesions
and intercellular junctions appear to be modified by colocalizing
enzymes (Maher et a), 1985; reviewed in Burridge and Fath, 1989).
This indicates that regulation of the cytoskeleton-membrane bridge

by specific PTKs and PTPases is important in normal growth and
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development and thaﬁ deregulation of these enzymes may play a role
in transformation. Translocation of p60°** to the cytoskeleton
during platelet aggregation is correlated with GPIIb/IIIa receptor-
fibronectin binding, while cytoskeletal association of p60Y**® is
required for RSV-mediated transformation (Horvath et al, 1992). The
focal adhesion plaque-localized kinase, pl25™" exhibits a low level
of tyrosine-specific phosphorylation in normal fibroblasts and this
level is greatly enhanced in p60™™ transformed cells (Kanner et
al, 1990; Schaller et al, 1992). This kinase (p125™) is activated
and may be a common factor in integrin-mediated cell anchorage,
platelet aggregation and in signal transduction via th;a
neuropeptide growth factors- bombesin, vasopressin, and endothelin
(Burridge et al, 1992; Lipfert et al, 1922; reviewed in Zachary and
Rozengurt, 1992).

The level of tyrosine phosphorylation on membrane-cytoskeleton
proteins may influence the relative affinities of interacting
components such as cell adhesion molecule (CAM) association with
cytoskeleton. In fact, cadherin-mediated multicellular organization
requires interaction of the CAM’s cytoplasmic domain with the
cytogkeletal-linking catenins (Hirano et al, 1992; Takeichi, 1988;
1991) . Disruption of this cell adhesion by p60™*™ transformation is
possibly due to deregulated tyrosine phosphorylation on the 98-kD
catenin (Matasuyoshi et al, 1992). This would imply a role for
gubmembranous tyrosine kinases and phosphatases in the regulation
of vertebrate morphogenesie by modification of components pivotal

in promotion and maintenance of the cytoskeleton/membrane scaffold.
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1.7 A Role for the fTPases in Cell Cycle control

The cell cycle is defined as the ordered progression from
growth (Gl) and DNA synthesis (S) into preparation and completion
of nuclear division; contiguous with mitosis 'is cell division or
cytokinesis which culminates in the creation of daughter cells.
Transition control points such as those at Gl and at the G2/M
demarcation are governed by regulatory feedback as the cell checks
its readiness "in a rearview mirror" before proceeding to the next
phase (Hunt, 1991; Lewin, 1990). Initiation of mitosis is triggered
by activation of the MPF (M phase promoting factor) kinase at the
G2/M boundary (reviewed in Lewin and Nurse, 1990). The MPF.-
gserine/ threonine kinase (cdc2 in fission yeast, cdec28 in budding
yeast and p34°*? in mammals) is modulated by interaction with the
regqulatory protein, cyclin B. Cyclin B is accumulated during
interphase and rapidly degraded by proteolysis as cells exit
mitosis (Beach et al, 1982; Lee and Nurse, 1987). Upon binding to
cyclin B, the yeast cdc2 kinase is negatively regulated by
phosphorylation at a tyrosine residue (Tyr 15) found within the ATP
binding site; the human p34°%? faces a double block with phosphate
moieties stationed at both Thr 14 and Tyr 15 (Gould and Nurse,
1987; Krek and Nigg, 1991a). Site-directed mutagenesis of the yeast
cdc2 with the substitution of tyr 15 by a nonphosphorylatable
residue or by a double mutation on p34*** was sufficient to trigger
premature entry into mitosis (Gould and Nurse, 1989; Krek and Nigg,
1991a; 1991b; Nigg and Krek, 1991). This phenotype is similar to

that observed upon mutation of the weel kinase (Nurse, 1975;



38

Russell and Nurse,. 1987; Thuriaux et al, 1978) This weel
Ser/Thr/Tyr (STY) kinase along with the redundant mikl kinase,
serve as negative regulators by phosphorylating Tyr 15 (and Thr 14)
on the MPF kinase (Featherstone and Russell, 1591; Lundgren et al,
1991; Parker et al, 1951; Piwnica-Worms et al, 1991).

Overexpression of cdc25 was also found to promote mitotic
advancement, consistent with a role for cdc25 as a dose-dependeat
mitotic inducer (Edgar and O’Farrell, 1890; Millar et al, 1991la;
Russell and Nurse, 1986). This predicts a mitotic timer equipped
with dosage sensors armed to detect threshold levels and/or
activities of cdec25 (Millar et al, 1991a; Millar and Russell.,
1992). Activation of the M-phase kinase is coincident with
dephosphorylation at Tyr 15 and perhaps Thr 14 in the cyclin
B/p34%% context, indicating that this cdc25-mediated decline in
phosphate occupancy, acts as a rate-determining switch at G2/M
(Dunphy and Newport, 1989; Gautier et al, 1989; 1991; Gould et al,
1990; Moreno and Nurse, 1991; Morla et al, 1989; Solomon et al,
1991) . Recombinantly purified cdc25 can dephosphorylate and
activate the M-phase kinase within a cyclin B/p34°? milieu and as
well, dephosphorylates monomeric p34°%? and other Ser/Thr and Tyr
phosphorylated substrates (Devault et al, 1991; Dunphy ;;d Kumagai,
1991; Kumagai and Dunphy, 199la; 1991b; Millar et al, 1991b;
Strausfeld et al, 1991). In addition, wild-type human and
Drosophila cdc25 PTPase activity ig sufficient to rescue cdc25
mutants of $. pombe in wvivo; substitution of the essential Cys or

Arg residues of cdc25, both necessary for in vitro PTPase activity,
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igs sufficient to ébrogate this in vive function (Edgar and
O’Farrell, 1990; Galaktionov and Beach, 1991; Nagata et al, 1991;
gsadhu et al, 1990; Solomon et al, 1991).

Combination of various regulatory molecules create the
redundant and fine-tuned checkpoints required to control the cell
cycle. This model was exemplified by the recent identification of
multiple phase-specific cyclins: Cyclin A (S phase), cyclin B
(G2/M), and the Gl cyclins- or CLNs; cyclin-dependent kinases
(cdks) ; several cdc25 PTPase isoforms (A, B, and C) from a single
gpecies (Beach et al, 1988; Galaktionov and Beach, 1991; Girard et
al, 1991; 1992; Hunt, 1991; Matsushime et al, 1991; Meyerson et al,
1991; Millar et al, 1991b; Nagata et 1, 1991; Pines and Hunter,
1991a; 1991b; Reed et al, 1991; Sadhu et al, 1990). Several
structurally-related human cdc25 genes express functionally
different PTPases such that microinjection of the type-specific
anti-cdc25C antibody generated a flattened interphase morphology
congistent with a late G2 function while formation of a rounded
mitotic-state was obtained wusing the anti-cdc25A antibody
(Galaktionov and Beach, 1991; Millar et al, 1991¢c) . Differential
expression and activation of the cdc25 family of PTPases may help

provide the intricate timing required in cell cycle control.

1.8 Protein Tyrosine Phosphatases in Development
While protein tyrosine kinases have been shown to play major
roles in Drosophila and mouse development, the dephosphorylating

enzymes have only been recently identified in these multicellular
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processes (Howard gg al, 1992; Hariharan et al, 1991; Pawson and
Bernstein, 1990; Perkins et al, 1992; Tian et al, 1991; Yang gt al,
1991) . For instance, the regulation of cell fate at the termini of
the Drosophila embryo requires the maternal and embryonic
expression of several terminal genes {Pawson and Berstein, 1980).
Of these, the SH2-containing PTPase corkscrew, or csw is known to
play an important role in terminal structure development. In
addition, other terminal genes include: torso, a receptor PTK and
D-raf, a Sexr/Thr kinase homologous to the human c-raf (Perkins gt
al, 1992). Through loss of function mutations, D-raf and csw were
shown to act in concert to synergistically translate the torso
ligand-stimulated signal into transcription of other terminal
genes. Although, the csw protein is essential for normal embryonic
development of Drosophila termini, its alternative transcripts are
not exclusively localized to the early embryo, with c¢sw expression
observed in larval, pupal and adult stages as well {Perkins et al,
1992; reviewed in Pawson and Bernstein, 1990) .

Multicellular processes such as development of the CNS and PNS
are tightly linked to the expression and action of cell adhesion
molecules (CAM) in governing neuronal-specific differentiation,
migration, and guidance. CAM-like fibronectin type III (Fn III) and
immunoglobulin (Ig) repeats were recently found in the external
domain of several PTPases, such as the mouse LAR and Drosophila
DLAR and DPTP, while the neural-specific DPTP10D and DPTP99A has
only Fn III repeats (Hariharan et al, 1991; Streuli et al, 1988;

1989; Tian et al, 1991; Yang et al, 1991) . The structure of these
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CAM-PTPases and of the Drosophila N-CAM-like receptor PTK, Dtrk is
suggestive of regulated changes in the phosphorylation state in
response to cell surface, extracellular matrix- and ligand-mediated
stimuli (Barbacid et al, 1991; Rutishauser et al, 1988).
Alternatively, the cytoplasmic catalytic activity may affect the
cell adhesion properties of the molecule through an "inside out"
gsignalling event. One intriguing possibility may involve PTPase-
mediated regulation of the developmentally important PTKs; for
instance, the intracellular PTK, D-abl is required for correct
formation and fasciculation of the CNS axon array (Elkins et al,
1990; Henkemeyer et al, 1990). Similarly, regulation of thé
embryonically expressed Drosophila src isoforms may affect
membrane/cytoskeleton plasticity and as such promote growth cone
guidance in the developing CNS axon {(Maness et al, 1988; Maness and
Matten, 1990). Complex patterns of spatially and temporally
expressed isoforms of the Drosophila CAM-PTPases, DPTPL0D and
DPTP99A, appear Lo program the embryonic establishment and
maintenance of subsets of axonic bundles and of several pioneer
cell bodies (Hariharan et al, 1991; Tian et al, 1991; Yang et al,
1991) .

Dictyogstelium digcoideum is the quintessential model for
multicellular development, in that independent amoebae, when
disrupted by starvation, can stop dividing and become attracted to
aggregation centers via pulsed secretion of chemical signals (i.e.
cAMP). This <continuous aggregation will produce compact,

multicellular slugs which ultimately form attached, spore-
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containing fruiting bodies (Firtel, 1991). The Dictyostelium
protein tyrosine phosphatase, PTP1, exhibits developmentally
regqulated expression with the lowest transcript levels observed in
the vegetative state while maximal levels of PTP1l mRNA are found in
the tightly aggregated or multicellular stages (Howard et al,
1992). Similarly, PTP1 promoter-driven expression of g-
galactosidase activity is predominant in the prestalk and in the
prefruiting body or anterior-like cells (ALCs) of the slug. In
later stages, the top and bottom caps surrounding the fruiting body
spore mass are also stained. PTP1 null mutants generate normal
fruiting bodies, however the timing of the aggregation process is
accelerated. This is reminiscent of the role for the CDC25 PTPase
in timing the yeast and mammalian entry into mitosis (Howard gt al,
1991; Millar and Russell, 1992). The highest PTP1 over-expressing
clones experienced a 48 hour delay in aggregation and few fruiting
bodies were formed, whereas moderate levels of the exogenous PTP1
produced severe morphological defects such as multitipped
aggregates. The developmental pattern of phosphotyrosyl proteins is
changed upon disruption or overexpression of this putative
myristylated, intracellular PTPase indicating a role for
dephosphorylation in multicellular aggregation and migration

(Howard gt al, 19%92).

1.9 PTPases: from Yeast to Human
The importance of tyrosine phosphoryiation is exemplified by

the presence of dephosphorylating enzymes (PTPases) throughout
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evolution. This was illustrated by the recent identification of
PTPase isoforms from a variety of species which include: the
figssion and budding yeast (Guan et al, 19391; Ottlie et al, 1981);
the arthropod or more specifically Drogophila melanogaster

{Hariharan et al, 1991; Perkins et al, 1992; Streuli et al, 1988;

1989; Tian et al, 1991; Yang et al, 1991); the nematode, C elegans
(Matthews et al ,1991); the species Iguana iguana (Matthews et al,
1989); the slime mold, Dictyostelium discoideum (Howard et al,

1992). In keeping with this tenet, the PTPase-related CDC25, is
known to regulate cell cycle control in the human, mouse,
Drogophila, and yeast and in addition, a similar rolé is predicteé
in Xenopus and the starfish (Millar and Russell, 1992 and
references therein). Computer search analysis and biochemical data
distinguished the YOPH PTPase as the essential virulence
determinant of the pathogenic bacteria, Yersinia (Bliska et al,
1991; Guan and Dixon, 1990). Similarly, the Identification of the
late stage vaccinia virus-expressed protein, VH1, as a Tyr and
Ser/Thr-specific phosph: :ase {(Guan et al, 1991a), is reminiscent of
the proposed horizontal transmission and modification of proto-
oncogene DNA by the retroviral family of viruses. These dual-
specificity phosphatases were also identified in the baculovirus
and orthopoxvirus (Hakes et al, 1993; Sheng and Charbonneau, 1993).
The recent BCR amplification of twenty-seven distinct [PTPase-like]
sequences from the sea squirt, Styela, also prcmotes the notion
that the PTPase family is as large, diverse, and evolutionally

conserved as the PTKs (Matthews et al, 1991a).



44
1.10 PTPases and Growth Control

Receptor and receptor-linked PTKs are responsible for :he
transmission of wmany growth factor and proliferation signals.
PTPases may counteract this kinase-mediated activity and transduce
cell-cell contact inhibition into cellular growth arrest. This is
consistent with the observed stinulation of membrane-associated
PTPase activity in high density, growth arrested cells; a reduced
level of enzyme activity is found in a lower density NIH 3T3
monolayer (Pallen and Tong, 1991; Ramponi et al, 1992; Rijksen et
al, 1993). In addition, cells develop an increased ability to
overcome contact inhibition and acquire a transformed phenotype;
upon treatment with the PTPase inhibitor vanadate (Klarlund, 1885).
A putative candidate for this growth arrest-mediatzsd control of
PTPase may be the CAM-like transmembrane PTPase, LAR. The non-
covalently linked external or E-subunit of LAR is shed during cell
growth, suggesting that a cellular CAM- or ligand-mediated subunit
dissociation may provide a mechanism for regulating PTPase activity
(Streuli et al, 1992; Yu et al,1992).

In keeping with this notion, putative tumor suppressor genes
have been mapped to the LAR gene on chromosome 1 (Streuli et al,
1992) . In addition, other PTPases may function as antioncogenes or
tumor suppressors and mapping of RPTPy to a genomic locus
frequently deleted in human lung and renal tumors serves as an
example of this phenomenon (LaForgia gt al, 1991) . Loss of function
of such a PTPase could result in deregulated cell growth leading to

transformation.
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The proposed réle for certain PTPases as ’‘anti-oncogenes’ is
supported by experimental suppression of cellular transformation
via overexpressed PTPases. For example, the expiession of the
intracellular PTPase, PTP1B in the NIH 373 cells, preclude
activated RPTK/ neu oncogene-dependent transformation of these
cells (Brown-Shimer et al, 1992). The transformed phenotype of v-
arc/NIH 3T3 cells was partially reversed in clones expressing PTP1,
the rat homologue of PTP1B ox upon constitutive overexpression of
the putative membrane-cytoskeleton localized PTPase, PTPHl1 (Tonks
et al,1991; Woodford et al, 1991) . Consistent with this hypothesis,
transfection of v-erbB-transformed NIH 3T3 cells with 5
structurally unrelated, low molecular weight PTPase, counteracts
rransformation by the oncogene; this was exhibited as a decrease in
growth rate, thymidine uptake, and growth in soft agar (Ramponi et
al, 1992). v-fms transformed cells are also affected in a similar
manner by the introduction of a truncated and more active form of
the T cell PTPase (Zander et al, 1993). Growth inhibition was also
detected in the NIH 3T3/PTPase cverexpressing clones, indicating
that this response was not only due to dephosphorylation of the
transforming PTK; this is also suggestive of a role for these
pPTPases in downstream signalling mechanisms (Brown-Shimer et al,
1992; Ramponi et al, 1992). Likewise, microinjection of the
truncated and deregulated PTP1B phosphatase into Xenopus oocytes
inhibited insulin-stimulated maturation via downstream signalling
events (Cicerelli et al, 1990; Tonks gt al, 1950a) .

PTPases may amplify rather than antagonize PTK-dependent
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growth control and differsntiation events. Overexpression of the
transmembrane PTPase, RPTPy in rat embryo fibroblasts results in
cellular transformation. This PTPase, appears to deregulate the
mitotic control of pp60°°© by persistent activation of the PTK.
(zheng et al, 1992). This is consistent with the normal role
proposed for the regulated PTPases: CD45 and cdc25 in antigen-
dependent T cell proliferaticn and mitotic induction of the‘cell
cycle, respectively, in that both are predicted to dephosphorylate
and activate a kinase (Millar and Russell, 1952).

Overexpression of the full length rat PTP1 in NIH 3T3 cells
generated a substantial increase in the proportion of bi- and
multinucleated cells (Woodford-Thomas et al, 1992). Similarly,
introduction of the C-terminal truncated/constitutively activated
TCPTP .nto BHK cells produced a 50% decline in growth rate and an
increase in the relative number of cells with two or more nuclei.
This formation of syncytial cells appears to occur through an
obstruction in cytokinesis; the nuclei in these cells display an
interesting asynchronous entry into mitosis (Cool et al, 1992). The
particulate fraction-localized full length TCPTP proteins could not
generate these results, indicating a requirement for deregulation
of normal PTPase function. It would appear that, cycling cells have
completion clauses, whereby the cell must complete an event (i.e.
DNA replication) before the next event (or mitosis) can occur
(Murray, 1992). These data describe PTPase-mediated uncoupling of
normal control parameters set in place to order and synchronize the

correct mitotic sequence of events.
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1.11 Thesis Project

The purpose of this study was to clone and characterize
tyrosine-specific phosphatases (PTPases) CDNAs from mammalian
cells. Chapter 2 describes how a PCR strategy was used to amplify
a region from two distinct PTPase cDNAs. This section deals with
the cloning of the complete coding sequence for one (CAP-1) and
partial sequence for the other (PTP2) PTPase from two separate cDNA
iibraries. The remainder of this Chapter studies the expression
pattern of these phosphatases in mouse tissues and cell lines.

The Northern analyses presented in Chapter 2 identified a
distinct CAP-1 pattern of transcription in adult leg muscle.
Chapter 3 introcuces an attempt to further characterize these
WRNAS; cDNAs were cloned from a leg muscle library and the unique
sequence obtained appears to be leg muscle specific.

Chapter 4 describes the bacterial expression and
golubilization of a GST/truncated CAP-1 fusion £for usze in
subsequent studies. The resulting enzyme was found to
preferentially remove phosphates from the tyrosine residues of the
sty kinase indicating that it is indeed a tyrosine-specific
phosphatase (PTPase).

The majority of this thesis deals with the CAP-1 PTPase which
has homology in its N-terminal region with the protein 4.1 family
of proteins. These proteins are found to link proteins located in
plasma membrane with those in the cytoskeleton. Appendix V
describes initial experiments designed to analyze the subcellular

localization and putatifé function of the CAP-1 PTPase.



CHAPTER 2

CLORING AND CHARACTERIZATION OF MURINE PTPase-ENCODIKG cDNAs
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2.1 Introduction

Tyrosine phosphorylation appears to play an important role in
the regqulation of early mouse development. Phosphotyrosine-
containing proteins have been found in early mouse inner cell mass
(ICM) and embryonal carcinoma (EC) cells of teratoma oOr
teratocarcinoma cell origin {(Carlin et al, 1983; Kondo et al,
1989) . These EC cells appear to be wmorphologically,
immunologically, and biologically equivalent to embryonal stem (ES)
cells, a pluripotent stem cell line derived from the ICM of the
early mouse blastocyst (Martin, 1980; 1981; Evans and Kaufman,
1981) .

The EC cell appears to serve as a,modei for both neoplasia and
embryogenesis (Strickland, 1981). The role for phosphotyrosine
phosphorylation in the latter process was substantiated by the
ability of the PTK inhibitor, herbimycin A, to inhibit the
differentiation of embryonal carcinoma (F%) and erythroleukemia
(MEL) cells (Kondo et al, 1989). Many of the known PTKs are found
in low (c-abl or c-src) or non detectable levels in EC stem cells,
however, their expression is enhanced soon after differentiation
(Adamson, 1987; Sejersen et al, 1985). In addition, the
developmental use of an alternative promoter was shown to create a
truncated form of the PDGF receptor (a RPTK) which is only
expressed in the undifferentiated EC and ES cell (Vu et al, 1989) .
Thege findings suggest that stem cell-specific or developmentally
expressed forms of both PTKs and PTPases may be essential

components of early embryonic cells.
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P19 is a partiéularly useful pluripotent EC cell line in that
these cells can be induced to differentiate by dimethyl sulfoxide
(DMSO) to generate skeletal and cardiac muscle and by retinoic acid
(RA) to obtain neurons and astroglia (McBurney et al, 1982;
Rudnicki et al, 1987). This cell line was recently chosen to
identify and clone novel Sex/Thr/Tyr kinases, such as esk and sty
which may play an important role in early mouse development
(Douville et al, 1992; Howell et al, 1991) . Over the past four
years a great number of PTPases have been identified using cloning
strategies such as low stringency hybridization with known
catalytic (PTPase) domains or PCR amplification of DNA fragmenté
encoding novel PTPase sequence. Preliminary evidence indicated the
P19 stem cell line to be an ideal system from which to amplify and
clone putative developmentally important PTPases.

Two individual classes of DNA with PTPase-related sequence
were amplified from P19-derived cDNA. Partial class I and II clones
were isolated from a library constructed with this cDNA. Complete
coding sequence for the Class I or CAP-1 PTPase was obtained by
combining a 5’-extended kidney cDNA with an overlapping P19 clone.
Norrhern analysis of the Class II PTPase revealed a 5 Kb mRNA in
all mouse tissues and cell lines examined. The single CAP-1 gene
was found to express two major WRNA transcripts of 5 and 7 Kb in a
variety of mouse tissues. Several tissues, however, namely leg
mugcle as well as heart and brain exhibit glightly smaller or

additional mMRNA species, respectively.
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2.2 Materials and Methods
2.2-1 Polymerase Chain Reaction Amplification

A pair of degenerate oligonucleotides encoding the PTPase
domain-specific peptides YINAS and HCSAG were used to amplify 450
bp £fragments from novel PTPase clones (primers 1 and 2,
respectively, as shown in Figure 2.1). A total of 10 ng of template
cDNA, prepared from P19 embryonal carcinoma cell poly A" ﬁRNA
(Howell et al, 1991), was added along with 1 pg of each of the two
primers to reaction buffer and nucleotides (final concentration 200
uM dNTPe) and 2.5 units of Amplitag DNA polymerase obtained from
the AmpliTag Perkin-Elmexr-Cetus kit. Prior to the addition of the
DNA polymerase, each 100 pl sample was placed in the Thermocycler
for 1 minute at 94°C; this was performed to inactivate possible
proteases. After addition of the enzyme, the reaction mix was
overlayed with about 100 pl of mineral oil to prevent evaporation.
Thirty to forty cycles of amplification were performed with 1
minute of denaturation at 94°C, 2 minutes of annealing at 50°C, and
3 minutes of extension at 72°C. The 450 bp PCR amplified DNA was
excised from agarose by GENECLEAN (Bio 101, Lajolla, California)
and these fragments were used as template in further PCR reactions

to acquire more material for subsequent steps.

