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ABSTRACT

The molecular basis fo‘r the control of cell growth, proliferation, and
differentiation involves the coordinated actix)ities of. a.diverse collection of molecules.
Many, if not all, de{'elopmcntal pr_ocessés age influenced by growth factors, extracellular |
- matrix components, and/or adhesion molecules, which elicit changes in cyt(.)skeiletal
organizationzmetabolism, and gene transcription. Signal transduction often involves the
activation of tyrosine kinase activity associated with specific réc_eptors. Receptor, or
receptor-lihked tyrosine kinases, then orchestrate the assembly of multimeric signaling
complexes and regulate the activiﬁes of various downstream enzymes. Thus, tyrosine
kinases form a critical link between the extrécellular environment and the si(gnal
'transduction machinery of the cytoplasm. The protein tyfosiﬁe phosphatases (PTPé), by .
dephosphorylating phosphotyrosine residues, pla& a critical, albeit less understood role in
the regulation of tyrosine phospﬁorylation. A search for additional members of the PTP
family, which now includesrover 40 enzymeé, led to the identification of PTPa., a widely-
.exi)ressed receptor-lvike‘PTP. In studies aimed at characterizing thisv PTP, we expressed
PTPa in both eukaryotic and:bacterial cells. To assess the potential substrate specificity -
of these enzymes, select bacterially expressed PTPs were assayed with a group of
synthetic phosphopeptide substtate§ using a modified colorimetric assay. These studies
suggested that the_subétrate specificity of PTPs such as PTPB may be influenced by the
context of amino acids surrounding a givern phosphofyrosine residue. Studies of the in
v\ivé activ{ty of PTPa., investigated by its overexpréssion in human ‘epidermoid cells,
revealed a role for PTPa in the activation and/or dephosphoryl'ation of specific Src family
’l.<inases. Moreover, PTP(x overexpression dramatically increased the cell-substratum
adhesion of these cells and altered the tyrosine phqsphorylation and associations of

specific focal adhesion molecules, suggesting a role for this enzyme in cell-adhesion.

‘Furthermore, an SH3 domain—binding motif was identified in the membrane-proximal




il -

| .. region of PTPa, which like similar proline-rich regions in various retroviral oncoproteins

and cytokine receptors, was able to bind specific SH3 domains in vitro.
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PREFACE
 Thesis Format

~ This thesis includes seven.chap‘ters. Chapters 2 through 4 focus on results
contained Wifhin manuscripts either published (chapter 2) or in preparation (chapters 3
and 4). Each of these chapters is formatted as an expandéd manuscript and.contains: an
intfoductory paragraph énd a discussion of the chapter’s results. The first chaptér is a
general introduction to signal transduction involv'ing ‘protein fyrosine kinases ‘and
phosphatases and includes a general discussién of growth factor signaling, cell adhgsion,
- and the fUn_étion and regulatién‘ of Src family' kinases. Chapter 5 'confains a general
summary of results presentéd in chaptérs 2 through 4. Chapter 6 summarizes the
materials and methods used in each of preceding c;hapters. FinaHy, chapter 7 contains the
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CHAPTER1

Introduction
1.1. - General Overview and The_Sis Objectives.

The growth, differentiation, and death of eukaryotic cells is governed by‘a highly
covmpl’ex, number of interactions between molecules (Cohen et al., 1995). The
identification of the participants in these interactions,. and the elucidation of their
functions, has led to many fundamental insights into the molecular mechanisms critical to
the pathogenesis of various diseases. Importantly, the discovery of retrovirally-encoded
oncogenes (v-oncs) suggested tﬁe involvement of genetic damage aﬁd alte.red gene
expression in tumorigenesis (Bishop, 1991; Cantley et al., 1991); The identific.atibn of v-
src , the transforming agent of Rous sarcoma virus (Rous, 1911), and its relationship’ to c-