2.2-2 Characterization of PCR Amplified Fragmentsa
This PCR amplified DNA could represent a population of PTPase-
encoding fragments. Therefore, to obtain specific probes, the DNA

w38 subcloned into a vector (pTZ19R) by blunt-end ligation and



Figure 2.1 Oligonucleotide primers used in the polymerase chain
reaction (PCR) amplification of fragments from two novel PTPases.
These degenerate primers correspond to highly conserved residues
found in the catalytic domains of several known PTPases (YINAS and
HCSAG; Charbonneau et al, 1989; Cool et al, 1989). The
oligonucleotides, written 5’ to 3', are designed to prime synthesis
by binding to opposing ends of complementary DNA strands. The
restriction enzyme site of HindIII and Kpnl are synthesized at the
5’ end of primer #1 and #2, respectively.



Figure 2.1

PRIMER #1

Y I N A s

5’ TAAGCT TAT ATA AAT GCG AG 37

c T A
HindIIX C T
c

PRIMER #2

H c S A G

3¢ GTA ACA TCA CGT CCA TGGC 5
G G A
G KpnI



53
individual clones were characterized (Figure 2.2). To this end, the
PCR product was purified by the GENECLEAN protocol and then
incubated with the Klenow fragment in extension buffer (60 mM Tris-
HCl, 60 mM NaCl, 6 mM MgCl,, 2 mM DTT, pH 7.5) and 250 uM final of
each ANTP for 30 minutes at 37°C; the reaction was halted by heat
treatment at 65°C for 15 minutes. This DNA was again purified by
electrophoresis and standard GENECLEAN procedures. Since the PCR
primers were devoid of 5'-end phosphates, the PCR fragments were
treated with T4 polynucleotide kinase (Pharmacia) in an Invitrogen
kinase buffer and 1 wM ATP at 37°C for 30 minutes, followed by
incubation at 65°C for 10 minutes. The purified ' PCR fragmenﬁ
(GENECLEAN) was subcloned into pTZ219R (Pharmacia} following
treatment with SmaI and calf intestinal alkaline phosphatase (CIP,
Boehringer Mannheim; refer to Maniatis et al, 1982). The ligations
were performed using BRL ligase and ligase buffer in a 20 ul assay
at 25°C for 12-16 hours. The ligation reactions were ethanol
precipitated using 10 pg of tRNA as a carrier and the reconstituted
DNA {about 10 pul)} was electroporated into 40 ul of JM103
electroporation competent bacteria using standard procedures. For
instance, the Gene Pulser apparatus (BioRad) was set at 2.5 kV and
25 [uF] while the Pulse controller was dialed to 200 ohms. The
electroporated bacteria and DNA solution were immediately diluted
into 1 ml of SOC and grown at 37°C for 1 hour (see Maniatis et al,
1982) . Approximately 100-200 pl were plated onto Ampicillin-
containing LB plates and colonies were allowed to form overnight at

37°C.



Figure 2.2 Subcloning of PTPase-encoding PCR fragments into pTZ1IR.
Regions of P19 cDNA were amplified using degenerate primers
designed from PTPase consensus sequence. The modified 450 bp
fragments were then subcloned into the Smal site of the sequencing
vector, pTZ19R. Several salient features of this cloning vector are
the: multicloning site (MCS), origin of replication (ORI),
ampicillin resistance gene, and the binding sites for the universal
and reverse sequencing (Rev Seq) primers.
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Individual colonies were selected, grown in 5 ml of LB plus
Ampicillin (50-100 pg/ml final), and minipreparations of plasmid
DNA (minipreps) were performed by alkaline lysis (as in Maniatis et
al, 1982; Birnboim and Doly, 1979} . The presence or absence of the
PCR fragment was determined by excision of the potential 450 bp
fragment with KpnI/HindIII. The digested plasmids were examined by
electrophoresis and several insert positive clones, chosen at
random, were analyzed by single-stranded DNA sequencing using the
Taquence (United States Biochemical Company) and T7 polymerase
(Pharmacia) kits (see Section 2.2-5). Agarose blots containing all
digested/ insert positive clones were transferred to Hybond N
according to company specifications and as described in Maniatils,
while hybridization was executed as given below in Section 2.2-3
(Maniatis et al, 1982). These blots were washed 2X in 0.2X SSC/0.1%
SDS for 30 minutes at 60°C and exposed for 2 hours to kodak XAR-5
x-ray film. The probes employed in these experiments were prepared
by random-primed oligolabeling of single-stranded pTZ19R-PCR
template DNA using 50 pCi [e’??] 4CTP and components from a
Pharmacia labeling kit. These miniprep Southern blots were reprobed
after treatment in 50% formamide/2X SSPE for 1 hour at 65°C.
geveral individual PCR inserts were liberated from large scale DNA
preparations; this plasmid DNA was isolated and then selected on a
CsCl gradient (50VTi rotor at 48 K for 24 hours or TLV100K rotor at

100 K for 4 hours) as described by Maniatis et al, (1982).
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2.2-3 Isolation of P19 cDNA Clones

The oligo (dT)-primed cDNA (20 or 50 ng), used to PCR amplify
PTPase-related fragments, was ligated together with 1 ug of Agtll
arms (Amersham) and 6 units of the Pharmacia ligase in Amersham
ligase (L) buffer overnight at 16°C. The ligated insert/phage DNA
was subsequently packaged with the Gigapack Gold packaging extract
(Stratagene) to generate a cDNA library derived from mouse EC stem
cells. Procedures required to titre, plate, and screen the library
were derived from the Amersham cDNA cloning system booklet and from
Maniatis et al (1982). To estimate the cloning efficiency or
percentage of recombinant phage in the libraries, 2% X-gal (S—Brom;
4-Chlor-3-indoyl-B-D-galactopyranosid; Boehringer Mannheim) and 100
mM IPTG (isopropyl-B-D-thiogalactopyranosid; Boehringer Mannheim)
were added per ml of top agarose to each plate and the blue(wt}/
white (recombinant) ratio was determined for several dilutions. The
plaque DNA was transferred to Hybond N filters and denatured by
autoclaving at 100°C in the 1liquid cycle for about 3 minutes
(Sambroock et al, 1989).

Approximately 800,000 recombinants or 40,000/filter were
screened consecutively with random-primed **P-labeled probes (Gibco-
BRL kit) representing the PCR amplified fragments (probe #1, Figure
2.5; 2435 to 2888 [bpl in CAP-1, Figure 2.8 and then probe PTP2,
156 to 641 [bp]l in PTP2, Figure 2.9). Prehybridization and
hybridization was done in 50% formamide, 5x SSC, 2.5x Denhardt’'s
solution (1% [wt/voll Ficoll, 1% [wt/vol] polyvinylpyrrolidone, 1%

bovine serum albumin [BSA; fraction V), 0.5% SDS, and 100 pg/ml
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denatured herring sperm DNA for 16-18 hours at 42°C. The probes
were added at 43 x 10° cpm/20ml of hybridization buffer by soaking
each filter in the solution and stacking the filters into a single
bag. These filters (Hybond N) were washed in 0.1x SSC/0.1% SDS at
65°C for 2 x 30 minutes and positive plaques, identified as
hybridizing spots on duplicate filters, were observed after
exposure to Kodak XAR-5 x-ray film at -70°C for 24 to 48 hours.
These positives were purified to a single phage-type using several
rounds (secondary and tertiary) of screening with the corresponding
SM buffer-eluted plugs acting as phage for the next step (Maniatis
et al, 1982). A medium scale DNA phage preparation, generated from
phage-infected Y1090 bacteria, was digested with EcoRI and the
released insert was subsequently ligated into the multicloning site
(MCS) of pTZ1SR (EcoRI). These subcloned c¢DNAs were appraised by
miniprep Southern blot (see Section 2.2-1) and sequencing (Section

2.2-5) analysis.

2.2-4 Ceneration and Screening of a Kidney cDNA Library

The: P19-derived c¢DNA clones did not contain the complete
coding sequence. Further cDNA clones were isolated by generating
and screening a random-primed cDNA library prepared from mouse
kidney. Random hexamers (100 ng; Pharmacia) were used to prime
first strand synthesis with approximately 5 ug of Kidney-derived
poly 2' mMRNA. cDNA was prepared using the BRL Synthesis kit
supplemented with 1 pCi [e’*P] dCTP and BRL superscript reverse

transcriptase. The yield of the single- (tracer reaction product)
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and double-stranded cDNA was determined using a cDNA synthesis
protocol. Following heat (15 minutes at 65°C) and klenow (30
minutes at 37°C) treatment, the blunt-ended cDNA was cleaned by
phenol/chloroform extraction and ethanol precipitation. The
resuspended CDNA (in TNE; 10 mM Tris-HCl, pH 8.0; 100 mM NaCl ; 1
mM EDTA, pH 8.0) was further separated from the free {o**P] dACTP,
salts, and cDNA < 500 bp by fractionation through a 1 ml Sepharcse
4B sizing column. An autoradiogram of the dried agarose gel
containing aliquots of the various fractions as well as Cerenkov
counting of the entire sample, identified the fractions to be used
in subsequent steps. EcoRI/NotI linker/adaptors (Pharmacia) were
ligated to a pooled fraction of flush-ended c¢DNA using T4 DNA
ligase in ligase buffer (50 mM Tris-HCl, pH 7.6, iU wM MgCl,, 1mM
DTT) and 1 pl of an ATP solution from the "You Prime Synthesis
Kit" (Pharmacia) in an overnight reaction at 16 °C. The cDNA was
purified using standard procedures (GENECLEAN) to remove excess
linker/adaptors which may interfere with the subsequent steps. The
EcoRI-ended cDNA underwent phosphorylation by incubating with T4
polynucleotide kinase (Pharmacia) in 50 mM Tris-HCl, pH 7.6, 10 mM
MgCl,, 5mM DTT, and 1 mM ATP for 30 minutes at 37°C. The revised
cDNA was purified (GENECLEAN) and ligated to dephosphorylated AgJtlo
arms (Amersham) using the ligase, ligase buffer, and conditions
given above for the linker/adaptor modification. The ligated Agtl0
DNA was packaged (Stratagene), plated, titered, and transferred to
Hybond N filters as described in Section 2.2-3 and Maniatis et al

(1982) . Recombinant phage were selected for by plating with
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maltose-induced €600 Hf1A150 in SM (20 mM Tris, pH 7.5; 100 mM
NaCl;8 mM MgSO,.7H,0), in bacteria with the hfl (high frequency of
lysogeny) mutation, the A vector promotes lysogen formation unless
the lambda cl repressor gene is disrupted by an insertion {of a
cDNA) .

Screening of about 500,000 recombinants using the
hybridization andé washing stringency shown above revealed several
positives. Supplemental to the procedures outlined in Section 2.2-
3, 5X Denhardt’s solution was substituted for 2.5X in the
hybridization buffer and 45 x 10° cpm of the heat-denatured 1.3 Kb
P19 c¢DNA probe (probe #2; Figure 2.5; 2453 to 3776 in CAP-1, Figure
2.8) was added to 20 ml of this buffer. A subsequent round of
screening employed a **P-labeled 275 bp PCR-derived probe (probe #3;
Figure 2.5). This PCR amplification utilized the P19/Kidney 2.0 Kb
cDNA (10 ng) as template, 20 pmoles of the #13 and #15
oligonucleotides (Appendix I) as primer, and was performed using
Cetus kit components directed by the "Bum2" program ([94°C, 40
geconds; 50°C, 60 sec; 72°C, 120 sec] X 30 cycles; 70°C, 10
minutes) . This PCR fragment (probe #3, Figure 2.5; 1848 to 2125 in
CAP-1, Figure 2.8) was random-labeled and 30 x 10° cpm of the heat-
denatured probe was added to 20 mls of hybridization buffer (see
above). Ultimately, these filters were probed with 28x10° cpm/40
filters of a 145 bp PCR fragment (F25; 1195 to 1339 in CAP-1,
Figure 2.8) amplified from the 12-1b phage clone utilizing the
Agt10 forward and #25 as primers. Both probes [#3 and F25] were

excised from low melt agarose, melted, added to 1 volume of dH,0,
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and 23 pl of this DNA mixture was used in a standard random
labeling reaction (Section 2.2-3). Once positive phage were
purified to homogeneity, the EcoRI-diges-ed or NotI/blunt-end cDNA
clones were isolated, subcloned into nTZ19R at the EcoRI or Smal
site, respectively. These cDNAs were related to each other and to

the P19 clones by restriction enzyme mapping and by sequencing.

2.2-5 DNA Sequencing

The nucleotide sequence of specific CAP-1 inserts were
obtained using the dideoxy-chain termination procedure and kit
provided by Pharmacia (Sanger et al, 1977). Single stranded DNA was
obtained from the pTZ19R-PTPase clones using the M13K07 helper
phage (Promega). Double-stranded DNA was prepared according to a
technique provided in Biotechniques (Kraft et al, 1988). DNA
sequencing was carried out using either the universal or reverse
sequencing primers (Pharmacia). These primers bind to a
complementary sequence found on either side of the pTZ19R/pTZ18R
vector multicloning site and can initiate sequencing of opposing
strands or sides (Figure 2.2). Full length cDNA sequence using
these primers was obtained by the construction of nested deletions
with the Exo III-Mung Bean deletion kit from Stratagene. The Exo
IITI-Mung Bean deleted clones were related to the original clone by
digestion with restriction enzymes that generate both simple
(single site) or complicated (multi-site} patterns. Alternatively,
synthetic oligonucleotides designed from previous sequence of the

cDNA were used to verify or obtain new coding or noncoding strand
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gequence. Sequencing gdels were prepared, run, and manipulated
according to standard protocol (Pharmacia Sequencing Booklet;
Sambrook et al, 1989). The various sequence files were organized
into overlapping "contigs" automatically using the SeqFit computer
program (DNAstar). Final primary structure was obtained by
sequencing both cDNA strands. Amino acid sequences were predicted
(MapSeq) and compared with the protein sequence in the NBR#—PIR
data bank using Proscan, while protein alignments were optimized

using the DNAstar program of Needleman-Wunsch.

2.2-6 Synthesis and Preparation of Oligonucleotides

The oligonucleotides used in the initial PCR amplification
experiments (Section 2.2-1) were prepared using cyanoethyl
chemistry and full length products were purified on HPLC by Ms. N.
Delcellier (Applied Biosystems). The wmajority of remaining
oligonucleotides were synthesized by Mr. R. Marius on a 391 DNA
Synthesizer (Applied Biosystems). The oligonucleotides were
synthesized 3’ to 5’ on 4C, dA, dT, or dG synthesis CPG columns;
these columns were then rinsed and incubated with ammonium
hydroxide overnight at 55°C. The deprotected oligonucleotides were
purified on an OPC column (oligonucleotide purification cartridges;
Applied Biosystems) and the eluted material was dried down in a
speed vacuum apparatus. The primers were resuspended in dH,0 and
the concentration was determined by absorbance spectrometxry. These
primers, summarized in Appendix I, were used in sequencing, PCR,

and ligation reactions as outlined in the materials and methods
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Sections.

2.2-7 Hybridization of PCR clones to P19 Stem Cell-Derived mRNA
Poly A* selected mRNA (3.5 pg), prepared as reported in Howell
et al (1991) was electrophoresed on a formaldehyde-containing
agarose gel, and then transferred to Hybond N using 10X SSC and
specifications given in Maniatis et al (1982). These uv
(ultraviolet) crosslinked filters were hybridized via conditions
described in Section 2.2-4 using about 1 X 10° cpm/ml of the 450 bp
random-labeled PCR probes (#1, Figure 2.5 and PTP2, Figure 2.9).
The two strips were initially washed twice in 2X SSC; 0.1% SDS at
room temperature, exposed overnight to film, then washed with 0.2X
SSC; 0.1% SDS at 42°C for 30 minutes, and finally subjected to a
second round of exposure to Kodak XAR-5 x-ray film. The position of
the 18 and 28S ribosomal RNA (rRNA) markers were visualized by

acridine orange staining of total RNA (Howell et al, 1991).

2.2-8 Northern Blot Analysis of mRNA Derived From Mouse Tissues
WRNA was extracted and selected from various mouse tissues
(Auffray and Rougneon, 1980; Maniatis et al, 1982); poly A* mRNA
was prepared from P19 cells that were aggregated according to the
procedures outlined previously (McBurney gt al, 1982; Rudnicki et
al, 1987). Freshly dissected tissues were immediately placed into
liquid nitrogen and stored at -70°C or manipulated by homogenizing
(Polytron) in a LiCl/Urea solution. After SDS/Proteinase K

treatment and multiple phenol/chloroform extractions the
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deproteinized/ ethanol precipitated RNA was poly A" selected as
outlined in Maniatis with a few minor modifications; this mRNA was
then slowly fractionated at 46 volts overnight on a 1% agarose gel
containing formaldehyde (Maniatis et al, 1982 and references
therein). The location of 28S and 18S rRNA could be visualized by
ultraviolet illumination of the gel due to the addition of ethidium
bromide to the RNA loading buffer. This electrophoretically
geparated RNA was transferred to nitrocellulose membranes (MSI)
using standard procedures which included baking the membranes under
vacuum for 2 hours at 80°C. Blots were prehybridized at high
stringency in 50mM Tris-HCl, pH 7, 750 mM NaCl, 2 mM EDTA, 50%
formamide, 10x Denhardt’s, 0.5% SDS, and 100 ug/ml denatured salmon
sperm DNA at 42°C for 16-18 hours. These tissue blots were
hybridized with approximately i X 10° cpm/ml of *’P-labeled cDNA
(i.e. the 1.3 Kb P1S cDNA or probe #2; Figure 2.5) at 42°C under
similar conditions and washed in 0.1x SSC; 0.1% SDS at 65°C for 20-
30 minutes. The specific parameters of several Northern analyses

are outlined in Table 2.1.

2.2-9 Genomic Southexrn Analysis

BALB/c mouse DNA was isolated using the modified procedure of
Marmur (1962). The genomic DNA (25 ug) was digested to completion
with restriction enzymes, slowly separated on a preparative 1%
agarose gel by running overnight at 25-34 volts, denatured, and
transferred to Hybond N (Maniatis et al, 1982). Hybridization of

the uv crosslinked membrane was performed at high stringency



Table 2.1 Northern Analysis of mougse tissues and cell lines .
This is a summary of the specific conditions and other parameters
involved in the preparation and hybridization of Northern blots.

(+) Standard hybridization (hyb) buffer and washing stringency
(wash) are as outlined in Section 2.2-8.

(*) These blots were washed at 42°C for 30 minutes.

Probe Type-probe #2 is delineated in Figure 2.5 and PTP2.5 is shown
in Table 2.6; Figure 2.9, while the 5’ CAP-1 probe represents 1-
1805 bp of CAP-1 (Figure 2.8)

(**) The hybridization buffer and conditions are as given in
Section 2.2-4.



Table 2.1

Standard
Figure # Filter Hyb Wash Pxobe Type cpm/ml  pg mRNA/lane
2.6 MSI + + probe #2 10°% 10
2.10 A) HybondN + * PTP2.5 10¢ 5
2.10 B) HybondN + + probe #2 10°¢ 5
2.11 A) MSI + * probe #2 10¢ 10
2.11 B)  MSI + + probe #2 10° 4

2.12 HybondN * ok + 5’ CAP-1 10°¢ 5
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(Section 2.2-4) usiﬁg the 1.3 Kb P19 (probe #2) described above.
Filters were washed with 2X SSC; 0.1% SDS for 1-2 hours at room
temperature and to a final stringency of 0.2x SSC; 0.1% SDS at 65°C

for 15 minutes.

2.3 Results
2.3.1 amplification of Two Novel PTPase-Encoding PCR Fragments

A Polymerase Chain Reaction (PCR) strategy was used to amplify
novel sequences residing between two degenerate PTPase-specific
primers using P19 cell-derived cDNA as template (Figure 2.2). The
primers were designed to create a HindIII and Kpnl site at the 5’
and 3’ end, respectively (Figure 2.1). Attempts made to subclone
the KpnI/HindIII digested 450 bp fragment (s) into the corresponding
site of pTZ19R, were not successful. Blunt-ended ligation of the
modified PCR fragment(s) into the Smal site of pTZ19R generated
many colonies. Approximately 1/3 of these KpnI/HindIII digested
clones were initially identified as positive by separation on
ethidium bromide stained agarose gels. Roughly 65% of these insert
positive clones were assigned to Class I by analysis on Southern
blots using the arbitrarily chosen PCR/pTZ1SR clone- 2.1 (analogous
to probe #1; Figure 2.5). When these blots were stripped and
reprobed with a ??P-labeled plasmid not detected in the previous
round of screening (2-64; same insert as probe PTP2; Figure 2.9),
a second Class was identified; the third cycle revealed members of

Class III (Table 2.2).



66
Table 2.2 Sorting PCR/pTZ19R Clones by Southern Blot Analysis
Class Probe Pogitive PCR/pTZ19R Clones
I 2-1 2-6, 2-7, 2-20, 2-22, 2-23, 2-28, 2-33, 2-40, 2-
44, 2-48, 2-50, 2-62, 2-70, 2-71, 2-72, 2-76, 2-85
IT 2-64 1-13

II1 2-19 2-14, 2-25, 2-43, 2-45, 2-52, 2-56, 2-57

Positive PCR/pT219R clones were categorized into three
geparate classes by several rounds of Southern miniprep analysis
(Table 2.2) . These data were substantiated by the identification of
representative Class I (2.1); Class II (2-64); and Class III (2-19)
nucleotide sequence. The Partial sequence of 2.1-1ike: 2-6, 2-7, 2-
28, 2-71, and 2-76 was also obtained along with that of the class
II family member, 1-13. The predicted amiﬁo acid sequence of these
Class I and II PCR fragments revealed sufficient identity with the
CD45/ TCPTP/ PTP1B-based PTPase consensus to indicate that a region
from two unique PTPases had been cloned (Figure 2.3; Charbonneau gt
al, 1989; Cool et al, 1983%). The deduced protein sequendé of Class
I1I, however, was identical to c-fer, which is a P12 cell-expressed
PTK recently cloned in our laboratory and by others (B. Howell and
J.C. Bell, unpublished data; Hao et al, 1989). These 2-19-1like PCR
fragments appear to have been amplified by virtue of non-specific
primer binding. PTPase-encoding PCR fragments representative of
Class I and II were isolated by KpnI/HindIII digestion and used as
probes to clone relevant cDNAs and to characterize the expression

of these unique PTPases.



Figure 2.3 Alignment of deduced Class I and II PCR sequence with a
PTPase consensus. The partial sequence of Class I and II PCR
fragments was deduced and aligned to a consensus derived from the
intracellular PTPases-PTP1B and TCPTP (Charbonneau gt al, 1589;
Cool et al, 1989). Sequences were compared for optimal alignment
and gaps are indicated by a dashed line; boxed residues delineate
areas of identity.
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2.3-2. Class I and II are Expressed in P19 Stem Cells

Class I and II PCR-amplified fragments were used to probe for
PTPase-encoding transcripts in P19 stem cells. Northern analysis
identified undifferentiated P19 cell expressed transcripts of 5 and
7 Kb which hybridize to Class I (probe #1; Figure 2.5), while the
Class II probe (probe PTP2; Figure 2.9) generated bands at 5 Kb as
well as another light band at about 8 Kb (Figure 2.4). This
preliminary Northern data was necessary to ensure success in
subsequent experiments which include screening a P19 stem cell-

derived cDNA library for Class I and Class II clones.

2.3-3 Cloning and Characterization of Class I P19 cDNAs

A P19 stem cell cDNA library was generated and screened to
identify PTPase-specific c¢DNAs. Several insert/P1S cDNA to
vector/Agtll ratios were used in ligation reactions and as
indicated in Table 2.3, a relatively high titer of 1.15 x 10°
pfu/ml was observed upon ligation of 50 ng of the P19 cDNA to Agtll
arms. In addition, this library {(B) was shown to have a high
cloning efficiency; in fact, the percentage of recombinant phage
were calculated to be 96.5% (Table 2.3). Therefore, this P19 cDNA
library (B) was chosep to screen for PTPase-encoding cDNAs.
Table 2.3 Titer and Cloning Efficiency of P19 cDNA
P19 cDNA(amt) Dilutions # Plaques Titer* % Recombinants
A) 20 ng 1073/10°*/10°% 275/30/4 3x10° 94%
B) 50 ng 1073/10°*/10°°* TMTC/115/10 1.15x10° 96.5%

TMTC, too many to count; [*] pfu/ml, plague forming units per ml



Figure 2.4 Northern analysis: Class I and IXI PCR <fragments
hybridize to P19 stem cell-selected mRNA. PCR-amplified probes were
used to detect expression levels of Class I and II PTPases.
Approximately 3.5 pg of Pl9-derived poly A" mRNA were loaded per
lane. Transcript sizes were estimated by comparison with the
position of 28S (4712 bp) and 185 rRNAs.
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Initial screening of the oligo (dT) -primad P19 cDNA library
(B) with a class I DPCR-amplified insert (probe #1; Figure 2.5)
generated 6 true positives (Table 2.4). Four of the Class I
positives were isolated and subcloned into pPTZ19R. The 5' end
sequence of 1.3 Kb cDNA (in plasmid 4-1), revealed virtual identity
to the Class I PCR insert (Figure 2.5; Table 2.4). This segquence
was also found to overlap with that of anothexr cDNA clone (plasmid
2-4; Table 2.4). Consequent investigation of the largest cDNA
clones revealed that the P19 2.0 Kb cDNA sequence, in plasmid 5-4,
predicts a single PTPase domain in addition to in frame coding
sequence upstream, whereas the 1.3 Kb clone (4-1) encodes only a
portion of the putative catalytic domain (Figure 2.5; Table 2.4).
The Northern expression analysis described above, using the Class
I PCR fragment as probe, revealed hybridizing transcripts of
greater size than that of the largest P19-derived cDNAs (Figure
2.4) . These data directed subsequent efforts toward obtaining full

length coding sequence for this clone.

2.3-4 Expression of Class I (CAP-1) in mRNA in Mouse Tissues
Class I, or CAP-1, expression was examined at the RNA level to
determine the abundance and presence of alternative transcripts in
specific adult mouse tissues. Northern tissue blot analysis
revealed a host of transcripts that hybridize to the 1.3 Kb P13
cDNA (probe #2; Figure 2.5) at high stringency (Figure 2.6). Two
major transcripts, with sizes of 5 and 7 Kb were identified in

brain, heart, lungs, liver, and kidney, while putative minor bands



Table 2.4 Summary of P19-derived Class I or CAP-1 cDNAs. Isolation
of Class I positive phage cDNA was followed by determination of
insert size (bp). EcoRI-digested inserts were verified by Southern
miniprep analysis using probe i2 (Figure 2.5). The hybridizing
inserts are denoted by (+), with the exception of phage 193, which
was not released by EcoRI (*). These inserts were subcloned into
pTZ19R in both the sense (+) and antisense (-) orientation. ND,
represents not determined. The S’ border of the sequenced cDNA is
indicated as position of nucleotide sequence (bp) in CAP-1 (Figure
2.8).



Table 2.4

Phage # Insert Size Probe #2 Plasmids

192 1125 + 2-4(+)
2-9(-)

193 ND * ND

194 1323 + 4-1(+)
4-10(-)

195 1990 + 5-4 (+)

197 2700 + 7-2(+)

198 00 ND ND

CAP-1
5 Sequence

2579

ND

2453

1787

2463



Figure 2.5 Schematic diagram illustrating the structure of the
composite CAP-1 cDNA and the relatedness of four cDNA c¢lones. The
thin lines represent cDNA sequence whereas the open boxes denocte
protein structure. The probes depicted as narrow boxes were
designed for screening ¢DNA libraries and for hybridizing to poly
A* mMRNA and genomic DNA. These probes represent the following
sequences in CAP-1: probe #1- 2435 to 2888; probe #2- 2453 to 3776;
probe #3- 1848 to 2125 (Figure 2.8). Sequence of all four clones
were combined to generate the composite cDNA. The 5’ and 3* UIR
indicates the position of untranslated regions containing in frame
stop codons.
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Figure 2.6 Northern blot analysis of CAP-1 mRNA in mouse tissues.
Each lane contains 10ug of poly A* RNA isolated from adult mouse
tissues which are represented as: B, brain; H, heart; ILu, lungs;
Li, liver; K, kidney; and M, leg muscle. The resulting tissue blot
was probed with a partial CAP-1 cDNA (probe #2; Figure 2.5). The
position of the 288 and 18s rRNA (see arrows) are determined by
ultraviolet visualization of ethidium bromide staining of the gel.
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are seen in brain and heart. These two constitutively expressed
transcripts are also detected in undifferentiated P19 cells (Figure
2.4). In adult leg muscle, however, the constitutively expressed
transcripts appear as two reproducibly smaller mRNAs (Figqure 2.6).
The smallest transcript in most tissues is about 5 Kb, 4.5 Kb in

leg muscle, indicating the existence of additicnal CAP-1 sequence.

2.3-5 Isolation of Kidney cDNA Clones Ccntaining 5’ Sequence

A random-primed cDNA library was constructed to acquire the
complete coding sequence for the Class I PTPase. This library was
generated from mouse kidney-derived poly A* mRNA since this
appeared to be a rich source of CAP-1 mRNA (Figure 2.6). This cDNA,
prepared as described in Section 2.2-4, was subjected to
fractionation on a sizing column. An autoradiograph of the dried
agarose gel containing aliquots of these fractions determined the
cDNA to be pooled (fractions 10-18) and used in subsequent steps
(Figure 2.7). The titer of one of the subsequently generated
libraries, K1 was identified as 1.4x10° pfu/ml; therefore this
library was used in subsequent screening strategies (Table 2.5).
Table 2.5 Titration of Kidney-Derived cDNA\Agtl0 Libraries

Amt of ¢DNA Dilution #Plagques Titer(pfu/ml) Total Titer

K1) 15ng 104 306

10° 28° 2.8x10°¢ 1.4x10°
K2) éng 104 133

108 7" 7.0x10°% 3.5x10°

* These calculations were based on duplicate results



Figure 2.7 An autoradicgram of fractionated second strand kidney-
derived cDNA. Each lane {4-28) represents aliguots of individual
fractions that were collected from the Sepharose 4B sizing column.
The ethidium stained BRL 1.0 Kb ladder, was used as a marker (M)
for size determination. The warks indicated here represent the
position of approximately 7.0, 6.0, 5.0, 4.0, 3.0, 2.0, 1.6, 1.0,

and 0.5 Kb. While, T, indicates the total input cDNA loaded on the
Sepharose 4B gravity column.
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To obtain complete coding sequence for this enzyme, 500,000
recombinants from the K1 library were subjected to several rounds
of screening. Initially, the 1.3 Kb cDNA (probe #2; Figure 2.5) was
employed to identify cDNA sequence similar to that isolated from
the Pi9 c¢cDNA library. All 8 positives contain inserts which
hybridize to probe #2 (Figure 2.5); a notable exception is the 9-1
phage whose insert is not liberated by EcoRI nor by NotI digestion.
In addition, only one of the two EcoRI fragments of 5-2 and 19-1 is
detected by this P19 cDNA probe (Table 2.6).

Analysis of 52-T7 and 53-1 reveals cDNAs with nuclectide
sequences very similar to those of the P19 cDNAs. These clones all
have a putative termination codon in the same position (3093 in
CAP-1; Figure 2.8). Interestingly, the 3’ borders of all four cDNA
clones are essentially equivalent; this sequence dces not harbor a
poly A tail, however, it does contain a repeated sequence which
predicts a potentially complex mRNA structure. This (CCCT}, repeat,
where n=12 for P19 clones and n=9 for kidney cDNAs, in addition to
three single nucleotide substitutions are the only differences
observed between these two sets of cDNAs.

Several of these kidney cDNAs have unusual features which
include a 990 bp extension at the 5’ end of S-1 (51-4) with a NotlI
gite at the junction sequence. Similarly, when the PTPase-encoding
2000 bp EcoRI fragment of the 5-2 phage (52-T7; Table 2.6) is used
as a probe, it generates a Class I Northern expression pattern,
whereas the 1600 cDNA insert (52-B2; Table 2.6) does not; instead,

this cDNA hybridizes to many transcripts present in several mouse



Table 2.6 A compendium of Class I (CAP-1) Kidney cDNA clones. Round
I positive phage clones were analysed for size estimation (bp) and
hybridization to probe #2 (Figure 2.5). Sequence of the subcloned
inserts (+/-; sense/antisense) were determined; 5’ and 3’ borders
are represented as nucleotide position in CAP-1 (Figure 2.8).
Second and third round positives were characterized in a similar
manner with the following exceptions. The 12-1b phage insert was
liberated with NotI and cDNA inserts were validated by hybridizing
with the round II (probe #3; Figure 2.5) and round III (F25;
Section 2.2-4) probes. The presence of nonCAP-1 sequence in the
kidney ¢DNAs has been noted.



Table 2.6

Phage #
Round I

2-1
5-1

15-1

19-1

Round II
12-1b

20-2
Round III
11

41

81

181

600
2700

2000

1600

1800
ND
500
750

900
700

900

1000

2000

1600

900

750

Insert size

+

Plasmids

ND
51-4(+)
51-5(-)

52-T7
52-B2

53-1(?)

g8 8§ 8 §

g

20-2(+)
20-4(-)

111-14(+)
111-8(-)

T41-2 (+)
811-1 ()
811-3(-)

181-3(-)
181-4(+)

5!

CAP-1 Sequence

Border

ND
2350

1787

1979

&

g8 & B

1194

l461l

528

1149

3’Border
ND
ND
3776

3776

g

g8 & B

2010

1998

2004

1790

1886

nonCAP-1

yes

yes

yes



78
tissues (data not shown). The pattern is indicative of the presence
of repetitive sequences, which are found in untranslated and
intronic regions.

Kidney cDNA clones identified in the second and third round of
screening were all 5’'extensions of the P19 and round I Kidney
clones (Table 2.6). The PCR-amplified probe #3 (Figure 2.5),
representing the 5’ most cDNA sequence of 5-4 or 52-T7 (Tableé 2.4
and 2.6), revealed two definite positives: 12-1b and 20-2. However,
the positive observed on plate #1 was very light and difficult to
igolate. A PCR generated probe (F25: 1195.to 1339 in CAP-1; Figure
2.8) amplified from round II phage DNA, clearly recognized this

(referred to as 11) as well as several other positives (Table 2.6).

2.3-6 Structure and Analysis of Composite Class I or CAP-1 cDNA

Complete coding sequence was obtained by combining the 2.0 Kb/
5/ -extended kidney cDNA (phage #11) with the overlapping 2.0 Kb P19
clone (Figure 2.5). The composite CAP-1 cDNA predicts a continuous
open reading frame of 942 amino acids (Figure 2.8). The putative
initiating methionine, at position 267, with sequence close to that
of the Kozak consensus [ (A/G)CCAUG(G); Kozak 1986] is preceded by
four in frame stop codons, while the termination codon is located
at 3093 (Figure 2.8). The CAP-1 protein deduced from this cDNA has
a predicted M, of about 107,000.

Comparison of the deduced CAP-1 protein sequence with that of
the human PTPH1 reveals 91.6% shared amino acid identity starting

at a methionine residue located 30 amino acids downstream from the



Figure 2.8 The nucleotide and deduced amino acid sequence of CAP-1.
The N-terminal domain homologous to band 4.1 family members 1is
enclosed in a box by a solid line. The putative catalytic domain of
CAD-1 is denoted by an open box {(dotted lines) with the arrows
representing the PCR primer region. The region between the N-
terminal and C-terminal region represents a putative regulatory
domain. Deduced amino acid residues are denoted as gingle letters
above the nucleotide sequence.
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predicted initial methionine (Yang and Tonks, 1991). The composite
cDNA encodes a putative PTPase domain in its C-terminal 702-929
amino acids; this phosphatase domain of CAP-1 has 33-41% identity
to core catalytic domains found within PTPases having transmembrane
and intracellular structure (Charbonneau et al, 1989; Cool et al,
1989; Krueger et al, 1990; Ralph et al, 1987; Thomas gt al, 1985;
1987; Streuli et al, 1988; 1989; Table 2.7). The N-terminal portion
of this PTPase (residues 58-358 in CAP-1; Figure 2.8) was shown by
Proscan analysis to share marked similarity with the
cytoskeleton/membrane localized proteins: band 4.1, ezrin, radixin,
moesin, and talin (Conboy et al, 1986; Funayama gt gl, 1991; Gould
et al, 1989; Gu et al, 1991; Lankes and Furthmayr, 1991; Rees et
al, 1990; Turunen et al, 1989; Yang and Tonks, 1991; Figure 2.14).
This PTPase is, therefore called CAP-1 for Cytoskeletal Associating
Protein related PTPase. The potential relevance of this homology

will be discussed later on.

2.3-7 Isolation of a Partial Class II (PTP2) cDNA

Several positives were obtained upon screening of the P19 cDNA
library with the Class II PCR fragment as probe {2-64; Table 2.2 or
PTP2; 156 to 641, Figure 2.9). One of these PTP2 phage inserts were
isolated and ligated into pTZ19R to generate the plasmids, 8-1 (+)
or 8-2 (-). Nested or ExolIl/Mung Bean deletions were constructed
in this 2.5 Kb cDNA. Partial sequence analysis of the 8-1 insert,
as outlined in Figure 2.9, would appear to predict a continuous

open reading frame from the 5’ border through the putative PTPase



Figure 2.9 Partial nucleotide and predicted amino acid sequence of
a Class II cDNA. The putative PTPase domain is found within
parenthesis [] with PCR primers denoted by underlined sequence and
by arrows. This is the partial sequence of a PTP2 cDNA and
represents only a portion of probe PTP2.5. Predicted amino acid

residues are delineated as single letters above the nucleotide
sequence.
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domain.

In an effort to clone further upstream sequences, the random-
primed kidney cDNA library was probed with this 2.5 Kb insert
(PTP2-5) and 6 positives were realized. The S5’ and 3’ borders of
these cDNAs appear to lie within 2.5 Kb (not shown) . The smallest
clags II hybridizing transcript is about 5 Kb (Figure 2.4)
indicating the existence of additional cDNA segquence. Subsequent
comparison of translated PTP2 sequence by DNASTAR revealed virtual
identity with the putative retinaldehyde-binding, human PTPase,
MEG2 (Gu et al, 1992). Further studies should focus on the
isolation of the full length coding sequence, estimated from MEG2

sequence, to be another 930 nucleotides.

2.3-8 Expression of Class II mRNA in Mouse Tigsues and Cell Lines

Several mouse tissues and cell lines were found to express a
Class II-specific transcript of 5 Kb (Figure 2.10A) . The expression
pattern observed in mouse testis was a little more complex, with
the 2.5 Kb cDNA probe recognizing the 5 Kb as well as a 4.5 Kb
form. This tissue may serve as a good source from which to clone

furthexr PTPZ2 cDNAS.

2.3-9 CAP-1 is Expressed in a Range of Tissues and Cell Lines
Class I (CAP-1) probes were used to reaffirm and extend the

expression information exhibited previously in Figures 2.4 and 2.6.

Hybridization of the Northern blot used above (Figure 2.10A) to the

CAP-1 probe #2, revealed a putative multi-transcript expression



Figure 2.10 Expression of the Class I and II PTPase mRNA in several
mougse tissues and cell lines. A) The PTP2.5 probe was employed to
identify Class II or PTP2-hybridizing transcripts in mouse tissues
such as: H, heart, Lu, lung; B, brain; K, kidney; T, testis; Th,
thymus and in the cell lines P, P388; S, SP10; and L12, L1210. B)
This Northern blot was standardized with a B,-microglobulin probe.
C)} The Northern blot, used above, was reprobed with a partial CAP-1
probe (probe #2; Figure 2.5). The 288 RNA marker represents 4712
bp.
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pattern in heart and'brain, while Class I-like transcripts of 5 and
7 Kb were observed in kidney and lung (Figure 2.10C). This CAP-1
probe barely detected thymus-derived mRNAs in this Northern
analysis (Figure 2.10C), however, the standard Class I pattern was
identified when higher levels of thymus mRNA were used (Figure
2.11A) . CAP-hybridizing mRNAs were also non detectable in all cell
lines examined, with the exception of the L1210 cell line which has
two smaller mRNAs (Figure 2.10C); these transcripts differ in size
by about 0.5 Kb which is similar to the pattern found in leg muscle
(Figure 2.11B). When the @,-microglobulin standardization (Figure
2.10B) was considered, mouse brain, kidney, and heart were found to
express relatively high levels of CAP-1, while lung and thymus
contained much less (Figure 2.10C). Similarly, screening a 5’ CAP-1
probe-hybridized (1 to 1805; Figure 2.8) tissue blot with g-
tubulin, reaffirmed the lower level of expression in liver
{previously seen in Figure 2.6) relative to the higher levels of
CAP-1 transcripts observed in mouse kidney and brain (Figure 2.12).

The CAP-1 PTPase was originally amplified and cloned from the
embryoqal carcinoma cell line, P19. A Class I-like pattern of
expression was previously observed in the P19 stem cell (Figure
2.4). Preliminary evidence indicate that differentiation of P13
cells with dimethyl sulfoxide (DMSO) or retinoic acid (RA) does not
change CAP-1 expression qualitatively, while the transcripts levels
are decreased slightly in the DMSO-induced cells and to a
considerable degree in RA-differentiated cells once the results are

corrected for loading (Figure 2.12) . Poly A* mRNA was selected from



Figure 2.1l Expression of CAP-1 iranscripts in adult and embryonic
mouse tissues. A) Poly A* mRNA (10 pg) was selected from day 14
whole mouse embryo (E) and from adult mouse tissues: K, kidney; Li,
liver; and Th, thymus. B) Approximately 4 pg of poly A* mRNA from
B, brain; K, kidney; and M, leg muscle were loaded per lane. These
tissue blots were probed with a partial CAP-1 cDNA (probe #2;
Figure 2.5). Ethidium bromide stained 28S and 18S {ribosomal} rRNAs
served as molecular weight markers.
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Figure 2.12 Expression of CAP-1 mRNA in adult mouse tigsues and in
differentiated embryonal carcinoma cells. The predicted non-
catalytic or 5’ region of CAP-1 was used to probe CAP expression
during P19 cell differentiation and in the adult mouse. A) Poly A’
mMRNA was selected from DMSO-treated EC cells at day 1 (1); day 2
(2); and day 7 (7), while day 6 (6) RA-differentiated P19 cells
were also analyzed. In addition, whole mouse embryo, day 14 of
gestation (E) and adult mouse tissues: (Li) Liver; (K) Kidney; and
(B) Brain were examined. B) RNA loading was standardized with S-
tubulin hybridization.



A. DMSO RA TISSUES
1276 ELKB




87
day 0 or P19 stem cells and run on the same gel; CAP-1 expression
ig similar to that observed in the day 1, DMSO-treated lane {(data
not shown; Figure 2.12). These Class I-specific CAP-1 transcripts
are also found in early mouse development, namely at day 14 of
gestation; however, the high levels observed in Figure 2.11A

appears to result from overloading (see Figure 2.12}.

2.3.10 Southern Analysis of the CAP-1 Gene

These rather complex Northern results raise the issue of
whether the CAP-1 probes may be xecognizing transcripts from a
different, but related gene. Hybridization with the 1.3 Kb partiai
CcDNA (i.e. probe #2, Figure 2.5) under similar high stringency
conditions generated a simple pattern with SacI-digested genomic
DNA, while the HindIII and Pstl lanes have a single reacting band
in each (Figure 2.13). This genomic Southern result is consistent

with that of multiple transcripts arising from a single CAP-1 gene.

2.4 Diacuasion

Many new PTPases have been identified in the past few years;
this may now illuminate signal transduction pathways by shedding
light on the structure and function of the relatively unknown
dephosphorylating enzymes. This study reports the use of PCR
amplification to identify and clone two unique PTPase cDNAs from a
embryonal carcinoma (P19)-derived cDNA library. The degenerate
primers used in this amplification reaction, were designed based on

two short stretches or conserved motifs found in several human



Figure 2.13 Southern blot analysis of the CAP-l1 gene. Mouse genomic
DNA was digested to completion with HindIII (H), PstI (P) and Sacl
(S). Size of the molecular weight markers (Kb), lambda DNA digested
with HindIII, are provided.
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PTPases, such as: PTPlB, TCPTP, CD45, and LAR {(Charbonneau gt al,
1989; Cool et al,, 1989; Ralph et al, 1987; Streuli et al, 1988).
This has probably restricted the outcome somewhat, since with the
jsolation of further PTPases, Y(I/V)NA(S/N), instead of YINAS, is
seen to be conserved among wmany intracellular and receptor-like
pTPases; the YINAS motif is not present at all in others {(Lambroso
et al, 1991; Krueger et al, 1930; Streuli et al, 1989; Zanke gt al,
1992; Keyse and Emslie, 1992). The catalytic site of PTPases is
generally represented by the HCSAG sequence in most PTPases.
However, this sequence is not as tightly conserved in several
distantly related subgroups, such as the dual-specificity vaccinia
virus, VH1, phosphatase which harbors the motif, HCAAG, or the
cell-cycle cdc25 enzymes with the HCXXG consensus (Guan gt al,
1991a; Moreno and Nurse, 1991).

These degenerate oligonucleotides were designed by the
analysis of mammalian codon frequency charts (Grantham et al, 1981)
or by the comparison of rat, mouse, and human CD45 codon usage to
that observed in TCPTP (Cool et al,, 1989; Ralph et al, 1987;
Thomas g;_gl, 1985; 1987) . The low level of degeneracy (Figure 2.1)
along with the PCR conditions (i.e. annealing temperature- 50°C)
were probably most influential in limiting the gamut of possible
amplified PTPase regions to a smaller field of two novel Class I
(CcAP-1) and Class II (PTP2) clones.

The CAP-1 phosphatase was identified by virtue of its homology
to conserved regions found in several PTPases (Charbonneau et 2l,

1989; Cool et al, 1989). Consistent with this, the putative PTPase
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domain of CAP-1 is 33-41% identical to the catalytic domains found
within PTPases having transmembrane and intracellular structure
{(Table 2.7). Comparable levels of catalytic domain identity are
shared between most PTPase groups (36-46%; Krueger et al, 1990}.
However similarity within the same subgroup is much higher; PTP1B
and TCPTP are highly homologous to each other, having 71% identity
within the catalytic domain (Charbonneau et al, 1989; Cool et al,
1989) . The PTPase-specific 702-929 amino acid regioﬁ of CAP-1 has
64% identity with the catalytic domain of the related PTPase, MEGl
(Table 2.7; Gu et al, 1991). This level of similarity is indicative
of a shared general function for members of this new subgroup of
PTPases.

CAP-1 is the murine homoclogue of a human PTPase, PTPH1 (Yang
and Tonks, 1991). The alignments generated by comparison of CAP-1
with homologous regions in various cytoskeletal-associated proteins
are similar to those displayed by PTPH1 (Yang and Tonks, 1891).
Regidues 58-358 of CAP-1 share 33-36% identity with the N-terminal
domain of the cytoskeletal membrane protein 4.1 isoforms and 29%
identity with the human ezrin domain. In addition, the N-terminal
portion of CAP-1 shares 55% identity within the protein 4.1
homology domain of the related human PTPase, MEGl (Gu et al, 1991).
Comparison of the N-terminal region of CAP-1 (58-358) and MEG1l (29-
329) with the homologous domain in protein 4.1 (1-296) reveals a
shared consensus (Figure 2.14). This identifies CAP-1/PTPH1 and
MEG1 as members of a new family of cytoskeletal associated protein-

like or CAP PTPases (Gu et al, 1991; Yang and Tonks, 1991). This



Table 2.7 Comparison of the core catalytic domain of CAP-1 with
that of several intracellular and receptor-like PTPases.