.. src, was instrumental in establishing this correlation (Bishop, 19é7). SubseQuent studies
led to the identification of other oncogenes, including those encoding growth facfdrs (e.g.
~ v-sis), growth factor receptors (e.g. v-erbB and v-fins), small GTP-binding proteins (e.g.
v-ras), Cytopla‘smic serine/threonine and tyrosine kinases (e.g. 'v.-raf, v-src; v-yes, and v
- fgr) and a variety of transcription factors (e.g. v-myc, v—fos and v-jun) (Cantléy et al.,
1991). Consistent with their role in oncogenesis, the cellular couﬁter’parts of these
‘molecules .are involved in normal c¢11 g_rowth‘, proliferation, and/or differentiation. Thus,

the study of retroviral oncogenes heralded an era of inquiry into the molecules involved

in the control of cell proli.feration and differentiation. The investigation-of DNA tumor
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viruses and the role of DNA damage in carcinogenesis led to the conCebt of anti-
oncogenes (oi tumor suppressoiv genes), genes in which recessive, loss i)f functiqn
mutations, predispose cells to transformation (.Bishop,41987). Together suchistudies
demonstrated the involvement of bofh proto- and anti-oncogeneé in the signal
 transduction pathvsiayls tiiat link sigﬁals from the extracellular environm‘ent to specific
cellulai responses in the cytoplasm and nucleus. | |

.Receptors for growth factors, cytokings, cell surface associated-ligands, and
extracellular matrix éomponents provide a critical link betwle_en. the eigtracellular
., enviionmcnt and the cytoplasm. Receptor-stimulated signal transduction often résults in
either the activation of the intrinsic protein tyrosine kinase (PTK) activity of the receptor
itself, or éctiyation of receptor-associated PTKs (Ullrich and Schléssinger, 1990; Cantley ,
et al., 1991). Studies aimed at uncovering the mechanisms of sighai transduction revealed
that tyrosine p‘hosphorylation leads io the assembly of signaling complexes through the
association of specific protein modules (Pawson, 1995; Cohen et al., 1995).

This thesis focuses on the idehtificatiori and analysis of a member of the protein
tyrosine phosphatase (PTP) family of enzymes. The PTPs comprise a growing family of
proteins, demonstrating a complexity of structure comparablie to that of tiie PTK family
(Charbonn_eau anleonkis, 1992; Hunter, 1989; Pot and Dixon, i992). Both groups of

'pioteins are ‘important elements within eui(aryotic Vcellisignal transduction pathways
(Cantley et al., 1991; Ullrich and Schlessinger, 1990). The diversity of structure and the
differential patterns of tissue specific expiession suggest the possibility of vmultiple
interactions taking place between these two groups of proteins during cell proliferation,
differentiation, and metabolism. In reversing tyrosine phosphorylation, PTPs potentially
regulate such impértant brocesses as the ligand-induced phosphorylation of PTK gréwth
factor receptors and their substrdtes (Ullrich and Schlessinger, 1990)3, thei :

phosphotyrosine-mediated biriding of Src homology 2 (SH2) domla'in-coritaining proteins

to tyrosine-phosphorylated substrates (Koch et al., 1991), and the activatic_m state of Src
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family PTKs (Hunter,> 1987; Cantley et al., 1 9915. The amino acid sequence of PTP1B,
.the first member of this enzyme class to be idéntified, was determined by Charbonneau et
- al. in 1989. Following publi'cation of the amino acid sequence of .PTP1B and the
demonstration of its rélationéhip to CD45 (Charbonneau ¢t al., 1988; Tonks et al., 1988),
we set out to identify additional PTP family members By ‘low-stringency’ cDNA library- |
séreening. This method resultéd i.n the isolation and sequencing of a cDNA encoding
LRP (leukocyte common antigeﬁ-rglated protein_l phdsphatase) (Jirik et al., 1990), a
. receptor-like PTP subsequently renameq PTPa.. |

Although I contributed to thé molecu’lar cloning and DNA sequencing of this
enzyme, this thesis focuses on an »analylsi.s of PTPo. both in terms of the developrﬁent of
methods to express and characterize enzyme activity, and in the determination of the .role
of PTPa in cell physiology. These studies required the use of bacterial expression
systems to obtain sufficient quantities of protein to facilitafe ‘analysis' of enzyfne activity
and necessitated the develépment of assays to measure PTP activity. Experimentsy with

recombinant enzymes were initiated to address questions concerning the substrate

specificity of PTPs and to study PTPo. structure-function.