The predicted PTPase domain sequence of CAP-1 was aligned with the
core domain of other PTPases using DNASTAR programs. Alignments
were made between the CAP-1 PTPase sequence (698-942) and the core
PTPase regions of PTP1B (Brown-Shimer et al, 1990; Charbonneau gt
al, 1989; Chernoff et al, 1990; Guan et al, 1990); TCPTP (Cool et
al, 1989); Cb45 Domain 1 (D1; Thomas et al, 1985; 1987; Ralph et
al, 1987); LAR D1 (Streuli et al, 1988); MEGL (Gu gt al, 1991).



Table 2.7

CAP-1 PTPlB TCPTP Cb45 D1

CAP-1

PTP1B 39

TCPTP 41 71

CD45 D1 33 37 36

LAR D1 ND 39 42 g0
MEGL 64 39 39 ND

PTP2 37 39 40 ND



Figure 2.14 Alignment of the amino terminal domain of the PTPases
CAP-1 and MEG-1 with a homologous region in eukaryotic membrane
protein 4.1. Identity between CAP (58-358), MEG (29-329), and those
of the cytoskeletal-associating protein, band 4.1 (1-296) is
represented by the presence of single letter amino acids, which are
boxed. The colon indicates the presence of two highly conserved
residues while the period delineates moderate conservation.
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N-terminal domain localizes or restricts, 4.1 family members to the
underside of various membrane structures ({(Algrain et al, 1993;
Anderson and Lovrien, 1984; Bretscher et al, 1983; Furthmayr et al,
1992; Gould et al, 1986; Lankes and Furthmayr, 1991; Sato gt al,
1991; Tsukita et al, 1989). Therefore, the CAP domain may direct
the association of these PTPases with a transmembrane molecule and
thereby serve to effect reversible changes in the cytoskeleton-
plasma membrane scaffold.

The predicted amino acid sequence of CAP-1/PTPH1 has the same
structural design as the PTPase, MEGl, with a C-terminal localized
PTPase domain, an N-terminal domain with homology to cytoskeletal;
associated proteins, and a central putative regulatory domain (Gu
et al, 1991; Yang and Tonks, 1991). Analysis of the amino acid
composition of the central region of CAP-1 reveals a relatively
high level of the hydroxy amino acid serine (a striking 12%) and
the conservation of many of the putative casein kinase II and p34****
phosphorylation sites indicated in the human, PTPH1 (Yang and
Tonks, 1991). This indicates that phosphate occupancy at these
sites may modulate the PTPase activity or substrate specificity of
this enzyme, as seen with the modulation of the lateral mobility
and tyrosine-specific phosphatase activity of CD45 (Autero and
Gahmberg, 1987; Patarroyo and Gahmberg, 1984; Yamada et al, 1990).
Alternatively, the central domain may act as a "hinge" to bring the
C-terminal PTPase domain in contact with codistributing CAP domain-
associating substrates.

CAP-1 was cloned out of an undifferentiated embrycnal
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carcinoma cell line, however, it appears to be expressed in a wide
variety of adult mouse tissues. When the results are standardized
for B-tubulin, the expression level of CAP-1 transcripts appears
much lower in the RA and DMSO differentiated P19 cells and day 14
whole embryo, than in the highest adult tissue expressers, kidney
and brain (Figure 2.12). The low level of CAP-1 expression in these
differentiated cells does not preclude a developmental role for
this PTPase. The transcript level of another unrelated Pl19-PTPase
was recently shown to be greatly enhanced upon aggregation of P19
cells; the replating of RA- and DMSO-induced or untreated P19 cells
in monolayers abolished this response (den Hertog et al, 1992}. The
predicted subcellular localization of the CAP-1 PTPase to the
cytoskeleton-membrane interface is also consistent with a role for
this enzyme in the development and/or maintenance of multicellular
structure. The expression of CAP-1 mRNAs in the whole embryo may
reflect the adult tissue preference for this enzyme, that is CAP-1
may play a role in embryonic kidney, brain, or heart development
and function. The generation of a CAP-specific antibedy should
reveal whether transcript levels correspond with protein or enzyme
amounts.

The pattern and tissue distribution of CAP-1 mRNA reveals a
variety of widely expressed transcripts. There are multiple
transcripts present in brain and heart, while the majority of mouse
tissues express two main mRNAs (Figure 2.6; Figure 2.10}. It is not
yet known whether the entire composite cDNA sequence is represented

in all transcripts; the larger mRNAs may be partially processed
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transcripts or aiternatively, they may contain additional
untranslated sequences as observed by Guan et al (1990). The
identification of putative untranslated non-CAP-1 sequence in the
subcloned cDNAs of 51-4, 20-2 and 52-B2 is consistent with one or
both of these hypotheses (Table 2.6). While it is not yet clear as
to the mechanism responsible for generating these various
transcripts, the distinctive pattern of leg muscle expression is
suggestive of tissue-specific splicing or alternative promoter
usage by the CAP-1 gene (Figure 2.6; Figure 2.11B). The existence
of specific leg muscle cDNAs has been investigated and is presented
in Chapter 3. Translation of these transcripts into differential
CAP-1 protein structure could affect subcellular localization or
substrate preference, thereby defining the functional
characteristics of CAP-1 isoforms.

The partial Class II clone predicts a PTPase (PTP2) with
almost identical amino acid sequence to that of the MEG2 PTPase
indicating it to be the murine homologue of this human enzyme (Gu
et al, 1992; Figure 2.9). The deduced N-terminal region of MEGZ has
28% identity with the cellular 1l-cis retinol or 11l-cis
retinaldehyde-binding protein, CRALBP and 24% identity with the
phosphatidylinositol (PI) binding yeast SECl4p (Aitken et al, 1990;
Bankaitis et al, 1989; 1990; Crabb et al, 1988; 1991; Salama et al,
1990) . The yeast protein, SEC14p, has PI transfer activity and is
required for secretion through the Golgi apparatus (Aitken et al,
1990; BRankaitis et al, 1990). This amino terminal domain homology

ig sufficient to suggest that MEG2 binds to a hydrophobic ligand
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(Gu et al, 1992). Preliminary evidence, not shown here, indicates
that the PTP2 transcript levels are upregulated during RA-induced
differentiation [of P19 cells]; it would be interesting to
determine whether this enzyme plays a role in retinoic acid
function. PTP2 is expressed, at the mRNA level, in the embryonal
carcinoma (P19), myeloma, pre B, and lymphocytic leukemia cell
lines and in several mouse tissues (Figures 2.4; 2.10A). This would
predict a more universal function for PTP2 such as transport of or

regulation by a lipid moiety {i.e. phosphatidylinositol).



CHAPTER 3

TSOLATION AND ANALYSIS OF ADULT LEG MUSCLE-DERIVED cDNA CLONES
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3.1 Introduction

The scope of eukaryotic gene function is often extended by the
expression of alternative transcripts from a single gene. The cell-
type specific splicing of CD45 was recently shown to depend upon
the presence of distinct cis-elements in the preprocessed RNA; this
process also appears to be mediated by thymocyte and/or B-cell
specific trans-acting factors (Streuli and Saito, 1989).
Translation of these differentially expressed mRNAs produce CD45
PTPase isoforms, ranging in size from 180 to 220 kDa, which differ
in their glycosylation pattern (Johnson gt al, 1989; Barclay et ail,
1987; Streuli et al, 1987). Tissue-specific external or "ligané
binding® domains may in effect modulate CD45-dependent PTPase
activation (Trowbridge, 1991).

Alternatively, post-transcriptional processing may produce
changes in untranslated regions. Differential wusage of
polyadenylation sites has been proposed to account for several
PTPl-hybridizing mRNAs (Guan et al, 1990). Similarly, two of the
many developing axon- and pioneer neuron- expressed DPTP10D
transcripts are found to differ at their 3’ untranslated region due
to alternative polyadenylation (Yang et al, 1991}.

In adult leg muscle, CAP-1 is expressed as two transcripts
which are reproducibly about 500 bp shorter than that found in
other murine tissues (Figure 2.6; Figure 2.11). The corresponding
skeletal muscle cDNAs were cloned and characterized in an effort to
elucidate the mechanism by which these different mwRNAs arise.

Construction of a composite leg muscle cDNA, f£from several
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overlapping clones, revealed leg muscle-specific sequence at the 5
end. This cDNA predicts a truncated leg muscle protein which lacks

part of the protein 4.1 homology region.

3.2 Materials and Methods
3.2-1 Preparation and Screening of a Leg Muscle Library

A cDNA library was made from adult mouse leg muscle poly A'
mRNA (3 pg), in an effort to clone and characterize tissue-specific
CAP-1 transcripts. The cDNA was synthesized, modified, and
fractionated using the methods outlined in Section 2.2-4. The
phosphorylated, linker/adaptor modified cDNA was ligated overnight
at 16 °C using T4 DNA ligase, ligase buffer, and Agtl0 arms
(Amersham cDNA synthesis and cloning kit) . The packaged leg muscle
library was screened using random-labeled probes corresponding to
the entire CAP-1 cDNA or the 5’ (1 to 1802 bp in CAP-1, Figure 2.8;
probe A, Figure 3.2) and 3’ (1787 to 3776 bp in CAP-1, Figure 2.8;
probe B, Figure 3.2) halfs of the composite kidney CAP-1 clone. The
subcloned leg muscle-derived cDNAs were characterized by comparing
restric;ion enzyme patterns and primer-derived sequence (as
described in Section 2.2-5) to that of the composite CAP-1 clone.
Southern analysis of digested phage and plasmid DNA was carried out
as in Section 2.2-2. Most probes used in these experiments and in
the Northern analysis (below), were prepared according to standard
procedures (described in Section 2.2-3). The 200 bp, 5’
EcoRI/HaelIlI fragment (probe 61; Figure 3.2) of 611-12 was purified

from an acrylamide gel by a ncrush and Soak" method (Sambrook et
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al, 1989) and used in a random-labeling reaction as delineated

previously (Section 2.2-3).

3.2-2 Northern Blot Analysis of Leg Muscle-Specific CAP-1

Poly A' mwRNA was selected from various mouse tissues,
fractionated on gels, and blotted to a filter in a manner similar
to procedures given in Sections 2.2-4 and 2.2-8. The specific
details of leg muscle-specific Northern blot analysis are outlined

below in Table 3.1.

Table 3.1 Northern Analysis of Murine Tissues

Figure Filter Hyb.Buffer Wash Probe/cpm/ml ug mRNA/Lane
3-4A  Hybond N + * Probe 61/10° 2.5

3-4B Hybond N + * Probe 51/10° 2.5

+ Hybridization (Hyb.) buffer and conditions as in Section 2.2-4

* Washing stringency is 2xSSC;0.1%SDS at 42°C for 1 hour

3.3 Results
3.3-1 Cloning and Characterization of Leg Muscle-Specific CAP-1

A cDNA library was generated and screened to identify leg
muscle-specific CAP-1 clones. These isoforms reflect the tissue-
specific patterns revealed upon Northern analysis of adult leg
mugcle transcripts (Figures 2.6 and 2.11). Murine leg muscle-
derived cDNA was fractionated on a gizing column; fractions 10-16
were chosen, based on the Cerenkov count profile (Figure 3.1}, and

pooled for subsequent Agtl0 library production. The resulting



Figure 3.1 Size Selection of Leg Muscle-derived cDNA. Radiclabeled
second strand leg muscle cDNA was fractionated on a Sepharose 4B
sizing column. The Cerenkov counts of each individual fraction are
presented as cpm (counts per minute}/fraction.



SNOILOVYYH

¢z ZZ ¢ 0Z 6L 9L Lt 9L GL i gL gL tt 0L & 8 L 9 ¢ v ¢ ¢ | 0

-00001

WdO

-00002

+0000%



102

library had a titer of 1.9x10° pfu/ml. Approximately 300,000
recombinants were subjected to primary and secondary screening with
the composite CAP-1 clone (probe CAP-1, Figure 3.2). Ultimately, in
the third round, one lot of nitrocellulose lifts was probed with
the 5' half of CAP-1 (probe A, Figure 3.2}, while the other two
sets of filters were screened with the 3’ portion {probe B, Figure
3.2). The intensity of these positives were graded relative to each
other (vertically), however, the hybridization levels of the A and
B probes are not comparable (Table 3.2).

Three of the thirteen tertiary positives were isolated and
characterized by sequencing, restriction wmapping, and miniprep
Southern blotting (Table 3.2). Partial analysis of the 321-1 insert
revealed about 2000 nucleotides (1300-3300 bp in CAP-1, Figure 2.8)
of sequence identical to CAP-1 (Table 3.2; Figure 3.2). This cDNA
had additional noncoding sequence at its 3’ end. However, the
kidney- and P19 cell-derived CAP-1 transcripts may alsc include
this and additional 3’ untranslated sequence considering that all
cAP-1 cDNAs cloned thus far lack a poly A tract.

The search for leg muscle specific sequences led to a more
diligent characterization of the 5/ -extended clones. The central
portion of 611-12 was also identical to CAP-1 (938-2000; Figure
2.8), while, the 5’ non-CAP region of this insert was found to
share short stretches of identity (59.7%-85.7%) with a variety of
genomic and untranslated cDNA sequences. Additional cDNAs appear to
corroborate the 611-12 clone; the 411 and 711 inserts hybridized to

the 5'-most 200 bp fragment of 611-12 (probe 61; Figure 3.2; data



Table 3.2 Cloning and characterization of Leg Muscle cDNAsS
Tertiary positive clones were identified by hybridization to the 5!
or 3’ half of CAP-1 (probe A or B, respectively; Section 3.2.1;
Figure 3.2). These results were graded within each probe as non
detectable {(-), low {(+), medium (++), Or high (+++). Phage insert
size (bp) was determined upon EcoRI digestion. The subcloned leg
muscle cDNAs were related to CAP-1 by sequence comparison; 5' and
3/ border sequence is delineated in terms of its location in CAP-1
sequence (Figure 2.8). All four characterized phage inserts have
NONCAP sequences {(Figure 3.2). Several phage inserts were not
released, however, the phage did hybridize to CAP-1 probes (*).



Table 3.2

Pxrobes Insert NON CAP-1 Sequence
Phage # A B Size CAP-1 5’ Border 3’ Border Plaamid

3-11 + ++ * ND ND ND
3-21 +++  ++ 2800 yes 1300 3300(?) 321-1
3-31 + ++ * ND ND ND
3-51 - ++ ND ND ND ND
4-11 +++ - 600 ND ND ND
4-21 - b ND ND ND ND
5-11 +++ k4t 1500 yes 1050 2150 511-9
5-21 + + 4 500 ND ND ND
6-11 e ++ 3500 yes 938 2000 611-12
7-11 +++ 1200 yes 938 1986 711-1



Figure 3.2 This diagram portrays the relatedness between CAP-1 and
the Leg Muscle cDNA clones. The thin lines symbolise nucleotide
sequence, while the open boxes depict deduced protein. structure. &
key to the protein homology regions and 5’ leg muscle cDNA
character is provided in the Figure. The 5’ and 3’ UTR represent
untranslated regions. The probes, denoted as narrow boxes, were
designed for screening cDNA libraries and for Northern analysis.
The characteristics of these probes are as follows: probe CAP-1
represents 1 to 3776 or the entire composite cDNA clone; probe A
encompasses 1 to 1802; probe B has sequences 1787 to 3776; while
probe 51 was derived from a PstI fragment or 1070 to 1991 in CAP-1
(kidney/P19; Figure 2.8). The remaining probe contains leg muscle-
specific sequence (61; Figure 3.3). The nonsequenced regions of
each subcloned leg muscle cDNA is indicated as dotted lines.
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not shown). In addition further characterization of the 711 phage
insert revealed identity [to 611-12] at the junction sequence and
for another 150 bp upstream (Figure 3.3). The junction sequence of
T,CCAGT shares identity with the 3’ splice site consensus of
[Y,NCAG/G], where Y=polypyrimidine tract, however, unlike the
consensus the underlined base pairs of CAT represent coding
sequences in CAP-1 (Figure 3.3). This region appears to be leg
muscle-specific since it hybridizes to the 4.5 and 6.5 Kb mRNAs in
leg muscle (lane 2, Figure 3.4A). It also recognizes an upper
[partially processed] transcript in brain, leg muscle and kidney
(Figure 3.4A). This band was not observed in low CAP-1 expressiné
mouse liver or P19 cells, however, it may be a probe- rather than
a CAP-1l-specific hybridization event (data not shown). When the
identical blot was probed with a sequence found in both leg muscle
and kidney cDNAs (probe 51, Figure 3.2), the general CAP-1
expression pattern was generated (Figure 3.4B; refer to Figure
2.6). While it is not yet known how this skeletal muscle-type of
expression occurs, a preliminary result implies that the phenomenon
ig conserved, at least from mouse to rabbit. Northern analysis
revealed that the typical murine "leg muscle/LMCAP-l-specific”
pattern is present in rabbit skeletal muscle (data not shown).

The 3’ sequence of the 611-12 cDNA, downstream of the 2000 bp
mark, is also nonCAP-1 and appears to be noncoding due to the
presence of in frame termination codons {Figure 3.2; data not
shown) . This region has no homology with sequences present in the

GENEBANK and EMBL databank, and appears from its sequence to be



Figure 3.3 Partial sequence of several overlapping leg muscle-
derived cDNAS Partial or 5’ end nucleotide sequence of the 6-11 and
7-11 derived cDNA clones are provided here. The starting position
of the 7-11 insert begins has been indicated [a] in addition to the
location of three in frame stop codons (***). The junction sequence
including the nucleotide (underlined) and the predicted amino
sequence (above) of CAP-1 is given. Probe 61 was prepared from a
fragment spanning the initial bp to a Haelll site.



hdek 1.2 2]
AACATGGTACGATGAGAGGGCAGGGCATCTTGAAAGGTGATAGACAGTTT 50

TCACTGTCGGGAGACCTCCGGAAGAGCCCACCAAGTGGGARGATGTCTTA 100
711

A
GTAAAAACCTAGGGGTCCAGAGGAGGTCAGGTTCCATGGACANGARGARA 150

Wk HaeIII
AACCTGCTTCATTAGCATTTAAAGCTAGAGTGCTTACGGGGGACTGGCCC 200

AAGGCACTTAGTAACTGCTAATAACTTACAGAGGACTATTACAACATTTT 250
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Figure 3.4 Analysis of Leg Muscle-Specific CAP-1 PTPase expression
Murine tissue-derived poly A* mRNA was analysed by Northern blot
analysis. A) The expression of leg muscle-specific transcript (s)
was revealed by screening with probe 61; Figure 3.2. B) The CAP-
specific probe 51 (Figure 3.2) was used to probe the same blot to
determine CAP-1 wRNA transcript levels. The lanes represent mRNA
from the mouse tissues: R, brain; M, leg muscle; K, kidney. The 8-
tubulin standardization for each lane is shown in the lower panel.

Ethidium bromide stained 28% and 18BS rRNAs served as molecular
weight markers.
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untranslated and may represent an unprocessed intron. A "single
copy" probe from this region may, in this scenario, hybridize to
the upper band which runs at about 7.0 Kb (6.5 in the leg muscle);
this is assuming that the higher transcript is actually a
relatively stable unprocessed or partially processed mRNA. Pulse
field gel experiments should more clearly substantiate whether the
3’ sequence of 6-11 is from a separate genomic locus or if it is

part of the CAP-1 gene.

3.4 Discussion

I have cloned CAP-1 hybridizing cDNAs from a murine leg muscle
library in an attempt to characterize the specific CAP-1
transcription pattern observed in this tissue. All three
characterized leg muscle cDNAs were found to share internal
sequence identity with that observed in the CAP-1 P19 and/or kidney
derived clones (Figure 3.2). However, the end sequence of several
cDNAs ° (6-11 and 7-11) were found to differ and are possible
candidates for the observed tissue-specific variation. These cDNA
inserts share sequence identity with CAP-1 up to the 938 bp
demarcation (refer to CAP-1, Figure 2.8; Figure 3.3). That both
cDNAs have similar junction and upstream sequence, would indicate
that thege are not artefacts [joined clones]. This leg muscle-
specific sequence may have arisen from alternative promoter usage
or from differential splicing of a noncoding exon. Alternatively,
this sequence may represent the presence of an unspliced intron.

There is no direct evidence for this; however, intronic regions
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have been cloned froh reverse transcribed premRNAs (Duncan, Howell,
and Bell, unpublished; Scott gt al, 1990; Haars et al, 1986; Qian
et al, 1993). Fractionation of CAP-1 mRNA into nuclear versus
cytoplasmic portions (with only the mature form present in the
cytoplasmic fraction) should indicate whether this is the case
here.

Recognition of the lower leg muscle CAP-1 transcript by a leg
muscle-specific probe (5’ region of 6-11 and 7-11), implies that
this sequence is alsc part of a mature, fully processed CAP-1 mRNA.
This domain appears to be noncoding because of its identity with
short stretches of several genomic and untranslated cDNAs and dué
to the presence of termination codons in all frames. There are no
putative initiation codons upstream of the junction sequence in the
6-11 and 7-11 cDNA inserts; however, the ATG present at position
1050 [bp] in CAP-1 (Figure 2.8) may serve to initiate a truncated
message. As predicted, hybridization of a Northern blot (Figure
3.4) with a 5’ CAP-1 specific probe (i.e. fragment 267-635 bp in
CAP-1) generates both major 5 and 7 Kb bands in kidney and brain
but not in the leg muscle lane (data not shown). Production of
polyclonal antibodies against epitopes located in the N-terminus as
well as C-terminus (Appendix III) of CAP-1 should provide the
necessary tools to definitively prove the existence of this
truncated isoform in leg muscle.

This leg muscle specific transcript is generated by an as yet
unknown mechanism. The cloning of the CAP-1 genomic DNA and

analysis of its exon/intron boundaries would determine 1if
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alternative splicing is occurring. Examination of the junction
sequence for a 3’ splice site revealed a region having identity to
the known consensus sequence. Alternatively, primer extension
experiments may elucidate whether the leg muscle and kidney mRNAS
initiate at different transcription sites.

As expected, the leg muscle specific pattern is not observed
in days 1-7 DMSO induced P19 cells since there is little skeletal
muscle present in these preparations (Figure 2.12; McBurney et al,
1982) . Induction of a skeletal muscle population in P19 cells and
the differentiation of L6 cells in culture may provide a system by

which to initiate study of these tissue specific CAP-1 transcripts.

The unique cytoskeletal and intracellular membrane structure
of skeletal muscle has been well documented (DeRobertis and
DeRobertis, 1979) . A great number of skeletal muscle proteins arise
from differentially spliced transcripts; several of these include
the cytoskeletal proteins: a-tropomyosin, myosin light chain, and
troponin-T (Smith et al, 1989 and references therein). The cloning
of a leg muscle specific cDNA which predicts a truncated CAP-1
PTPase is consistent with a distincc role for this LMCAP-1 isoform
in the regulation of cytoskeleton/membrane interaction in skeletal

muscle.



CHAPTER 4

DETERMINATION OF CAP-1 PTPase ACTIVITY
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4.1 Introduction

Hybrid fusions engineered between prokaryotic and eukaryotic
specified proteins are generally used to characterize the function
of eukaryotic genes. The protein tyrosine kinases (PTKs) and
protein tyrosine phosphatases (PTPases) are no exception to this
rule. The validity of experiments conducted with this catalytic
material is consolidated by the absence of tyrosine-specific
phosphorylating or dephosphorylating enzymes in nonpathogenic
bacteria (Douville et al, 1992; Howell et al, 1991; Icely et al,
1991; Letwin et al, 1988; and refer to Section 1.9}.