To investigate PTPo. function, both normal and mutant forms of PTPo. were
overexpressed in mammaliaﬁ cells. These studies, in conjunction with an analysis of
recombinan_t'enzyme substrate specificity in Qitro, held th.e promise of identifyiﬁg the
physiological substrates of PTPo.. Interestingly, we found that P_'fPoc dephosplllorylated‘
and activated épeé_ific Src family kinases. The activation of these kinases resulted in an

_increase in their assoCia.tion with and phosphorylation of specific Src kinase substrates.
Furthermore, cells ovérexpressing PTPo displayed an increase in cell-substratum
adhesion, suggestiﬁg a role for PTPa and Src kinases in the regulation of cell adhe‘z\si(é)n.

~Finally, studies aimed at elucidating the nature of the inté}action betWeen PTPo
and Src family kinaseé led to the identification of a proliné-rich Src homology .3 (SH3)

domain-binding site in the juxtamembrane region of PTPa. Characterization of the
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binding speci‘ficity of this sequence, and the identification of similar sequences in various
retroviral oncogenes and cytokine receptors, suggested a function for these sequences in
the recruitment of substrates and/or the assembly. of signal transduction complexes

mediated by SH3 domain associations.

i

Kt




'1.2. General Signal Transduction.

The conversion of informatioﬁ arriving at the cel}-'surfaceéinto specific messages
B in the cytoplasm' jnvolves a diverse array of membrane-linked r'ecept;)rs. Ce]l-surface‘
receptors specific for myriad growth facfors, _c-ytokines and adhesién molecules, have
evolved to regulate the growth, proliferation, differentiation, ar_ld death of cells during the -
~complex course of developmeﬁt (Bishop, 1991; Ullrich and Schlessinger, 1990; Cantley
et al.; 1991). In the immune systern, T and B cells generate receptors able to recognize the
vast number of potential antigens encountéred during host immune responses to potential
 pathogens (Gold and Matsuuchi, 1995).

The signal transduction pathwaiys emanating frofn these receptors frequently
involves a comfndp group of molecules, the PTKs. The evolution.j of PTKs is thought to
~ have coincided with the developqlent of multicellulérity in that all of the identifi¢d PTKs,
excludiﬁg PTKSs identified in Dié.tyostelium,v are derived from metazoans (Hunter, 1987).
~ Thus, it is likely that this class of enzyme evolved to mediate éommunicétion.between '
cells of multicellular organisms. This concept is supported by the abéence of PTKs in
yeast and the apparent dichotomy between thé membrane ldcalization of PTKs and the
largely cytoplasmic protein sérine/threonine}kiriase family. a

" The level of tyrosiné phospflorylation of specific proteins represeﬁts the balanced

: -éctiVities of both PTKs and PTPs. The existeﬁce of PTPs was inferred over 10 years ago

: _‘by the observedlslow time—dependent'releasg of phosphate from epidermal growth factor

: (EGF) stimulated A431 cell-membrane 'preparétions (Ushiro et al.,. 1980). Additionally., |

the finding that inhibitors of PTP activity were able to induce cell transformation pointed
to a crucial role for PTPs in the regulation of cell proliferation (Karlund et al., 1985).

As this thesis foc.u's\esv on the characterization of a member of the PTP family, this

discussion will emphasize signal transduction pathways involving tyrosine kinases, with

. the realization of the necessity for PTPs in the réguiation of PTK signal transduction.
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" This wiil include a- brief discussion of growth faétor_, antigen, and Cytokine 'rééeptor
sighaling, as these signal transduction pathways pertain to potential PTPo/EGF receptor
(EGF-R) interactions dis;éussed in chaptér 3. Moreover, both antigen and cytbkine :
receptor signaling are of relevance to models of Src kinase regulatibn énd putative SH3
‘domain/cytokine receptor associations suggesteld in chapter 4. Additionally, due to the

- effects of PTPo. expression on Src kinase actiVity and cell-substratum adhesion, a brief

overview of Src family kinases and integrin-dependent cell adhesion will follow.