The similarity of the CAP-1 catalytic domain to the PTPase
consensus would imply a catalytic role for this protein (Table
2.7). The core catalytic domains of several PTPases have been
expressed in a variety of bacterial systems (Section 1.4-3 and
references therein). The majority of these enzymes are soluble,
have high specific activity, and are phosphotyrosine gpecific. In
fact, although these phosphatases differ in their artificial
substrate preference, they do share biochemical properties similar
to those documented earlier for the purified human placental PTP1B
(Tonks et al, 1988a; Section 1.3-1). In a recent report, a soluble
GST/PTPase (rat PTP1) fusion was shown to be readily purified on a
glutathione affinity column; following proteolytic removal of the
GST portion, the "catalytic core" domain functioned as a PTPase in
an in vitro assay (Guan and Dixon, 1991).

The CAP-1 PTPase domain was also expressed in a similar system

to help elucidate the functional parameters of this enzyme. This
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bacterially expressed GST/CAP-1 fusion was found to preferentially
remove radiolabeled-phosphate moieties from tyrosine residues of

the autophosphorylated sty kinase.

4.2 Materials and Methods
4.2-1 Construction of the GST/PTPase plasmid: pGEX-3X/CAP-1

A partial gene product of CAP-1 was expressed in bacteria
using the PpGEX-3X vector system (Smith and Jchnson, 1988;
Pharmacia). The C-terminal 2.0 Kb cDNA (1781 to 3776 in CAP-1;
Figure 2.8) was inserted in frame with GST (glutathione-S-
transferase) to create a GST/truncated CAP-1 PTPase (Figure 4.1)-
The CAP-1 cDNA/pTZ19R plasmid (52-T7; Table 2.6) was linearized by
partial digestion at the Linker/Adaptor with NotI. This site was
blunt-ended with Mung Bean nuclease (BRL) and the CAP-1 cDNA was
subsequently liberated by zutting with EcoRI. Digestion of the
vector with SmaI/EcoRI was followed by treatment with Calf
Intestinal Phosphatase (Boehringer Mannheim) . The Dblunt-
end/cohesive-end insert and vector were ligated and electroporated
into Tgl bacteria. Positive clones were selected by restriction
enzyme mapping and by sequencing of the GST-PTPase insertion site

as described in materials and methods, Chapter 2.

4.2-2 Bacterial Expression and Solubilization of GST/CAP-1

The GST fusion protein was induced according to procedures
reported earlier (Guan and Dixon, 1991; Smith and Johnson, 1988).
An overnight culture (10 wml) of GST/CAP-l-expressing Tgl bacteria

was inoculated into 250 mls of LB with 50ug/ml ampicillin and grown



Figure 4.1 Generation of the GST/CAP-1 fusion protein. A partial
2.0 Kb kidney cDNA (1787 to 3776 in CAP-1; Flgure 2.8) was inserted
into the MCS (multicloning sequence) pGEX -3X in frame with GST to
create a GST/truncated CAP-1 PTPase. The protein homology regions
of CAP-1 are delineated as patterned boxes. The 5’ @nd 3’ UTRs,

are represented as thin lines and denote the untranslated regions
of CAP-1.
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to an OD,, of about 0.4-0.5. This culture was induced to express
the GST-CAP fusion protein upon the addition of 0.4-1.0 mM IPTG and
grown for three hours. Purification of the insoluble fusion protein
from inclusion bodies was carried out according to the procedures
of Kumagai and Dunphy (199ib) with the following modifications.
Bacteria were harvested by a brief centrifugation and sonicated
three times for 20 seconds in lysis buffer containing 10 mM Tris-
HCl, pH 7.4; 100 mM NaCl; 1 mM MgCl,; 1mM DTT; 1 mM EDTA; and 200
ug/ml PMSF (Boehringer Mannheim) . The inclusion body £raction,
obtained by centrifugation, was washed for 10 minutes at room
temperature with a high salt solution containing 0.2 M Tris-HCL, pH
g.2, 0.5 M NaCl, 1 mM DTT, 1 mM EDTA, and 200 ug/ml PMSF. The
washed pellet was denatured and solubilized by rotating a 7 M
urea/high salt solution for 30 minutes at room temperature. The
fusion protein was slowly refolded by successive dialysis in 3.5 M
urea/high salt for 12 hours, in high salt lacking urea for 12 hours
and in a low salt solution containing 100 mM Tris-HC1l, pH 7.4; 100
mM NaCl; 1 mM DTT; 1 mM EDTA; and 200 pg/ml PMSF for 12 hours at
4°C. The solubilized protein fraction was cleared by centrifugation
at 8K (10,000 xg) for 30 minutes at 4°C.

The refolded protein was rotated in the low salt solution plus
1% triton X-100 for 30 minutes at 4°C with 1 ml of equilibrated 50%
glutathione-coupled Sepharose beads {(Douville et al, 1992;
Pharmacia). The beads, collected by a brief centrifugation, were
loaded on a 1 ml column {poly prep chromatography column; BIO-RAD)

and washed with 10 bed volumes of the low salt loading buffer. The
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GST/CAP-1 fusion protein was eluted with 5 bed volumes of 5-10 mM
reduced glutathione (Boehringer Mannheim) . The eluted enzyme was
stored aliquoted in a final glycerol concentration of 33% at -20°C.
The induced, solubilized, and affinity purified GST/CAP-1 fractions
were boiled in sample buffer (5% SDS; 20% glycerol; 50 mM Tris-HC1,
pH 6.8; 0.01% bromophenol blue; C.1% B-mercaptoethanol or 100 mM
DTT) and analyzed by SDS polyacrylamide gel electrophoresis or éDS—
PAGE. These 10% gels were run in 25 mM tris base; 192 mM glycine,
pH 8.3; 0.1% SDS and stained with Coomassie Blue and/or silver
stain (Sambrook et al, 1989; Biorad Silver stain kit and protocol,

regpectively) .

4.2-3 Determination of PTPase Activity: Overlay Assay

The ability of the truncated CAP protein to act as a
phosphatase was measured using an overlay assay as described
previously {(Douville et al, 1992). This assay operates on the
premise that PTPase-mediated removal of phosphates from tyrosine
residues, represented as autophosphorylated kinases immobilized on
nitrocellulose, can be visualized by probing with a mouse anti-
phosphotyrosine antibody (IgG2bk oPY Ab; UBI). The bacterial esk
lysate {(30-40 ug/lane} was prepared as recounted by Douville et al
(1992) . The trpE/STY fusion was expressed as described by Howell et
al (1991) with minor modifications. TrpE/STY containing-bacteria,
grown in tryptophan-free M3 media to an OD,, of 0.6, were induced

for sty production by growing in IAA for 4 hours (Sadowski et al,

1986) . Bacteria were pelleted by centrifugation and frozen at -70°C
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or were lysed diréctly in sample buffer (Section 4.2-2) by
sonicating 2 to 3 times with a probe {(Fisher Sonic Dismembrator,
300) at 30 second intervals. These esk and sty kinase-expressing
extracts were resolved on SDS-PAGE and electrophoretically
transferred for 1-1.5 hours a% 100 volts to nitrocellulose
(Schleicher and Schuell Inc.) in Western transfer buffer (25 mM
Tris ‘base; 192 wmM glycine, pH 8.3; 20% Methanol). These filters
were blocked with 3% bovine serum albumin, or BSA/Fraction V
(Boehringer Mannheim) for 30 minutes at 20°C or overnight at 4°C.
These kinase-embedded nitrocellulose strips were then incubated
with the CAP-1 PTPase or control sclution for 1 hour shaking at
37°C. The solubilized PTPase was diluted into a low salt buffer
(Section 4.2-2) and pretreated with or without 1 mM vanadate. These
filters were blocked in 20% FCS/TBST and treated with the aoPY Ab
(ICN Biochemicals) at a 1:1000 dilution for 1 hour at room
temperature. The phosphotyrosine reactivity (absence of PTPase
activity) was detected by a 1 hour incubation with the *%I-labeled
anti-mouse secondary antibody (Amersham). Non-gpecific antibody (1°
and.2°)‘binding was prevented by washing 3 times for 5 minutes with
TBST. The results were visualized by exposure to X-ray film. Please
refer to Maniatis et al (1982); Sambrook et al (1989) ; and Harlow

and Lane (1991) for a more extensive Western blotting protocol.

4.2-4 Investigation of Phosphotyrosine-Specific PTPasze Activity
The phosphoamino acid specificity of the truncated GST/CAP-~12a

fusion protein was ascertained by analyzing its ability to
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dephosphorylate the immunoprecipitated trpE/STY kinase. About 50
mls of induced culture was pelleted and sonicat=d {3 x 20 seconds)
in lysis buffer (40 mM Tris-HCl, pH 7.5; 150 mM NaCl; 2 mM EDTA; 1%
Triton X-100; 2ug/ml aprotinin; and 5 pg/ml leupeptin). Insoluble
materials were removed by a 15 minute eppendorf centrifugation
{13,000 xg) at 4°C. Cleared lysates containing trpE/STY kinase were
immunoprecipitated with the a-trpE antibody for 2 hours at 4°C in
lysis buffer without vanadate; approximately 50 mls of induced
culture was used per immunoprecipitation. Later, the supernatant of
a 10 minute centrifugation at 13,000 Xg was added to 50 pul of pre-
equilibrated protein A beads. After rotating at 4°C for 30 minutes',
the beads were washed with 3 bed volumes of lysis buffer and with
2 bed volumes of the kinase buffer (see below). The kinase-attached
beads were allowed to autophosphorylate in 40 mM HEPES, pH 7.0; 10
mM MgCl,; 2 mM MnCl,; along with [y-?*P] ATP for 30 minutes at 37°C
(Howell et al, 1991). Following several washes in lysis buffer, the
beads were equilibrated with 2 bed volumes of the low salt buffer
(Section 4.2-2), these samples were treated with an aliquot of
solubilized phosphatase (pretreated with or without vanadate). The
immunoprecipitated kinases were eluted from lysis buffer rinsed
beads with 50 pul of sample buffer. These **P-labeled proteins were

then subjected to SDS-PAGE.

4.2-5 Phosphoamino Acid Analysis
SDS-PAGE separated reaction products were transferred to

methanol pretreated immobilon membranes and upon a relatively short
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exposure to film the phosphorylated protein bands were lccalized
and excised. The samples were eluted from the immobilon ard acid
hydrolysed in double-distilled 6N HCl (Pierce} at 110°C for 75
minutes. The radiocactive supernatant was dried down, washed several
times with dH,0, and resuspended in 5 pul of TLE buffer (0.5%
pyridine; 5% acetic acid) + 5 pl of phosphoamino acid standards.
The phosphoamino acids were carefully spotted onto thin-layer
cellulose plates (Sigma) and resolved by one-dimensional thin-layer
electrophoresis using previously discussed procedures (Cooper et
al, 1983; Edwards et al, 1988; Kamps and Sefton, 1989) . These known
phosphoamino acid standards were detected by ninhy3rin staining and
the radiolabeled phosphoamino acids were observed Dby

autoradiography.

4.3 Results
4.3-1 The Expression and Analysis of the CAP-1 PTPase

Bacterial expression of CAP-1 was utilized to ascertain
whether this enzyme has the tyrosine-specific phosphatase activity
intimated by the PTPase catalytic domain homology (Table 2.7). The
entire catalytic domain was subcloned into the vector pGEX-3X and
expressed as a GST/CAP-1 fusion protein (Figure 4.1). CAP PTPase
activity was determined by the ability of the GST/CAP-1 fusion to
dephosphorylate a Ser/Thr/Tyr-autophosphorylated kinase (Douville
et al, 1991; Howell et al, 1991). This PTPase overlay assay
involved resolving the kinase-containing bacterial extracts on an

SDS PAGE gel. The esk or sty kinase-embedded nitrocellulose strips
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were then treated with or without active PTPase. These phosphatase
assay results were detected by antiphosphotyrosine (aPY) antibody
staining with the absence of oPY-immunoreactivity denoting the
presence of PTPase activity (Figure 4.2).

The dephosphorylation of the esk kinase in this overlay assay
attributes vanadate-sensitive phosphatase activity to the GST/CAP-1
fusion (lanes 1 and 2; Figure 4.3A; Douville gt al, 1992). However,
only a slight loss in antiphosphotyrosine (oPY)-immunoreactivity
was observed upon treatment of sty and a2hi kinase-embedded filters
with _his enzyme preparation (data not shown). This soluble
GST/PTPase fusion could rot be concentrated by glutathione affinit&
chromatography (lanes 4 and 5; Figure 4.3A). The enzyme activity
was recovered, however, in the unbound or flow through fraction
(lane 3; Figure 4.3A); the comparative level of initial (loaded) or
unbound phosphatase activity is difficult to quantify due to the
nature of the assay.

Vvirtually all of the recombinant fusion was localized to the
insoluble pellet (lane 3; Figure 4.4); this potentiated the urea-
mediated solubilization of GST/CAP-1 from the inclusion body
fraction followed by slow renaturation with successive dialysis
(Section 4.2-2; lane 6, Figure 4.4). A fraction of this solubilized
GST/CAP-1 activity was affinity purified (lane 3 and 4, Figure
4.3B; lane 10, Figure 4.4), however, the phosphatase activity (lane
2, Figure 4.3B) and the majority of 72-74 kDa fusion protein flowed
through the column (lane 7, Figure 4.4). This renatured CAP-1

enzyme catalyzed the dephosphorylation of both the esk (lane 2,



Figure 4.2 PTPase overlay assay. This illustration describes an
assay which is based on the correlated loss of aphosphotyrosine-
immunoreactivity with the presence of an active PTPase. The
protocol outlined in Section 4.2-6 involves treatment of kinase-
embedded nitrocellulose strips in a buffer +/- active PTPase. The
results were detected by the speciiic binding of primary («PY) and
secondary ***I-conjugated antibodies to these filters.
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Figure 4.3 CAP-l1 phosphatase activity: CAP-1 abolishes the aPY
immunoreactivity of esk. Lysates of esk-expressing bacteria were
run on 10% SDS PAGE, electroblotted to nitrocellulose -and treated
with PTPase buffer or GST/CAP-1. A) These esk-embedded strips were
treated with aliquots of GST/CAP-1 containing scnicate supernatant
plus vanadate, lane 1; GST/CAP-1 supernatant alone (lane 2); or
with glutathione affinity column unbound, lane 3; and eluate (1
volume, lane 4; 2 volumes, lane 5 fractions. The first three
mixtures contained the same amount of total protein. B) Similarly,
nitrocellulose filters were incubated with PTPase buffer, lane 1;
or with the affinity purified GST/CAP-1 fractions: unbound, lane 2;
eluate (1 volume, lane 3; 2 volumes, lane 4); and vanadate
pretreated eluate (2 volumes, lane 5). The assay results were
detected by probing with the «oPY and 1257 -conjugated secondary
antibodies. The protein sizes were estimated by cowmparison with the
electrophoretic migration of BRL protein standards.



97 -
68 - »

43 -

97 -

68 - !
43 -




Figure 4.4 Solubilization and affinity purification of GST/CAP-1.
Aliquots of the GST/CAP-1 fusion were resolved by SDS-PAGE and
stained with coomassie. The lanes from left to right are: BRL
protein standards, lanes 1 and 11; lysate from IPTG-induced
bacteria, lane 2; the pelleted or inclusion body (IB) fraction,
lane 3; sonicate supernatant, lane 4; high salt wash, lane 5; Urea-
solubilized and dialysed protein, lane 6; glutathione-affinity
column unbound fraction (flow through}, lane 7; affinity column
washes: W1, lane 8 and W2, lane 9; affinity column eluate, lane 10.
Lanes 1-9 and 10-11 represent companion gels.
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Figure 4.3B) and highly auto-phosphorylated sty kinases (Figure
4.5A) . TrpE/STY-bound filters incubated with buffer (lane 1; Figure
4 .5A) or bacterially expressed and renatured GST protein alone
(lane 3; Figure 4.5A) retained the immunoreactivity, whereas
incubating with the solubilized GST/CAP-1 fusion protein resulted
in loss of the signal (lane 2; Figure 4.57A). In addition,
pretreatment of the GST/CAP-1 fusion protein with the PTPase
inhibitor vanadate, reestablished phosphotyrosine (PY) epitope

recognition (lane 5, Figure 4.3B; lane 4, Figure 4.5A).

4.3-2 CAP-1 is a Phosphotyrosine Specific Phosphatase

Catalytic removal of the phosphotyrosine epitope is sufficient
to attribute phosphatase activity to CAP-1. However, the
phosphotyrosine-specificity of this PTPase was assayed by examining
the explicit removal of a *?*P-labeled phosphate moiety from tyrosine
residue(s) . This required the autophosphorylation of the trpE/STY
fusion in the presence of [y-?P] ATP to label all three
hydroxyamino acids (Howell et al, 1991). The sty kinase was
immobilized on protein A beads (with oTrpE}, 3p-labeled, and
employed as a substrate for PTPase activity. The dephosphorylation
of this STY kinase substrate was followed by acid hydrolysis and
separation of radiolabeled phosphogerine (PS), phosphothreonine
(PT), and phosphotyrosine (PY). The presence of phosphotyrosine-
specific phosphatase activity can be identified in lanes which lack
PY but retain PS and PT. One-dimensional phosphoamino acid analysis

of the CAP-1 PTPase treated-STY kinase revealed a decrease in



Figure 4.5 PTPase activity of the rematured GST/CAP-1 fusicn
protein. A) CAP-1 activity is delineated by the absence of
antiphosphotyrosine antibody (aPY Ab) immunoreactivity. The
trpE/STY kinase, transferred to nitrocellulose strips, was treated
with PTPase buffer (lane 1), with the renatured GST/CAP-1 fusion
protein (lane 2), with renatured GST protein alone (lane 3), or
with vanadate-pretreated CAP-1 fusion (Lane 4) . The results were
visualized by probing with the oPY Ab and ***I conjugated secondary
antibodies. The trpE/STY fusion and a breakdown product run at 40
and 100 kDa, respectively. B) Phosphoamino acid analysis of CAP-1
dephosphorylated STY kinase identified PY-specific phosphatase
activity. oTrpE-immunoprecipitated STY kinase was in vitro labeled
by autophosphorylation, treated with buffer (lane 1), the GST/CAP-1
fusion (lane 2), the renatured GST protein alone (lane 3), or with
the vanadate-treated GST/CAP-1 (lane 4}. The SDS PAGE-separated
reaction products were electroblotted to immobilon £rom which
phosphoamino acids were extracted and analysed by one-dimensional
thin layer electrophoresis. Positions of the phosphoamino acids,
detected by ninhydrin staining, are delineated as: PS,
phosphoserine; PT, phosphothreonine; PY, phosphotyrosine.
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phosphotyrosine levels (lane 2; Figure 4.5B) . PTPase activity was
not observed when the PTPase buffer {(lane 1; Figure 4.5B) or
bacterially-expressed GST (lane 3; Figure 4.5B) controls were used,
whereas the enzymatic activity of CAP-1 was abolished by vanadate
pretreatment of the enzyme (lane 4; Figure 4.5B). This
reproducible data, summarized in Figure 4.6, clearly demonstrates

a preference of phosphotyrosine for this PTPase.

4.4 Discussion

The CAP-1 catalytic domain contains all of the consensus
sequences thought to confer phosphotyrosine specificity to thé
PTPases {(Charbonneau et al, 1989; Cool et al, 1989; Streuli et al,
1988; 1989; Table 2.7). Dual-specificity phosphatases, that is
enzymes which dephosphorylate PY and PS/PT are known to exist and
share sequence homology with PTPases (Guan et al, 1991; Moreno and
Nurse, 1991; Hakes et al, 19593; 3Sheng and Charbonneau, 1933;
Section 1.5-3). The bacterial expression of the catalytic domain
served to determine the specificity of the CAP-1 phosphatase.
Fusion of the CAP-1 catalytic domain with the soluble GST region
was predicted to produce an active and soluble fusion protein (Guan
and Dixon, 1991; Pharmacia); however, the bacterially expressed
GST/CAP-1 was extremely insoluble. The guantity of soluble GST/CAP-
1 (sonicate supernatant) was sufficient to dephosphorylate the esk
kinase, however, activity against the sty kinase required
solubilization of the recombinant CAP-1 fusion. This may be due to

the lower level of phosphotyrosine [PY] (relative to phosphoserine



Figure 4.6 The tyrosine specific phosphatase activity of CAP-1.
This is a summary of three individual PTPase assays, a
representative of which is shown in Figure 4.5B. The substrate (sty
kinase) was immunoprecipitated, radiolabeled, and treated: with the
PTPase buffer {(lane 1); the GST/CAP-1 fusion (lane 2); the GST
protein (lane 3); or with the vanadate-treated GST/CAP-1 (lane 4).
The resulting phosphoamino acid analyses, carried out as indicated
in Figure 4.5, were detected by autoradiography and the x-ray films
were scanned. The results are presented as the percentage (average)
of PY/[PY+PS+PT] with the standard error indicated by the bar. The
GST/CAP-1 DPTPase preparation specifically removes phosphate
moieties from the tyrosine residues of radiolabeled trpE/STY.
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[PS]) in esk (Douville et al, 1992) compared with that seen in the
autophosphorylated sty (Howell et al, 1991). Affinity purification
of the solubilized GST/CAP-1 was inconsistent and appeared to
involve incorrect renaturation of the GST portion. Alternatively,
limited proteolysis of GST/CAP-1 may be required to obtain
catalytic activity; however, this does not explain the low level of
GST-mediated binding to and elution from the glutathione affinity
column (Figure 4.4; Data not shown).

The elimination of aPY Ab immunoreactivity upon treatment with
the recombinant GST/CAP-1 fusion simply identified CAP-1 as having
phosphatase activity. The CAP-1 catalytic domain was shown to
remove phosphates preferentially from tyrosine r=sidues when a
substrate autophosphorylated on all three hydroxyamino acids was
used (Howell et al, 1991). This specificity in addition to the lack
of ser/thr phosphatase activity in the solubilized GST fraction
would argue against the action of bacterial alkaline phosphatase
(Lau et al, 1989). The reproducible and selective decrease in
phosphotyrosine from **P-labeled sty indicates a phosphotyrosine

specificity for the CAP-1 enzyme in vivo.

The tyrosine specific phosphatase activity observed here for
the bacterially expressed CAP-1a fusion may be extrapolated to
include its in wvivo function. This PTPase, predicted by its N-
terminal sequence to localize to the inner face of the plasma
membrane, may function in regulating the interaction between co-
localizing cytoskeletal components and thereby modulate signalling

events at this gite (refer to Section 1.6).



CHAPTER 5
GENERAL DISCUSSION
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This thesis describes the cloning and characterization of
pPTPases from murine embryonic (P19 stem cells} and adult sources.
A PCR strategy was used to amplify novel sequences (Class I and I1)
residing between two degenerate PTPase-specific primers. Sequence
from these PCR fragments and from several P19 stem cell-derived
cDNA clones revealed sufficient homology to the PTPases consensus

to indicate the cloning of two individual PTPases.

5.1 The PTP2 Homologue [MEG2) has a Putative Ligand Binding Domain

A partial Class II or PTP2 clone was shown by sequence
analysis to be the murine homologue of the human MEG2 PTPase (Gu g_;
al, 1992). Although PTP2 and the Megakaryocyte derived, MEG2, were
cloned from two very specialized cell lines, Northern analysis
revealed this PTPase [PTP2] is ubiquitously expressed as a 5 Kb
mMRNA transcript in all mouse tissues and cell lines examined
(Figure 2.10; Gu gt al, 1992).

The upstream portion of MEG2, not present in the partial PTP2
cDNA, predicts a domain having 24% and 28% identity with the
phosphatidylinositol (PI) transfer protein, SEC14 and the cellular
11-cis retinol and 11-cis retinaldehyde binding protein CRALBP,
respectively (Gu et al, 1992). If the MEG2 N-terminal domain and
nconstitutive" expression of PTP2 are taken into consideration then
one can predict a function for this PTPase in regulating the
transfer of a hydrophobic ligand. The phospholipid transfer
activity of SEC14 is thought responsible for the induction of

protein secretion from the Golgi complex and in fact, PI transfer
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proteins have been shown to be essential for cell growth in yeast
(Aitken et al, 1990; Bankaitis et al, 1990). Subcellular
localization and overexpression of sense and antisense PTP2
constructs may help define a role for this phosphatase in this or
other processes.