1.3. Growth Factor, Cytokine, and Antigen Receptor Signal

Transduction. .

1.3.i. Receptor tyrosine kinases. The tyrosine kinase family includes at least two _bfoad
structural classés, the receptor and cyfoplasrhic PTKs. Receptor tyrosine kinases possess
an extracellular régio‘n which binds polypeptide ligands, a hydrophobic r_nembfane-
spanning segment, and a cytoplasmic kinase domain, which pflpsphorylatés specific
targetsj and is itself a target for ;autophosphbrylation' (Ullrich and S_chlessingér,' 1990;
Coopér, 1990). Cytoplasmic PTKs lack ‘transmemb.rane domains, but may instead be
tethered to cellular rﬁembranes via lipid anphors such as myristic .acid‘ or-a_ssociat-'ed‘\n'/ith
other proteins via specific protein inferaction. motifs (Péwson, 1995; Cantley et al., ,1’991).
Binding of polypeptide ligands to receptor tyrosine kinases inducejé receptor dimerization
or ol'igomerization’ and subsequent kinase activation (Ullr-ich and Schlessinger, 1990). In
the case of the _EGI‘*‘-R,' dimerization results from monomeric ligand-induced ‘
confo'rrﬁational changeé. Other ‘receptors, such as those for platelet-derived growth factpr
(PD_GF); colony-stimulating factd;—l (CSF-1), or gteel factor (SF), dimerize p}resumably |
as a consequence- of the bridgiﬂg of two or more receptors by bivalent ligands (Ullrich .
and Schlessinger,' 1990). Growth factor-induced actjvation re\sults in the tyrosine

phosphorylatiori‘ of specific sites within the kinase cytoplasmic domains as well as

N
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phosphorylation of exogenous substrates. Phosphor?lation sites within the 'recepto'_rs. are
found predominately in non-catalytic regions of the molecules, i.e. the C-terminal tail of
the EGF-R, or the kinase-insert regions of the PDGF- and CSF-1-like receptors. These
tyrosine-phosphorylated residues then act as docking sites'.for various signal transduction
molecules which associate with the activated receptors (Pawson and Gish, 199'2;‘ Pawson,
1995). | |

’ifhe discovery that SH2 domains found in many signal transduction molecules
bind specific phosphotyrosine-containing sequences in.the cytoplasmic domains of
autophosphorylated receptors has dramatically changed the way m which we view signal
transduction. The SH2 domain is a small protein module that fatcilitates the formation of
protein complcxes with tyrosine phosphorylated proteins (Pawson, 1995). chever; SH2
domains do not randomly bind phospho‘tyrosine containing proteins. Ilistead, the binding
specificity of individual SH2 domains is determined by the peptide sequence surrounding
a given phosphotyrosine residue. Studies conducted by Songyang et ali (1993) have
_shown that residues at the +1 to +3 C-terminal to the phosphotyrosine residue, in thc case
of Src-like .SHZS, or at the -t-l to +5 positioris for the phospholipase C-gamma 1 (PLCy1)
and SH2—containing protein tyrosine phosphatase-2 (SHP-2) SH2s, rilay be critical for. '
.SH2 domain binding specificity. Similarly, other modules such as SH3, pleckstrin
homology (PH), phosphotyrosine binding (PTB) and WW domains m.a'y as‘s'ociate with
other domain-specific ligands leading to the assembly of signal transduction piotein
complexes (Cohen et al., 1995; Pawson, 1995).