The catalytic activity and/or subcellular localization of the
PTP2/MEG2 enzyme may be governed by the binding of a hydrophﬁbic
[1ipid] moiety. In support of the latter, the requirement of a
lipid linkage in localization and function has been clearly
documented for pp60¥ "™ (pp60°"*) and has been implied for the CD45
and PTP1B PTPases (Frangioni et al, 1992; Guan et al, 1990; Resh
and Ling, 1990; Sefton et al, 1982; Takeda and Maizel, 1990) .
Immunoprecipitation of the endogenous PTP2 or overexpressed PTP2myc
with an «PTP2/MAP (Dr. L. Desjardine and R.Marius, personal
communications) or by an amyc antibody, respectively would allow
the examination of the lipid nature and content. More importantly,
this material or in vitro transcribed and translated £full length
PTP2 could be analyzed for binding to and/or regulation by
phospholipid-containing vesicles or inositol trisphosphate (IP,),
as has been recently reported for several PTPases (Stader and
Hofer, 1992; Zhao et al, 19%93). Only with the possession of the
full length PTP2 cDNA or of a specific anti-PTP2 antibody will it
be possible to elucidate the regulation and function of this

enzyme.
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5.2 The CAP-1 PTPase is a Member of the Band 4.1 Superfamily

The composite CAP-1 cDNA contains an open reading frame of 942
amino acids and predicts a nontransmembrane enzyme of about 107
KDa. The N-terminal portion of this PTPase shares significant
identity to a homologous domain within the band 4.1 superfamily,
which includes the cytoskeleton associated proteins: band 4.1,
ezrin, radixin, moesin and talin (Figure 5.1A; Section 1.6). The
Class I PTPase is therefore referred to as CAP-1 for Qytoskeletal
Associated Protein related PTPase. This PTPase is virtually
jdentical to the human PTPH1 (91.6%) and shares 55% identity with
the MEGL DPTPase (Gu et al, 1991; Yang and Tonks, 1991). The
predicted structural design of CAP-1/PTPH1 and MEGl reveals a C-
terminal localized PTPase domain, an N-terminal band 4.1 domain,
and a central putative regulatory domain (Gu et al, 1991; Yang and
Tonks, 1991; Figure 5.1B}.

CAP-1 appears to be a member of a family of phosphatases
,including MEG-1 and PTPH1, (Gu et al, 1991; Yang and Tonks, 1991)
that contain amino terminal sequences thought to localize proteins
to cytqskeletal:plasma membrane linkage sites (Figure 5.1). This
domain is essential for the interaction of certain cytoskeletal
associated proteins with plasma membrane anchor proteins (Algrain
et al, 1993; Anderson and Lovrien, 1984; Bretscher 1983; 1985;
Furthmayr et al, 1992; Gould et al, 1986; Horwitz et al, 1986;
Lankes and Furthmayr, 1991; Sato et al, 1991; Tsukita et al, 198%).
The exact binding interface involved in linking band 4.1 with the

cytoplasmic domain of the anion exchanger {band 3) has been



Figure 5.1 Band 4.1 superfaxily and the ezrin, radixin, and moesin
(ERM) family. The structures 2f the CAP PTPases: CAP-1, PTPH1l, and
MEG1 are compared with ezrin, radixin, moesin, tali-, and human
erythrocyte band 4.1. The regions of homology, within the first
column were obtained by comparing sequence identity with the murine
ezrin. Whereas the second group depicts a comparison of band 4.1
gsuperfamily members with CAP-1. The protein homology regions are
delineated as patterned boxes. This diagram was modified from
Tsukita et al, 1992.
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identified (J&éns and Drenckhahn, 1992). This short 5 residue motif,
as seen below, is conserved in the homologous region of CAP-1/PTPH1
and MEG1l. The band 4.1 sequence has three charged amino acids
(acidic/-) positioned immediately after a nonpolar residue (Leu or
val) and just before a tyrosine residue. The positioning of a Lys
(basic/+) or Gln residue at +3 and of a nonhydrophobic amino acid
at +1 [in the CAP-1/PTPH1 or MEGl1 motif] may provide protein
specificity to the interaction of these PTPases with their cognate
transmembrane molecule(s).

N-terminal Extension

MOTIF #1 MOTIF #2
Human Band 4.1 LEEDY LDEETI
Xenopus Band 4.1 VEEDY LEDDYV
Murine CAP-1/Human PTPH1 TEKEY
Human MEG1 T E{Q}E Y
Consensus XE[*/.1(-)Y

The L/VEEDY motif of band 4.1 and two oppositely charged
sequences (IRRRY/LRRRY) present in the cytoplasmic domain of band
3, were shown to specifically inhibit the interaction of these two
molecules (Jdns and Drenckhahn, 1992). It would be possible to test
the importance of this sequence in CAP-1 subcellular
localization/protein interaction by including this or nonsense
peptides in coimmunoprecipitation or cellular £fractionation
(Western) experiments. This should determine whether the TEKEY

motif is required for the association of CAP-1 with a protein or
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structure. Alternatively, overexpression of CAP-lmyc mutants which
have site-directed changes in this region may determine whether
this N-terminal sequence is essential for the observed pattern of
CAP-specific localization. It is not known whether the related
stretch of IRRL found in the glycophrin A and B cytoplasmic region
are essential for the interaction of band 4.1 with this molecule
(Blanchard et al, 1987; Tomita and Marchesi, 1975). The fact that
the LEEDY motif is not conserved in the slightly less related ERM
family members (ezrin, radixin, and moesin), indicates a different
type of interaction for the ERM protein(s) with its proposed
receptor{s), i.e. with leukosialin (Baecher gt al, 1990; Brown et
al, 1981; Cyster et al, 1991; Killeen gt al, 1987). CAP-1 also
shares significant identity with the ERM member, ezxin (Figure
5.1); Therefore, it is possible that the CAP-1 enzyme is able to
interact with several integral membrane or cytoskeletal proteins
via this (TEKEY) and/or other regions of the amino terminal
sequence (Figure 5.2).

The construction and overexpression of N-terminal deletions
and site directed mutants in CAP-1 may be instrumental in
determining sequences which are both essential and sufficient for
the targeting and function of this PTPase. Ultimately, the search
for interacting or docking component(s), may lead to the
development of anti-idiotypic antibodies against an essential
primary sequence or the use of a specific motif or domain in
affinity purification or cloning procedures; these strategies have

been used previously to characterize and identify interacting



Figure 5.2 Models for possible CAP-1 PTPase function at the
cytoskeleton/membrane interface. The subcellular localization and
substrate specificity of the CAP-1 PTPase is proposed to involve
the interaction wvia the band 4.1 domain of CAP-1 with
cytoskeleton/membrane colocalizing components. A) The first model
predicts a direct association between a motif found within the N-
terminal region and the cytoplasmic domain of an integral membrane
protein. The limited conservation of the LEEDY motif of band 4.1
(TEKEY in CAP-1) would imply an ionic association as was observed
with the band 4.1/band 3 interaction. B) Alternatively, this PTPase
may localize to the innerface of the membrane by an indirect
interaction with other associating cytoskeletal /membrane proteins
(i.e. protein Y). In both models, the CAP-1 PTPase could function
to dephosphorylate and modulate the relative binding affinities
and/or activity (i.e. Kinase activity) of colocalizing substrates
(i-e. protein Z).
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proteins (Argraves et al, 1989; Jons and Drenckhahn, 1992).
Although there is a lot of work to be done before this point, the
information gleanéd along the way should prove interesting and may

provide a clue as to the exact function(s) for this PTPase.

5.3 A Specific Function for the Skeletal Muscle CAP-1 Isoform?
The expression pattern of PTPHL in human tissues is unknown
(Yang and Tonks, 1991); however, this report identifies multiple
CAP-1 mRNA species in a wide variety of mouse tissues (Figure 2.6).
Two major transcripts, with sizes of 5 and 7 Kb were seen in brain,
heart, lungs, liver, and kidney, whereas in adult leg muscle, these
widely expressed transcripts appear as two reproducibly shorter
mRNAs (Figures 2.6 and 2.11). CAP-1 leg muscle (LM) cDNAs were
cloned and shown to have specific sequence at their 5’ end (Figure
3.3); this cDNA predicts a truncated protein which lacks part of
the N-terminal domain (Figure 3.2; Figure 5.3). If the LM-CAP-1
isoform initiates at methionine 1049 (Figure 2.8), the resulting
protein would retain only 97 residues or roughly 1/3 of the band
4.1 domain. A computer search revealed short stretches of identity
within a region which overlaps [25 amino acidg] the latter portion
of the band 4.1 domain. This region (335-385 aa in CAP-1) shares
27% identity with the intermediate filament, keratin type II
(Eckert and Rorke, 1988; Hanukoglu and Fuchs, 1982; Marchuk et al,
1984) . The significance of these homologies are unknown; however,
a truncated protein lacking most (2/3) of the band 4.1 domain may

localize to structures which depend upon interactions within the



Figure 5.3 The predicted structural design of the CAP-1 PTPases.

The key to the putative amino acid homology regions (enclosed in
patterned boxes) is outlined in the bottom portion. Specific
nucleotide positions are given to delineate the deduced protein
domains. The thin line represents composite P19/kidney- or leg
muscle- derived cDNAs with proposed 5’ and 3’ untranslated regions
(UTRs) .
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nunmasked” C-terminal (1/3) region. This finding suggests a
specific subcellular localization and function for the LM-CAP-1
isoform in the highly organized cytoskeleton/ membrane structure of
" the skeletal muscle.

The mechanism responsible for generating this pattern of CAP-1
expression in leg wmuscle, as Yyet unknown, possibly involves
alternative splicing and/or differential promoter usage.
Alternative inclusion of a C-terminal noncatalytic domain is
reported to generate a nuclear versus a cytoplasmic/ "reticular"
localization pattern for a Drosophila PTPase (McLaughlin and Dixon,
1993). In addition, a lineage specific 'splicing event is
responsible for producing band 4.1 isoforms which retain
(erythroid) or lose (lymphoid) a 35 amino acid stretch known to
harbor the LEEDY motif discussed above (Tang et al, 1988).
Alternatively, embryonic-specific promoter usage is also known to
give rise to a truncated PDGF receptor which lacks the PDGF binding
domain (Vu et al, 1989). These examples suggest several mechanisms
whereby tissue-specific changes in protein structure may lead to a
different localization, protein-protein.interaction, and subsequent

function for the CAP-1 or LM-CAP-1 enzyme.

5.4 Deregulation of the CAP-1 PTPase: A Piece of the Puzzle?
Although in vitro analysis reveals the CAP-1 enzyme to act

exclusively upon phosphotyrosine, it would be interesting to

determine whether the CAP-1 phosphatase exerts its function by

specifically dephosphorylating associated proteins at
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cytoskeleton/membraﬁe linkage sites. Preliminary .tudies have
analysed the expression and localization of a wyc tagged CAP-1 in
mammalian cells. Several morphological changes, namely the
formation of membranous projections or the presence of "giant
cells" observed upon CAP-1 overexpression in C0S-1 and NIH 3T3
cells appear specific to CAP-1 function (Figurées A®.5; A*.6).
Further documentation of this phenotype may provide a clue as to
the normal function of the CAP-1 enzyme. Subsequent analysis should
focus on localizing the "normal® or endogenous CAP-1 Dby
overexpressing a PTPase minus CAP-lmyc mutant of this enzyme
(Appendix II) or by employing an affinity purified oCAP-1/MAP
antibody (refer to preliminary experiments in Appendix III),
respectively.

Underlying and associated with the plasma membrane is a highly
organized and surprisingly flexible structure, often referred to as
the cortical cytoskeleton. These proteins are known to determine
cell shape and through their interactions with various integral
membrane components appear to govern cellular events which occur at
the plasma membrane (reviewed by Bretscher, 1991) . Phosphotyrosine-
containing proteins are often concentrated at intracellular
junctions and in focal adhesion contacts in both normal and
transformed cells where they are thought to regulate aspects of
cell-cell interaction, cell morphology, growth and differentiation
(Section 1.6 and references therein). It seems likely that
phosphatases such as CAP-1 with the potential to associate at the

plasma membrane:cytoskeletal interface are essential components of
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the signal transduction network regulating these events.

The disruption or deregulation of PTPase [CAP-1] expression
may be instrumental in the cause or promotion of disease. The
mapping of several PTPases to regions frequently deleted in tumors
in addition to the identification of an ERM family member, Merlin,
as the neurofibromatosis 2 tumor Suppressor gene product suggests
that CAP-1 may itself be an anti-oncogene (reviewed by Charbonheau
and Tonks, 1992; Jirik et al, 1992; LaForgia gt al, 1991; Streuli
et al, 1992; Trofatter et al, 1993). It would be interesting to
agsess the integrity and expression of the CAP-1 gene in human

tumours.

5.5 Conclusions

This thesis has outlined the cloning and characterization of
two separate PTPases from murine embryonic and adult sources. The
majority of this report has been devoted towards analyzing the CAP-
1 PTPase. The entire coding sequence for the CAP-1 PTPase was
obtained from both kidney/Pi9 and leg muscle. The existence of
tisgue-specific CAP-1 transcripts has been documented here and the
relevance of the proposed truncated leg muscle specific isoform
(LM-CAP-1) to its skeletal function has been discussed.

CAP-1 is a member of the band 4.1 superfamily of proteins
which contain sequences thought to localize proteins to
cytoskeletal: plasma membrane linkage sites. The results of in
vitro PTPase assays presented here are consistent with the CAP-1

enzyme belonging to a family of PTPases which exclusively act upon
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phosphotyrosine. The deduced structure of CAP-1 with its putative
N-terminal localization domain along with the C-terminal catalytic
region predicts a very interesting function for this enzyme.

The introduction of the CAP-lmyc construct into mammalian
cells resulted in the expression and subsequent immunoprecipitation
of a CAP-lmyc specific protein and in the identification of a
discontinuous pattern of immunofluorescence staining. The
morphogenetic nature of CAP-1, indicated by the appearance of
membranous structures and "giant" cells upcn transfection with CAP-
imyc, may provide a clue as to the function of the endogencus CAP-1
PTPase. Further investigation into the nature of this PTPase should
provide a most interesting vantage point from which to observe
specific signalling events which occur at the cytoskeleton/membrane

border.
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APPENDIX I
Oligonucleotides used as primers in sequencing, myc epitope

ingsertion, and polymerase chain reaction (PCR).
Position

4 Sequence (5’ to 3') in CAP-1 Orientation
1 CACTGACTGACTTALLCTG * 51-4 S
2 TATCAGTCCCCAATACT * 51-4 s
3, ATACTGAGTCTCTITGGG * 51-4 S
4,, ACCGATACAAAGATGTG 2374-2390 S
5 GACAACTGTGAAGTGGT 3096-3112 S

6 CCTGAACATACATCATG 3775-3759 AS
7,5 CCCAAGAGACTCAGTAT * 51-4 AS
8 TGACGCTACACTTGCCA * 51-4 AS
9 AATGGGTGCCTGGTCGATGT * 51-4 S
11 TGGCCTTTGCAGGGCTGGCA **GST S
12, CACATCTTTGTATCGGT 2390-2374 AS
13, GCCAGTTCTCTCGAGTG 2125-2109 AS
14,, CCATCGTCACTCTTATC 1864-1848 AS
15,, GATAAGAGTGACGATGG 1848-1864 S
16,, CACTCGAGAGAACTGGC 21098-2125 5
17 GTACTGGTGACATTTGG 2624-2608 AS
18 ACCTCACATACTTCACA 2841-2825 AS
19 CACTTCACAGTTGTCCT 3110-3096 AS
20 ACCTGTCCGACCTATTC 2903-2887 AS
22 **x% PTP2 S

GTGACTAATCTAGGAGT

* 51-4 is a partial CAP-1 cDNA (Table 2-6).

** Thig primer binds to a sequence found 55 nucleotides upstream
of the multicloning site of GEX-3X (Pharmacia).

**+ Primer #22 recognizes a 17 bp stretch of DNA found in PTP2
(378-384 bp; Figure 2-9).
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APPENDIX I
Position
# Sequence (5’ to 3') in CAP-1 Orientation
23 GACAGCGACTCTGAAGT 1622-1639 S
24 ACTGGATGACTTCTGGEG 1705-1721 AS
25, GAGCCTAGAGTCCAGTA 1323-1339 AS
26,5 TACTGGACTCTAGGCTC 1339-1323 S
27 TTGCTAGGGACTCA 125-140 S
28,, CCGTTATGACCTCCCG 349-364 S
29 CTAGGTTGTGCAGATC 1029-1044 AS
30, CGGGAGGTCATAACGG 364-349 AS
31 CAAGCAAACCCCTCAG 613-628 S
32 CTGAGGGGTTTGCTTG 628-613 AS
33 AGCCAGTTCATACCAG 873-888 S
34 TTCTTCATACACCAGC 1155-1170 S
35 GATCCCAGTGAGCAAAAGCTGATTTCTGAGGAGGATCT MYC/CAP-1*
36 GATCACAGATCCTCCTCAGAAATCAGCTTTTGCTCACT MYC/CAP-1*
37 GGGECTCGAGTGCTGGAATAGGTCG 2776-2886 Sx*
38 GGGCTCGAGTGAACGAGGGCAGGC 2886-2776 AS¥*
39 ATTTTCGGTAGACTGC 1092-1077 AS
40 ACTGCTTTAGCCCACT LM
AGTGCCTTTAGTGAGG LM 41
ATTAGCTACTGGTAAC LM 42
trpE: AAAGCTCGCTCAAGTAT

* These myc epitope-encoding primers are delineated in Figure A®-2.

** Primers #37 and #38 were used in a PCR strategy to create a
PTPase minus mutant; a 2 bp substitution (underlined) changed
Cys to a Ser (Figure A*-2).



APPENDIX II

Design and Generation of PTPase Minus CAP-1 Constructs
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A?.1 Introduction

Introduction of CAP-1 in mammalian cells produced a relative
increase in bimultinucleation; this phenotype is often generated
upon the overexpression or deregulation of an active PTPase (Cool
et al, 1992; Woodford-Thomas gt al, 1992). The production of stable
CAP-1 expressing cell lines and elucidation of the "normal" pattern
of CAP-1 localization may require transfection of a const.ruct
exhibiting a deletion or mutation in the PTPase domain of this
enzyme. Detection of CAP-specific staining, with these plasmids as
transfectants, would require affinity purification and/or
production of a high titer CAP-specific polyclonal antibody (refer
to the discussion, Appendix IV). Alternatively, modification of
both CAP-1 constructs to incorporate the myc epitope would allow
the affirmation and extension of experiments outlined in Appendix

V.

A2.2 Materials and Methods: Construction of Plasmids
A?.2-1 Production of a CAP-1 PTPase Minus Deletion Mutant

A PTPase minus mutant was generated by deleting a BspEII
fragment encompassing nuclectides 1885 to 2374 in CAP-1 (Figure
2.8). This deletion mutant is lacking the CAP-1 PTPase catalytic
domain. The pMT21/CAP-1 construct (pMT29) was grown in DAM minus
bacteria, isolated, digested with BspEII, and recircularized after
removal of the 1089 bp fragment (Figure A*.1). Individual pMT29a
clones were checked by restriction enzyme digestion, while the

disrupted coding region was seen to be in frame by sequencing
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analysis.

A?.2-2 Creation of the PTPase Minus Mutant of CAP-1

A PTPase minus CAP-1 was generated by mutating the essential
cysteine to a serine using a PCR-mediated procedure. Two
overlapping primers (50 pmol #37 and #38; Appendix I) were used to
prime synthesis off opposing strands using 10 ng of the 4-1 plasmid
(CAP-14/pT219R, Table 2.4) as template. The PCR program featured 25
cycles of: a 1 minute melting step at 95°C; annealing at 60°C for
1 minute; and a polymerase reaction for 5 minutes at 72°C. The
final block added a extra 10 minutes at 72°C with the Vent DNA
polymerase (Biolabs) to ensure a completed product. The 4.1 Kb
linear PCR fragment was purified (GENECLEAN), digested at the
engineered XholI site, and recircularized by ligation. The presence
of the two bp substitution and the absence of subsequent changes
were verified by Xhol or Pstl digestion and by sequencing analysis
of the region to be subcloned. A composite PTPase minus CAP-
1/pTZ19R (X2S2-15) was constructed by ligating the CAP-1 2850 bp
sall insert of CAP-1/pTZ19R%*® (Section A®.2-2) with the 3766 bp
Sal/CIP treated vector of 4-1/X2S82 (Figure 22.2).

The 4-1/X2S2 vector was treated with BamHI/CIP and ligated
together with the phosphorylated myc insert (described previously,
Section A®.2-2) to produce Xmyc-7. The 2850 bp Sall fragment of
CAP-1/pTZ19R%* was inserted into the 3766 bp Sall/CIP treated Xmyc-
7 vector in the correct orientation to generate a PTPase minus CAP-

1"myc/pTZ19R construct (Xmyc7-93). This CAP-1"myc insert can now



Pigure A’.1 Pruduction of a CAP-1 PTPase deletion mutant. The
generation of the CAP-1/pMT21 deletion wmutant, pMT29a, is shown
here as the removal of a BspEII fragment from CAP-1/pMT21. The 5’

and 3’ UTRs and deduced protein homology regions of CAP-1 are
illustrated as before.
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be inserted into the EcoRI site of the pECE and/or pMT21 mammalian

expression vectors (Sections 5.2-3).

A?.3 Summary

The CAP-1 PTPase encoding ¢DNA was altered to generate PTPase
minus mutants; once transfected into wmammalian cells these
constructs can direct the expression of mutant CAP-lmyc fusion
protein to be used in immunoprecipitation and immuncofluorescance
studies. The deletion mutant, pMT29a, is missing the C-terminal
portion of the putative regulatory region as well as the initial
two-thirds of the catalytic domain (Figure A’.l1). This sequencé
predicts the production of a catalytically inactive 67 Kba protein.
Mutation of the essential residue [Cys], required for catalysis, to
a Ser [HCSAG to HSSAG] was carried out by PCR-generated
substitution of two nucleotides (Figure A*.2). The myc epitope was
inserted into the HSSAG background to permit the investigation of
exogenous CAP-1 subcellular localization and phosphorylation state
with the known amyc monoclonal antibody. These constructs should

prove useful in further characterization of CAP-1 function.



Figure A’.2 Use of a PCR Strategy to Generate a PTPase Minus CAP-1.
A PCR strategy was used to generate site directed mutagenesis of
the catalytic region of CAP-1; an essential Cys in the HCSAG
sequence was mutated to a Ser [HSSAG] . In this procedure, a Pstl
site was altered to Xhol by the priming of a PCR reaction from two
mutant oligonucleotides. These primers have substitutions, denoted
by **, in two adjacent nucleotides (gc to cg). This PCR reaction
used a circular P19 CAP-1 cDNA/pTZ19R construct as template.
Digestion with Xhol, religation, and insertion of the upstream CAP-

1 sequence generated the full length CAP-1**/pTZ19R construct,
X2582-15.
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APPENDIX III

Generation of a CAP-1/MAP Specific Polyclonal Antibody
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A*.1 Introduction

Northern analysis has identified multiple CAP-1 mRNA species
in a variety of mouse tissues (Chapter 2 and 3). These CAP-1
transcripts may be translated into alternative enzyme isoforms. The
generation of a CAP-1 specific polyclonal antibody is required to
determine whether this pattern and distribution of CAP-1 mRNA
expression is reflected at the protein level. The novel multiple
antigen peptide (MAP) system is known to provide a consistent and
highly effective approach for peptide-based antibody production
(Tam et al, 1989). An animal, immunized with a CAP-1 directed MAP,
produced antibody (antibodies) which reacts specifically against
the GST/CAP-1 fusion. This antiserum was also found to detect a
mostly insoluble protein of the expected molecular weight (110-120

kDa) from CAP-1 transfected and untransfected cells.

A*.2 Materials and Methods
A%.2-1 Synthesis of a CAP-Specific Synthetic Peptide

A CAP-1 specific synthetic peptide was generated in context of
the multiple antigen peptide (MAP) system (Tam, 1988; 1989). This -
CAP-1/MAP has an octa-branched peptide arrangement (laet 14
regidues in CAP-1; Figure 2.8) uniformly synthesi_zed as a single
unit on a 7 lysyl core ({"tree"). The automated MAP synthesis
(Applied Biosystems; Model 431-A) and manual cleavage was performed
by Mr. R. Marius using "tBoc" (t-butyloxycarbonyl) xesin and

"Fmoc" (9-fluorenylmethoxycarbonyl) chemistry as outlined in the
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Applied Biosystems’ manual. The CAP-1/MAP was cleaved from the
wtBoc" resin by TFMSA/TFA and upon solubilization in 5% NHHCO, at
20°C, was desalted on a gravity column. The pre-equilibrated G50
Sepharose column was loaded with the resolved CAP-1/MAP and 500 pl
fractions were collected. The peptide concentration was monitored
using the Biorad protein determination wminiassay. The CAP-1/MAP-
containing fractions were combined and lyophilized in a speed
vacuum apparatus (without heat). A fraction of this solid was sent
to Christina Lyons at Queen’s University for amino acid composition

analysis.

A’.2-2 Immunization of the CAP-1/MAP Antigen into Animals

The CAP-1/MAP antigen was injected into a New Zealand white
male rabbit. This animal received approximately 150 ug
intradermally, while 750 pg was introduced via an intramuscular
route. PBS solubilized synthetic peptide (CAP-1/MAP) was emulsified
in Freund’s complete adjuvant (Pierce) for all initial
intramuscular injections while the booster needles contained a 1:1
mixture of Freund’s incomplete adjuvant (Pierce) plus antigen. In
all cases, CAP-1/MAP + RIBI was injected at multiple intradermal
locations with about 100 pl per site. The initial injection {at day
0) was followed by booster injections at 6 week intervals. Blood
was collected from the marginal ear wvein and the serum was
prepared, diluted, and used in Western blotting analysis as
described in Section A‘.2-2. The injections and bleedings were

performed by Dr. J.C. Bell et al (refer to the Acknowledgements)
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using standard animal care procedures (Harlow and Lane, 1989).

A.2-3 Specific Immunoreactivity of the oCAP-1/MAP Antibodies
Bacterial extracts expressing the GST/CAP-1 fusion protein (10
pg) were run on a 10% SDS-PAGE and transferred to nitrocellulose
(Section 4.2-3). Blood was collected from a rabbit a week following
the second CAP-1/MAP booster injection. Triplicate filters were
exposed to the subsequent antisera (1:50 dilution) with or without
preadsorbtion to 30 pg of the CAP-1/MAP (Section A’.2-1) or esk/MAP
(Douville and Bell, unpublished) peptides for 1 hour at 4°C.
Specific immunoresponsive bands were detected by exposing the '**I-

conjugated protein A (NEN)-treated filters to x-ray film.

A’.2-4 CAP-1 Expression in COS-1 Cell Extracts

Whole cell lysate and 1% Triton X-100 soluble ("Frack’'s")
fractions (100 pg) £from pMT2 (CAP-lmyc) and pMT21 vector
transfected cells were separated on 10% SDS-PAGE. This protein was
then electrophoretically transferred in duplicate and exposed to a
1:10 dilution of preimmune or immune (from a boosted rabbit) sera
in 3% milk-containing TBST for 1 hour. The results were detected
with an arabbit alkaline phosphatase-conjugated secondary antibody

(1/3000) as outlined in Section 4.2-3.

A’.3 Results
A.3-1 Specific Immunoreactivity of the oaCAP-1/MAP Antisera

A CAP-1 specific peptide was designed and used to generate a
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polyclonal antibody. The final 14 carboxyl terminal amino acids of
CAP-1 were synthesized on a lysine tree and the MAP-multiple
antigen peptide-was injected into a rabbit. Sera, prepared from the
CAP-1/MAP-injected animal was found to respond to this 24 kbDa
synthetic MAP peptide (data not shown). This antisera was also
gscreened for a specific response against the GST/CaP-1 fusion
protein (lane 1, Figure A’.1A). This immunoreactivity was competed
out by pretreatment with the CAP-1/MAP (lane 3, Figure A’.13A) but
not with an unrelated esk/MAP (lane 2, Figure A’.1A}.

In anticipation of low endogenous CAP-1 expression, pMT2
(pMT2/CAP-1myc) overexpressed COS-1 cells were analysed for aCAP
jmmnoreactivity. As expected, there was relatively more reactivity
observed in the fractions obtained from the transfected cells
(Figure A*.1B). The majority of both the exogencus and endogenous
110-120 kDa CAP-1 protein was found in the total (lanes 2 and 4,
respectively, Figure A’.1B), versus the soluble fraction (lanes 1
and 3, respectively; Figure A’.1B}. The nonimmune antibody did not

detect these or any other bands (data not shown) .

A.4 Discussion

A CAP-1/MAP was used to raise polyclonal antibodies against
the C-terminal region of CAP-1. This antisera was found to react
specifically in a preliminary competition assay. Utilization of
cleaved CAP-1 (or nonspecific esk) synthetic peptide in these
experiments will ensure that the lack of immunoreactivity towards

the GST/CAP-1 fusion is due to specific interaction of the peptide
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with the oCAP-1 antibody [antibodies].

This antisera also recognized a 110-120 kDa band which is
predicted to be the endogenous CAP-1 and exogenous CAP-lmyc
proteins. In this immuncblot analysis the myc epitope did not
appear to interfere with the interaction between the CAP-1 epitope
and the oCAP-1/MAP antisera. This result could be substantiated by
competition experiments similar to these discussed above. In
addition, transfection of a construct which harbors a deletion in
the CAP-1 PTPase domain, would be useful in both Western and
immunoprecipitation analysis. This deduced €7 KDa protein would
produce a shift in oCAP-1/MAP immunoreactivity about 30 KDa smaller
than that of the endogenous and full length exogenous CAP-1.
Detection of a CAP-1 specific band or staining pattern in
immunoprecipitation or immunofiuorescence experiments, respectively
would require high titer «CAP-1 antibodies or the affinity
purification of this «CAP-1/MAP antisera. Specific recognition of
endogenous CAP-1, should be useful in corroborating and extending
the omyc tag experiments presented in Appendix V. Deletion mutants,
including the cone described above, may be employed along with these
antibodies to define the N-terminal sequence(s) of CAP-1 required

for the subcellular localization of this PTPase.



Figure A’.1 Specific immunoreactivity of the aCAP-1/MAP antisera.
A) GST/CAP-1a fusion protein was prepared, resolved on SDS-PAGE,
and transferred to nitrocellulose (Sections 4.2-2 and 4.2-3). These
strips were treated with three separate preparations of the primary
antibody. The diluted antisera used in this experiment were either
incubated alone (lane 1), or pretreated with esk/MAP (lane 2), or
CAP-1/MAP (lane 3) for one hour. The results were detected with the
1251 _conjugated secondary antibody. B) The immunoreactivity of the
CAP-1/MAP (immune) antibody was tested in a Western analysis.
Triton X-100 soluble [S] or total lysate [T] £fractions were
obtained from CAP-ilmyc (pMT2) and vector control (pMT21)
trangfected COS-1 cells. The bands were visualized with an alkaline
phosphatase-conjugated anti-rabbit [2°] antibody.
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APPENDIX IV
THE BACTERIAL EXPRESSION OF CAP-1 AND PTP2 AS TrpE FUSIONS:

POLYCLONAL ANTIBODY PRODUCTION
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A'.1 Introduction

The pattern of tissue-specific CAP-1 transcripts outlined in
Chapter 2 and 3 wmay be reflected at the protein level. The
investigation of these putative PTPase isoforms require the
generation of CAP-specific antibodies. Many protocols utilize
bacterially expressed fusion proteins as antigen. The trpE and FLAG
systems were used due to the availability of commercial antibodies
(i.e. otrpE or oFLAG) to the prokaryotic portion. These tools will
allow monitoring of the rate of induction or of the expressed
fusion during purification. The use of truncated CAP-1 fusions as
immunogen may initiate the investigation of cellular CAP-1 protein

expression and function.

A'.2 Materials and Methods
A*.2-1 Construction of TrpE/PTPase-Encoding Plasmids

Partial PTPase clones were inserted in frame into the pATH
expression vector (a generous gift from Dr. T. Pawson; Diekmann and
Tzagoloff, 1985). This system is designed to generate bacterially
expressed trpE fusion proteins (Sadowski et al, 1986). The EcoRI-
digested 1.3 Kb ¢DNA (2453 to 3776 in CAP-1; Figure 2.8) was
inserted into the EcoRI site of pATH1 to produce a trpE fusion with
the C-terminal 217 amino acids of CAP-1 (trpE/CAP-1a; Figure A‘.l).
Restriction enzyme mapping and juncticn sequence analysis with the
trpE primer (Appendix I) identified both sense [1-2 (+)] and
antisense [1-11 (-)] constructs, the latter of which has a stop

codon placed just after the trpE sequence. A partial 2.5 Kb cDNA



Figure A‘.1 Construction of the trpE/CAP-1la fusion protein.

A partial CAP-1 cDNA (2453-3776 in CAP-1; Figure 2.8) was inserted
into the EcoRI site of pATH1. The nucleotide and deduced protein
gsequence is given for the multicloning cloning site (MCS) of pATH
and for the 5’ border of the partial CAP-1 cDNA. The junction amino
acid sequence (single letter ccda) of trpE and CAP-la is provided
with the extra residue underlined. The pictorial representation of
the constructed plasmid includes estimated protein sizes, 3’ UTR
or untranslated regions, and the location of major CAP-1 and trpE
stop codons. This illustration has been modified from Diekmann and
Tzagoloff, 1985 and Sambrook et al, 1989.
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(Figure 2.9) of PTP2 was also inserted into the EcoRI site of pATH1
expression vector to generate the 2-8 (+) and 2-10 (-) constructs.
The trpE/PTP2a fusion predicts a combined protein size of 64,800
daltons. These partial CAP-1 and PTP2 CDNAs were cloned from the
p19-derived library; there is an extra cytdsine {C) in the EcoRI

site of these Agtll recombinant phage (Figure A*.1).

A'.2-2 TrpE/CAP-1a Fusion Protein Expression and Induction

These trpE/PTPase fusion proteins were expressed and induced
according to a procedures outlined in Sadowski et al (1986) with a
few minor modifications. Bacterial lysates were often fractionated
into supernatant and pellet by centrifugation at 8K for 10 minutes.
Aliquots of the supernatant and resuspended pellet fractions were
regsolved on 10% SDS-PAGE and transferred to nitrocellulose as
indicated in Sections 4.2-2 and 4.2-3.

The trpE/PTPase clones were characterized by Western blotting
analysis. The nitrocellulose strips were treated for 30 minutes in
blocking buffer: 20% fetal calf serum (FCS) in TBST (10 mM Tris-
HC1, pH 8.0; 150 mM NaCl; 0.05% Tween 20). The filters were then
incubated with a 1:500 dilution (0.2 ug/ml) of the anti-trpE mouse
monoclonal primary antibody (atrpE Ab; Oncogene Science) in
blocking solution. The atrpE Ab-reactive protein bands were
identified using a goat anti-mouse secondary antibody (2° Ab)
alkaline phosphatase conjugate (IMMUNOSELECT; Gibco-BRL) and
visualized by a color reaction using 5-bromo-4-chloro-3-indoyl

phosphate (BCIP) and Nitro Blue tetrazolium (NBT) in alkaline
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phosphatase buffer (AP buffer: 100 mM Tris, 9.5 pH ; 100 mM NaCl;

S mM MgCl,; substrates are from Gibco-BRL) .

A'.2-3 Gel Purification of TrpE/CAP-la and Antibody Production

The expression/induction protocol was scaled-up to generate
large quantities of gel-purified fusion protein for use as antigen
in polyclonal antibody production. A 250 ml-indoylacrylic acid
(IAA; Aldrich) induced culture was processed to yield 10 mls of
bacterial lysate; an aliquot, or approximately 10%, of this was
separated by 10% SDS-PAGE on a preparative 30-40 ml gel. A vertical
SDS-PAGE strip was stained and then aligned, via several notches,
with the unstained gel to ascertain the position of the fusion
protein. Protein was liberated from the thin horizontal gel slices
by electroeluting in a flatbed apparatus at 100 volts for 2 hours
with 1X SDS Tank buffer (25 mM Tris base; 192 mM glycine, pH 8.3;
0.1% SDS). The eluted fusion protein plus co-electrophoresing
protein contaminants were transferred to a fresh dialysis bag
(Gibco BRL) and dialysed overnight against 20 mM NHHCO,. The
proteiﬁ was dessicated by spinning in a speed vacuum apparatus and
was resuspended in PBS (Phosphate Buffered Saline; Sambrook et al,
1989) . The pooled eluates were evaluated by coomassie and silver
reagent staining of SDS-PAGE and by Western blotting analysis
(Section 4.2-3).

About 200 pg of the gel-purified fusion protein was mixed with
Freund’s complete adjuvant (Pierce) and inoculated into a New

7ealand white male rabbit. Intramuscular and subcutaneous
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injections were made in all four limbs and underneath the skin at
the nape of the neck, respectively. At 26 day intervals, the animal
received booster injections via the subcutaneous protocol with 50-
100 pg of a more stringently gel purified preparation. This antigen
mixture was derived from the insoluble material outlined in Figure
A'.2 to diminish the degree of contamination and from a 2 hour IAA-
induced fusion protein to maximize expression levels. Blood,
obtained from the rabbit'’s ear vein was allowed to clot for 1 hour
at room temperature or overnight at 4°C. Sera (6-7 mls) was
obtained from 20 mls of clotted blood by spinning for 10 minutes in
a clinical centrifuge. '

Dilutions of the antibody-containing sera were used to probe
trpE/PTPase fusion and control extracts using the Western blotting
protocol described above. Attempts were made to remove non-specific
bacterial or otrpE-reactive antibodies by adsorbing immune and
preimmune sera against filters coated with antisense pATH/CAP-1 (1-
11) expressing extracts or by incubating with these bacterial

lysates directly.

A'.2-4 Construction and Analysis of FLAG/CAP-1

Truncated CAP-1 and CAP-1 myc cDNAs were inserted downstream
of the aFLAG immunoresponsive peptide. FLAG-1 was linearized with
XhoI, treated with klenow (Section 2.2-2), and subsequently
digested with Sall. First, the EcoRI site of the truncated CAP-1
myc (B8myc) and CAP-1 constructs (4-1S) was blunt-ended by

incubating with klenow at 37°C for 30 minutes. These Sall liberated
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980 or 950 bp fragments were then inserted into the CIP treated
FLAG-1 vector (Figure A'.2). Positive clones were identified by
miniprep restriction enzyme and sequencing analysis.

The FLAG/CAP-1a myc and FLAG/CAP-l1a fusion proteins were
verified by Western analysis using the commercially available oFLAG
(International Biotechnologies, Inc.) and amyc (Cambridge Research
Biochemicals Ltd.) antibodies. FLAG construct-containing bacteria
were grown to an ODg, of 0.4 to 0.5 and induced for 4 hours with
0.8 mM IPTG. The cellular localization of the FLAG/CAP-l1a fusions
were determined by examination of the bacterial periplasmic,
cytoplasmic, and menbrane fractions (Sambrook et al, 1989}.
Bacterial pellets were treated with lmg/ml lysozyme in 30 mM Trisg-
HCl, pH 8.0; 20% sucrose; 1.0 mM EDTA; and 200 ug/ml PMSF for 10
minutes on ice. A brief 1 minute spin at 12,000 xg released the
periplasmic fraction into the supernatant. The pelleted material
was lysed by freezing and thawing in 100 mM Tris-HCl, pH 8.
Centrifugation at 13,000 xg for 5 minutes fractionated this
suspension into soluble cytoplasmic proteins, while the sample
buffer;solubilized pellet contained membrane proteins and insoluble
inclusion body material. Aliquots of these fractions were separated
on 15% SDS-PAGE and transferred to nitrocellulose as described in
Section 4.2-3. One set of these filters were blocked with 3% BSA
(Bovine Serum Albumin) in TBS + CaCl, and incubated with 10 pg/ml
of oFLAG for 1 hour. Alternatively, 20% FCS + TBST blocked filters
were treated with 10 pug/ml (1:1000 dilution) of the amyc 9E10

antibody. Immunoreactive proteins were detected following specific



Figure A‘.2 Construction of FLAG/CAP-1l4 and FLAG/CAP-lamyc fusions.
The SalIl/blunt-end (EcoRI) fragments of 4-15 or B8myc

were inserted downstream of FLAG into the Sall and blunted (XhoI)
gites of FLAG-1. This diagrammatical representation of FLAG-1,
which includes the: OMPA signal peptide, oFLAG M1 epitope,
enterokinase cleavage site, and FLAG-1 multicloning site (MCS), was
modified from that outlined in the FLAG system handbook; ICI.



Sall EcoRlI

EcoRV
EcoR! Xbal Sall Bglll

Hindlll | Xhol
: Aommse
[ OMPA Signal Peptide [FLAG Epitope | CLEAVAGE SITE

PROTEIN 4.1 PUTATIVE
ULATORY g FTPase MYC
# HOMOLOGY m REG DOMAIN n EPITOPE

REQION(CAP) DOMAIN



166
1251 -conjugated secondary antibody binding after exposure to x-ray

film.

A*.3 Results
A‘.3-1 Induction of TrpE/CAP-1a and TrpE/PTP2a Fusion Proteins
CAP-1 and PTP2 are widely expressed at the mRNA level;
however, subsequent experiments are required to examine the protein
expression of these enzymes in mouse development and in adult
tigsues. This dictates the production of polyclonal antibodies with
gpecificity for these enzymes. Initial attempts to obtain a CAP-
specific antibody, involved the generation of a trpE/CAP-1a fusion
protein (Figure A*.1). Induction of fusion protein from the sense
[1-2 (+)] and antisense constructs [1-11 (-}] was verified by
Western blot analysis using an atrpE primary antibody. The
trpE/CAP-1a fusion migrates to a position of 60,500 daltons on a
10% SDS PAGE (lane 4, Figure A'.3A). Expression from bacteria
harboring the antisense (1-11) construct generated a band slightly
below 43 kDa (lane 3, Figure A*.3A); this is a little larger than
the reiative gize of trpE which runs at 37,000 daltons (data not
shown) . Practically all of the trpE/CAP-1a fusion is found in the
insoluble pellet with low levels of atrpE immunoreactivity present
in the sonicate supernatant (lane 3 and 4, Figure A*.3B}.
Similarly, the insoluble trpE/PTP2a fusion protein (lane 2, Figure
A‘.3B) is visualized as a major atrpE-reacting band near the 68 KDa
marker (lane 2, Figure A%.3A), while the antisense construct

directs a trpE protein migrating at about 37 KDa (lane 1, Figure



Figure A'.3 Expression of trpE/PTPase fusion proteins. Expression
from the sense (+) and antisense (-) trpE/PTPase constructs was
visualized by probing with the otrpE antibody A);B). A} Western
analysis revealed the bacterially expressed trpE/PTP2a (-), lane 1
and (+), lane 2; bacterial lysate-derived trpE/CAP-1a (-), lane 3
and {+), lane 4; and gel-purified txrpE/CAP-1a, lane 5. B) The pATH
constructs were induced and separated into soluble (sonicate
supernatant) and insoluble (pellet) fractions. The soluble
tYpE/PTP2a was run in lane 1, while the insoluble was shown in lane
2. The trpE/CAP-1a was divided into soluble, lane 3 wversus
insoluble, lane 4 components. The migration position of the BRL
molecular weight standards are shown.
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A*.3A) . The maximal level of trpE/PTPase expression was found to be
after a 2 hour induction with IAA (lane 2, Figure A'.4). The
percentage of soluble trpE fusion did not change appreciably with

the use of different induction times (data not shown).

A*.3-2 Polyclonal Antibody Production

Induction of a CAP-specific response involved the injection
[initial and booster] of a New Zealand white rabbit with gel-
purified TrpE/CAP-la. This antigen preparation may have bheen
contaminated with comigrating bacterial proteins. However, the
major proteins detected by Western blot and silver stain analysis
are the trpE/CAP-1a fusion and a breakdown product (lane 5, Figure
A‘.3A, lane 4, Figure A*.4). The resulting serum (diluted to
1:10,000) was found to contain a very low titer of aCAP-1 reactive
antibodies twixed with extremely high titers of  otrpE
immunoreactivity. Adsorption of antisera against bacterial and trpE
protein(s) did reveal a strong immunoreactive protein migrating at
60,000 daltons. This band, however, was identified in trpE/CAP-1 as
well as trpE/PTP2 (antisense) lanes indicating the presence of
antibodies against contaminating bacterial proteins (data not

shown} .

A'.3-3 Analysis of the FLAG/CAP-lamyc Fusion
Introduction of a myc epitope at the predicted C-terminal end
of CAP-1, generated a mechanism by which to tag exogenous CAP-1

PTPase upon expression in mammalian cells. Truncated CAP-lmyc cDNA



Figure A‘.4 Induction of the trpE/CAP-la fusion protein.

Induction of the trpE/CAP-1a fusion was detected by silver staining
of an SDS-PAGE. Bacteria, expressing the trpE/CAP-1a fusion,
received a one, lane 1; two, lane 2; four, lane 3; and six, lane 4;
hour (s) induction period. The gel-purified trpE/CAP-1a is shown in

lane 5. The migration position of the BRL molecular weight
standards are shown.
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was inserted downstream of FLAG to test the myc epitope in context
of a FLAG/CAP-lamyc fusion. This bacterially induced CAP-1,
wsandwiched" between the FLAG and myc epitopes, was shown to be
recognized by both the oFLAG (Figure A'.5A) and amyc (Figure A*.SB)
antibodies in Western blot analysis. Although the FLAG/CAP-1 and
FLAG/BAP (control) fusions were responsive to oFLAG, these fusion
proteins were not recognized by omyc (data not shown; lanes 4 and
5, Figure A'.5B). This specifi-z recognition of the myc epitope
predicts successful analysis of the full length CAP-1lmyC upon
introduction into mammalian cells.

The bacterial expression of yet another CAP-1 fusion could
also be useful in providing material for antibody production. The
majority of the FLAG/CAP-lamyc fusion was found in the insoluble or
membrane fraction (lane A‘.5A/B). Cytosolic and periplasmic
localized CAP-1a fusion was detected with omyc immunoblotting
arfalysis (lanes 2 and 3, Figure A*.5B), however, the relative
amount of soluble protein, revealed by coomassie staining {(data not
shown), was found to be minor. Since the FLAG/CAP-1a was also
identified to be mostly insoluble, this system, like that of trpE
and possibly GST (Chapter 4), is perhaps not conducive for the

preparation of a CAP-1 specific antigen.

A*.4 Discussion
The trpE expression system employed here has been used
successfully to raise antibodies against the PTKs. We originally

thought that fusion of trpE to the C-terminal residues of CAP-1



Figure A‘'.5 Recognition of the myc epitope in context of a
FLAG/CAP-lamyc fusion The FLAG/CAP-lamyc and control FLAG/BAP
(bacterial alkaline phosphatase) fusion proteins were induced and
fractionated. The SDS-PAGE separated P-periplasmic, C-cytoplasmic,
and M-membrane fractions were electroblotted to nitrocellulose and
detected with the A) oFLAG and B) amyc antibodies.
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PTPase domain would contribute to the solubility of trpE (Section
1.5-1; Guan and Dixon, 1991). Instead, the majority of the
trpE/CAP-1 (and trpE/PTP2) fusion was found in the insoluble
pellet. Subsequent gel purification generated a partially
proteolyzed and a putative denatured product. Antigens, prepared in
this manner, generally yield antisera that react preferentially
with the denatured versus the native form of proteins (Sambrook et
al, 1989); however, the antisera should still function as a
powerful tool in the analysis of CAP-1 protein expression. Western
analysis did detect the presence of a very high titer of otrpE
antibodies in the antisera after Dboosting. " This atrpé
immunoreactivity was adsorbed out by the bacterial trpE lysate,
however, the band recognized at 60 kDa was actually identified as
comigrating bacterial protein.

Although, a great percentage of the injected (electroeluted)
material was identified as trpE/CAP-1, the immunogenicity of CAP-1
was probably much less than that of trpE or of the contaminating
bacterial protein. Adsorption against both the trpE and bacterial
proteiﬁs and the subsequent use of solubilized trpE/CAP-1 in an
affinity purification step would appear futile once the individual
antibody titers are taken into consideration. The lack of
detectable «aCAP-1 antibodies in this antisera as well as the
insolubility of trpE/CAP-1 and trpE/PTP2 impeded the immunization
of another animal with these antigens. The high level of FLAG/CAP-
14 insolublity also prevented the use of this material in antibody

production. CAP-1 antibodies were elicted by injecting animals with
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the CAP-1/MAP synthetic peptide (Appendix III).



APPENDIX V
Imnunofluorescent and Morphological Analysis
of CAP-lmyc-Expressing Cells
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A*.1 Introduction

The N-terminal protein 4.l-like domain of CAP-1 predicts a
function for this enzyme at the cytoskeleton/plasma membrane
interface. Insertion of a small epitope C-terminal to CAP-1 would
provide a means to probe the subcellular localization of exogenous
CAP-1. The "myc tag" has been used successfully to target the
location of intl- and of several luminal endoplasmic retiéulum
(ER) -myc fusion proteins by whole mount immunocytochemistry and
immunofluorescence, respectaively (Evan et al, 1985; McMahon and
Moon, 1989; Munro and Pelham, 1987). The versatility of this
tagging system should also allow the immunoprecipitation of the
overexpressed CAP-1/myc PTPase (Kaptain et al, 1991).

This CAP-1lmyc fusion was transiently expressed in COS-1 cells
to elucidate the localization and possible function of CAP-1. A
CAP-1lmyc specific protein close to the predicted molecular weight
(110-120 kDa) was immunoprecipitated from these 3*°S-Met labeled
cells. Concurrently, indirect immunofluorescence with an omyc
antibody revealed a punctate, non-nuclear pattern of exogenous CAP-
lmyc ekpression in transfected CO0S-1 cells. Morphological changes,
such as an increase in bimultinucleation as well as the appearance
of membranous structures and "giant" cells, were observed in COS-1
cells and in stable NIH 3T3 clones transfected with the CAP-lmyc
construct{s). The latter two morphological changes appear to be
specific to CAP-1, as opposed to the general response of cells upon
overexpression of PTPases (i.e. multinucleation; Cool et al, 19382;

Woodford-Thomas et al, 1992). These changes in plasma membrane/
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cytoskeletal structure may provide a clue as to the function of the

endogenous CAP-1 enzyme.

A’.2 Materials and Methods
AS.2-1 Generation of the Composite CAP-1 cDNA Clone

The 3’ portion of CAP-1 present in the 2.0 Kb P19 cDNA/pTZ19R
plasmid (5-4, Table 2.4) and the subcloned 5’ kidney cDNA (111-14,
Table 2.6) were digested with Af1II (1926 in CAP-1; Figure 2.8)
and Xbal (in the pTZ19R MCS, multicloning site). The 1956 bp
fragment of 111-14 and a 4810 bp region of the CIP-treated 5-4
vector were ligated together to create a composite CAP-1 cDNA in

pTZ1SR (Figure A®.1).

AS.2-2 Myc Epitope-Tagging of CAP-1

Myc epitope-encoding oligonucleotides were annealed and
inserted into the C-terminal BamHI site of CAP-1 (3083 in CAP-1,
Figure 2.8). Approximately 2 ug of the #35 and #36 primers
(Appendix I) were 5’-end phosphorylated by T4 PNK in 50 mM Tris-
HC1, pf; 7.6; 10 mM MgCl,; 5 mM DTT; 0.1 mM EDTA; 0.1 Spermidine;
and 0.5 wM ATP for 30 minutes at 37°C. These complementary
oligonucleotides were annealed by slow cooling at room temperature
for 30 minutes following heat treatment at 65°C in TE (10 mM Tris-
HCl, pH 8.0; 1 mM EDTA). BamHI cohesive ends, generated upon
interaction of primers 35 and 36, promoted the ligation of 0.0175
pmol of this insert with 0.035 pmol of a BamHI/CIP treated partial

cDNA/pTZ1SR construct (4-1S; 2850 to 3776 in CAP-1, Figure 2.8}.



Figure A’.1 Generation of the composite CAP-1 cDNA/pTZ13R plasmid.
A 1956 bp XbaI/AflII fragment consisting of the 5! kidney cDNA
(from 111-14) was ligated into the CIP-treated plasmid ,5-4, also
having XbaI and Af1II ends. The composite cDNA is illustrated below
with patterned boxes denoting deduced protein homology regions,
while the single line represents 5' and 3’ untranslated regions

{(UTRs) .
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This plasmid (4-1S) was made by removal of a 430 bp Sall fragment
from 4-1 (Table 2.4}; Sall digests at the pTZ19R MCS and at 2850 in
CAP-1 (Figure 2.8). Individual clones were identified as having a
gingle myc insert in the correct orientation by seguencing analysis
{Section 2.2-5). This truncated CAP-1 myc/pTZ19R construct (B8myc)
was linearized with Sall and combined with the upstream 2880 bp
fragment of the composite CAP-1 cDNA (1 to 2850 in CAP-1, Figure
2.8) to generate a myc tagged composite CAP-1l cDNA in pTZ19R (Myc-

10, Figure A%.2).

A*.2-3 Insertion of CAP-1 into Mammalian Expression Vectors

The EcoRI 3776 bp insert from the composite CAP-lmyc/pTZ19R
constructs were ligated together with BEcoRI/CIP treated pMT21
(modified from Sambrook et al, 1989) and pECE vectors (Ellis et al,
1986) . Insert positives, cloned in the correct orientation, were
verified by restriction enzyme and sequencing analysis (Figure

A%.3).

A'.2-4 iarge Scale Plasmid Preparation

Plasmids utilized in this Section were prepared according to
a modified large scale plasmid procedure outlined by Maniatis et al
(1982) . Briefly, the plasmid-containing bacteria were grown
overnight in 500 mls of LB + 100 pg/ml of ampicillin. Bacterial
pellets were lysed by a 10 minute incubation with 1 mg/ml of
lysozyme in Solution I, followed by alkali lysis using Solutions II

and III as outlined in Maniatis et al, 1982. The plasmid DNA was



Figure A°.2 Insertion of the myc epitope tag into CAP-1. The myc-
epitope encoding oligonucleotides, once annealed, generate an
insert with BamHI cohesive ends. This myc epitope was ligated into
the BamHI site of the truncated CAP-1/pTZ19R construct, 4-1S to
produce the construct, B8myc. A composite CAP-lmyc cDNA was
generated upon the insertion of the upstream portion or Sall
fragment from the CAP-1/pT219R*'*° construct (Figure 5.1). The Sall
enzyme digests at the multicloning site (MCS) in pTZ19R and at 2850
bp in CAP-1.
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Figure A®.3 Insertion of CAP-1 into mammalian expression vectors.
The insertion of CAP-lmyc into the mammalian expression system is
represented here in a simple diagram. The pECE and pMT21 vectors
are as illustrated as given in Ellis et al, 1986 and modified from
Sambrook et al, 1989, respectivelyv. The 5’ and 3’ UTRs and deduced
protein homology regions of CAP-1 are illustrated as before.
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precipitated by isopropanol (0.6 volume), followed by several
rounds of precipitation, first with 2.5 mM NH,OAc to remove the
salts and crude material, and subsequently with 2 volumes of cold
ethanol to obtain the DNA. This TE-resuspended DNA (7 mls) was
treated with 10 ug/ml of RNAase and then precipitated by a 30
minute incubation on ice upon the addition of 2.5 mls of 5M NaCl
and 3 mls of 1.5 M NaCl; 30% PEG {(polyethylene glycol). The plasmid
DNA was, in this and all precipitation steps, collected by a 20
minute centrifugation at 8000 xg. The resuspended DNA was then
incubated with 50 pg/ml of proteinase K in 10 mM Tris~HCl, pH 8.0;
5 mM EDTA; 0.5% SDS for 30 wminutes at 37°C. The proteolyzed
material was then removed by several Phenocl/Chloroform steps and
the DNA was subjected to a final ethanol precipitation. The cDNA
constructs obtained from this procedure was now ready to use upon

estimation of the DNA concentration from OD,gp..e, Values.

AS.2-5 Transient Transfection of CAP-1 Constructs into COS-1 Cells

C0S-1 cells were transiently transfected according to a DEAE
Dextraﬁ/Chloroquin protocol with minor modifications (Kaufman et
al, 1989). COS-1 cells were trypsinized with 1.5 mls of 0.025%
trypsin in PBS + 1 mM EDTA and seeded at 60,000/ 60 wmm dish in oMEM
(Gibco-BRL) + 10% calf serum. These cells were allowed to recover
for 16-24 hours at 37°C in 5% CO,. The following day, these cells
were washed 2X with serum-free oMEM and covered with 0.25 mg/ml of
DEAE Dextran (3.6 ml) in oMEM. A suspension of plasmid DNA (4 pg)

in 400 pl of sterile 1M Tris-HCl, pH 7.3 was dripped over the cells
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and gently mixed. Following a 12 hour incubation in the DNA/DEAE
Dextran mixture, the cells were washed 2X with serum-free oMEM. The
cells were then shocked with 1ml per dish of 10% DMSO in HBS (42 mM
HEPES, pH 7.05; 0.27 M NaCl; 10 mM KCl; 1.3 mM Na,HPO,.2H,0; 11 mM
dextrose); after 3 minutes residual DMSO was removed by washing
with serum-free oMEM. Subsequently, these shocked cells were
treated with 0.1 mM chloroquin in o¢MEM + 10% serum. Following
incubation for 2 1/2 hours at 37°C, the cells were rinsed as before
and grown for 24 to 48 hours in media + serum. These CAP-1
expressing COS-1 cells were then analyzed via Western blotting,

immunofluorescence, and metabolic labeling.

A’.2-6 Immunofluorescence of CAP-1 myc

Transfected CO0S-1 cells were grown to subconfluence on
coverslips precoated with 0.1% gelatin. The cells on these
coverslips, after washing 2X with PBS, were fixed in -20 °C
methanol for 5 minutes and allowed to air dry. Following a 15
minute rehydration in Stockholm PBS (137 wmM NaCl; 8.1 mM Na,HPO,;
1.8 mM NaH,PO,; 2.7 mM KCL; pH 7.2), the fixed cells were
permezbilized with S0 pl of PBS + 0.2% Triton X-100 and incubated
with or without the 9E10 omyc antibody (5 ug/ml) in a humidity
chamber at room temperature for 1 hour. These permeabilized cells
were treated with a 1/50 dilution of the omouse fluorescein-
conjugated secondary antibody (Dako) for 30 minutes at 22°C.
Unbound primary and secondary antibodies were removed by washing 3X

with PBS for 5 minute intervals following each antibody incubation.
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These coverslips wefe subsequently covered in mounting medium
and stored at -20°C. This antifade medium was made by adding 50 mg
p-phenylendiamine dissolved in 5 mls of 100 mM PBS, pH 7.2-7.4 to
45 mls of glycerin, pH 8.0 [pH was adjusted by a 0.5 M sodium
carbonate/sodium bicarbonate solution, pH 9.0]. Fluorescent cells
were detected by Zeiss (2ZF) microscopy and photography was carried

out with the Zeiss camera using 400 HC color film.

A%.2-7 Immunoprecipitation of CAP-lmyc from *S-Met Labeled Cells

COS-1 cells were transiently transfected with CAP-lmyc or
expression vector controls as described in Section A5.2-5.
Metabolic labeling, after 48 hours, featured a 1 1/2 hour
incubation in Met-free medium (ICN Biochemicals Inc.), followed by
growth in 1ml of Met-free medium +10% serum with 100 upCi **S-Met
(NEN) for 6 1/2 hours at 37°C. After removal of excess
radioactivity with PBS, cells were harvested in 500 pl of a lysis
buffer ("Frack’s" solution; 10 mM Tris-HCl, pH 7.5; 1 mM EDTA; 150
mM NaCl; 1% Triton X-100; 200 ug/ml PMSF; 5 pg/ml leupeptin; 2
ug/ml aprotinin) and lysed by passing through a needle. The triton
¥-100 soluble material was collected by brief centrifugation at
13,000 xg. A fraction of this labeled material (75 pg) was examined
by immunoblotting.

Tmmunoprecipitation of exogenous CAP-1lmycC involved rotation of
the amfc antibody (2.5 pg) with 300 pl (990 pg) of the "Frack’'s"
solubilized lysate for 2 hours at 4°C. Meanwhile, 3 pl (7.2 pg) of

an affinity-purified Rabbit omouse antibody was incubated with 50



184
ul of prewashed protein A Sepharose beads (Pharmacia) for 30
minutes. Following removal of the unbound secondary antibody with
"Frack’s", the surface of the beads were blocked with 0.7% BSA
(Fraction V; Boehringer Mannheim) and once again pre-equilibrated
with "Frack’s". These pretreated beads were incubated with the
omyc-bound COS-1 proteins for 2 hours at 4°C. Washed beads were
boiled in 50 pl of sample buffer for 3-5 minutes. The eluted
immunoprecipitated proteins were separated on 10% SDS-PAGE and

exposed to x-ray film.

A®.2-8 Stable Transfection of CAP-lmyc Constructs

The CAP-lmyc constructs were stably expressed in NIH 3T3 cells
using a standard Calcium Phosphate transfection procedure (Giaham
and van der Eb, 1973). Briefly, 500,000 cells were seeded into a 60
mm dish and allowed to recover in oMEM + 10% serum. The following
day, approximately 12 ug of the pE3 or pMT2 CAP-lmyc constructs
were introduced along with 1.4 pg of PGK/Puromycin (P. Laird,
personal communications) into these cells. A DNA/125 mM CaCl,,
final éuspension was added dropwise to an equal volume of 2X BBS
solution (50 mM BES; 280 mM NaCl; 1.5 mM Na,HPO,.2H,0; pH 6.96)
while gently mixira and the precipitate was allowed to form at room
temperature for 20 minutes. This CaPO,/DNA precipitate was added
dropwise to the cells and carefully mixed thoroughly. Following 8
hours incubation, these cells were washed with PBS and fresh medium
was added. Two days later, the cells were trypsinized and seeded at

105/150 mm dish. The medium + 4 pg/ml puromycin was added at this
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time and was changed every 3-4 days until the puromycin resistant
colonies were ready to be picked. Several colonies were selected
and grown in 24 well dishes and ultimately seeded into a 60 or 100

mm dish for subsequent analysis.

A°.3 Results
AS.3-1 Immunoprecipitation of the myc-tagged CAP-1 PTPase
Transiently expressed CAP-lmyc protein was identified in
metabolically labeled COS-1 cell extracts. Immunoprecipitation with
the 9E10 amyc antibody revealed a 110-120.kDa band present in pMT2
and pE3 or CAP-lmyc-transfected cells (lanes 2 and 3, respectively,
Figure AS.4); this band was not observed in the vector control
(lane 1, Figure A®.4). A faint signal was also detected at 110-120
kDa by the omyc antibody in a Western analysis; in a similar study,
a vanadate-sensitive phosphatase was immunoprecipitated with the

omyc antibody {(data not shown).

A5.3-2 Indirect Immunofluorescence of CAP-lmyc in COS-1 cells

The CAP-lmyc constructs were transiently expressed in COS-1
cells in an effort to determine their localization and possible
function. Immunofluorescence using antibodies directed against the
myc tag revealed a discontirtous pattern of staining in the
cytoplasm (Figure A°.5). In addition, a subpopulation of the cells
appears to have developed microvillar or membrane extensions. The
highest level of expression correlated with a filamentous-like

pattern extending into a membrane projection (Figure A®.5B’). The



Figure A®.4 Immunoprecipitation of CAP-lmyc from COS-1 cells.
C0S-1 cells were transiently transfected with the vector pMT21
alone, lane 1; with pMT2, CAP-lmyc in pMT21, lane 2; or with pE3,
CAP-1myc in pECE, lane 3. These cells were labeled with **S-Met and
the lysed protein was immunoprecipitated with the omyc antibody.
The CAP-lmyc 110-120 kbDa band is indicated as an arrow. The
migration position of the BRL protein standards are shown.
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Figure A®.5 Indirect immunofluorescence of COS-1/CAP-lmyc cells.
COS-1 cells were transiently transfected with the CAP-lmyc [pMT2]
construct. These cells were stained with a primary amyc monoclonal
followed by a FITC-labeled anti-mouse secondary antibody. The
results were visualized on a Zeiss Fluorescence microscope. The
first field of view {(A/A’) was examined at 40X (A) and 100X (A’)
magnification. The 40X objective was utilized to examine the cells
observed in B, while the same field was seen a magnification of
100X in B.
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CAP-1 expression is not found directly witkin the submembranous
region of the filopodia-like extensions ({(Figure A°.5A’).

Overexpression of CAP-lmyc in C0S-1 cells induced several
gross morphological changes. COS-1 cells overexpressing moderate to
high levels of CAP-1 tend to exhibit a bi- and multinucleated
phenotype (Figure A°.5B). This increase in the relative # of
nuclei/cell upon the overexpression of an active PTPase has been
documented previously and appears to be due to a disruption in
cytokinesis; this phenotype also exhibits asynchronous nuclear
division (Cool et al, 1992; Woodford-Thomas et al, 1991). There is

evidence for these events occurring here (Figure A®.5B).

A°.3-3 Stable CAP-lmyc clones Exhibit Morphological Changes

NIH 373 cells, were stably transfected with CAP-lmyc (pECE or
pMT21) constructs. A percentage cf the selected clones were found
to exhibit abnormal properties. Several aspects of the
morphological changes observed in the transient COS-1/CAP-lmyc
cells were also observed in these clones. These clones appeared to
contaiﬁ relatively high levels of bi- and multinucleated cells
(Figure A®.6); a count of several randomly chosen fields revealed
that about 24% and 36% of the cells have 2 or more nuclei, this is
considerably higher than that seen in untransfected NIH 3T3 cells
(4% and 5%). In addition, a subpopulation of cells maintain a
ngiant-cell" phenotype which exhibits a large cytoplasmic area and
membrane outgrowths (Figure AS.6A and B). These morphological

changes are not simply an exaggerated version of the "normal" NIH



Figure A®.6 Morphological changes induced in NIH 3T3/CAP-lmyc
clones. NIH 3T3 cells were transfected with both CAP-lmyc
constructs [PE3 and pMT2]. Phase constrast microscopy was used to
document the morphological changes observed in two individual
clones (A/B and C, respectively). The cells shown in D are a
representative field of untransfected NIH 3T3 cells.
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3T3 morphology; closer examination of this phenotype may provide a

clue as to the function of the endogenous CAP-1 PTPase.

A®.4 Discussion

A CAP-1lmyc fusion was utilized to tag the expression of this
enzyme in mammalian cells. The omyc moncleonal antibody (MAb)
successfully immunoprecipitated a protein close to the predicted
molecular weight (110-120 kDa) specifically from the CAP-lmyc
transfected COS-1 cells. It would be of interest to investigate the
phosphorylation state of the immunoprecipitated CAP-1 from in vivo
(orthophosphate) labeled cells. The presence of many putativé
phosphorylation sites in the central domain of CAP-1/PTPH1 is
indicative of a putative regulatory function for this domain (Yang
and Tonks, 1991; Chapter 2). The PTPases, CD45 and PTP1B, are both
phosphoproteins (Autero and Gahmberg, 1987; Patarroyo and Gahmberg,
1984; Flint et al, 1993). Increased phosphorylation of PTP1B on
gserine residues is found to accompany entry into mitosis; however
it is not known whether this modifies the substrate specificity or
activit;.y of the phosphatase (Flint et al, 1993) ., The 1level of
endogenous PTPase activity has been shown to increase as cells in
culture reach confluence indicating a role for certain
dephosphorylation events in contact inhibition and growth control
(Pallen and Tong, 1991; Ramponi et al, 1992). A preliminary study
has attributed phosphatase activity to omyc immunoprecipitated
protein from the CAP-1lmyc transfected cells. Substantiation of this

result may also involve examination of PTPase activity in CAP-1lmycC
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expressing cells at various stages of confluence and during the
cells cycle. This will initiate elucidation of the specificity and
normal regulation of the endogenous CAP-1.

CAP-1myc transfected cells appear to exhibit two classes of
morphological changes. The observed increase in bimultinucleated
cells seem to reflect a general event precipitated by the
overexpression and/or deregulation of a PTPase (Cool et al, 1992;
Woodford-Thomas et al, 1992). The formation of membranous
projections as seen in CAP-1 expressing CO0S-1 cells and the
presence of "giant cells" in several pMT2- and PE3-generated NIH
3T3 clones is quite possibly unique to CAP-1. It would be
interesting to see if this phenomenon is a result of the
dephosphorylation of a cytoskeleton/membrane protein found normally
associated with this enzyme.

The immunofluorescence pattern of the exogenous CAP-1 reveals
a conspicuous absence of staining at the tips or underlying
membrane region of these processes (Figure A®.5A/A’). The CAP-1 N-
terminal domain similarity ' » the membrane association region of
the prd;ein 4.1 family, would predict a submembranous location for
this enzyme. It is possible that the high level of CAP-1 expression
or the gross alteration of morphology is preventing a clear
estimation of the true subcellular location for this enzyme. At a
technical level, electroporation of the CAP-lmyc construct or
alternatively the introduction of CAP-lmyc into an inducible system
may improve the outcome somewhat.

Introduction of CAP-1 PTPase minus mutant constructs (Appendix
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II) into these cells should eliminate the general PTPase-induced
changes (i.e. multinucleation). This would also indicate whether
the formation of the membrane processes require the CAP-1 specific
dephosphorylation of a cytoskeletal/plasma membrane component.
There is precedence for the involvement of dephosphorylation events
in regulating the motive forces that govern the specialized
structure and function of the «cell. For iastance, ezrin
phosphorylation (at Ser and Tyr) 1is correlated with its
redistribution into newly formed membrane ruffles and as well, the
nature of the mutated serine residue in GAP-43 is related to the
extent of cell spreading, generation of irregular membrane
extensions or appearance of filopodia (Bretscher, 1989; Widmer and
Caroni, 1993).

Investigation of the extent of cytoskeletal disruption, in
both the COS-3./ and NIH 3T3/CAP-lmyc cells, may provide a clue as
to its normal function. Anzivsis of CAP-lmyc staining with the
Confocal microscope will allow a more definite localization of CAP-
1 expression and will document more clearly the cytoskeletal and
membraﬁe changes which occur upon CAP-1 expression. These
experiments would require the double staining of the CAP-lmyc
expressing cells with the omyc antibody and with stains or
antibodies specific to components of the cytoskeleton (i.e. actin,
tubulin} . This would also reaffirm that the morphology of the NIH
3T3 clones is related to the expression of the CAP-1 PTPase.
Elucidation of the "normal" function of CAP-1 will require

determination of the subcellular localization of the endogenous
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CAP-1 with a CAP-specific antibody (Appendix III).
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