The f’DGF receptor has served as a prototype for studies of signaling by tyrosine
kinase receptors. Ligand-induced dimerization of the PDGF receptor results in the
tyrosine phosphorylation of a variety of sites in the Cytoplésmic domain (Escobedo et al., /
1991; Kashisshian et al., 1992; Ullrich and Schlessiriger, 1990; Cantley et al., 1991). This
phosphoryiation leads to the recruitment of Signaling proteins including Src family

* kinases, the GTPase activating protein (p120 ras-GAP), PLC-vl1, the regulatory subunit of



phosphatidylin(isitol-3-kinase (PI3K), and SHP-2 (Syp) (Fig. 1.1) (Pawson, 1995). Tile
activation or mobilization of these molecules to-the membrane elicits a variety .of.
responses within the cell including | changes in ion exchange or transport,
phosphéltidylinositol metabolism, glucose metabolism or transport, guanine nucleotidé
levels associated .With small G-proteins, andvboth tyrosine anci serine/threonine

phosphorylation.

,\Interferonlcy\!okino receptor

- | =CsH2 PDGFR

. e Response slement L
) - ——

- @—Yravor -
~C ®—g1ieLe

(From Pawson, 1995)

FIG. 1.1. Depiction of various receptor signal transduction complexes. The PDGF réceptor. and
" specific SHZ‘domain-containing mole;ules that associate with the autophosphorylated receptor are shown.
Receptors for antigen or cytokines, which are indirectly coupled to cytoplasmig tyfosine kinas:es, are also
illustrated. These receptors aiso induce both tyrosine phogphoiylation ami SH2-containing protein complex
assembly in response to ligand-binding. | |

-

1.3.2. Antigen and cytbkine receptors. In contrast to growth‘ factor receptors which
possess intrinsic tyrosine kinase activity, receptors for antigen (DeFranco, 1987; Bolen,
1991) and cytokineS' (Bazan, 1990; Taniguchi, 1995) are indirectly coupled to

s

cytoplasmic tyrosine kin_ases. These receptors are also usually composed of multiple

subunits. For example, the recognition of antigen by B cell reéeptors’, or major




histocompatibility compléx-associated antigen by T cells, involves receptor components
which are devoid of enzymatié activity. Instead, these receptors are linked to specific
molecules which fecruit tyrosine kinases and cqntain séquences which when tyrosine |
phosphorylate.d rﬁay associate witﬁ signaling molecules containing SH2 domains (Gold
and Matsuuchi, 1995). Thus, such receptors also initiate a ligdhd-dependent tyrosine
phosphorylation cascade that results in both the _régulatio'n of specific enzymes and
localization of signal transduction molecules to the membrane. Like the activat‘ionv_o.f
~ classical tyrosine kinase receptors, cytokine or antigen receptor ligation results in recyéptor
dimerization or oligomerization and activation of downstream enzymes such as PLC-y,
PI3K, tyrosine and serine/threonine kinases, and changes in ion-channel éondu’ctivity,
vmetabol:ism, and" gene trénscription. | |

The PTKs activéted by cytokine binding have until recently remained a rﬁystery.
Although the. activation of Src farhily kinases is a éommon theme in cytokine signal
- transduction (Bolen, 199.1; Taniguchi, 1995; Maher, 1993), th¢ ,jmportance of the Jak
family kinases was highlighted by complementation studies in mutant cell-lines defective
in interferon (IFN) signaling (Velazquez et al., 1992). These and other studies pointed to
Jak kineises as the receptor-associated kinases activated by cytokine binding (Ihle, 1995;
Ihle and Kerr, 1995}. Cytokiﬁe binding is thought to lead to receptor dirﬁeriiation or
oligomerization résulting in Jak kinase cross-phosphorylation and activation. Cytokine
receptors, composed of rﬁultiple receptor chains, may associate with more than éhe
member of the Jék family, leadihg to ligand-dependent hetérotypic aggregation of
specific Jak kinases. A similar mechanism of signal transduction is employed by T apd B
cell antigen reéebtors:. However, in these cases, receptor bindipg activates recéptor-
associated Src family kinases such as Fyn, Lck, Lyn, and/or Blk ;(Gold and Matsuuchi,-
1995). Src family kinases,are regulated differently than either receﬁtor_-tyrosine kinases or

Jak family kinases, which both appear to be activated soleiy by aggregation induced

‘autophosphorylation. The Src kinases are held in an inactive conformation by the
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associaﬁon of N-terminal domains With the tyrosine phqsphorylated C-terminus (Rousse1
et al'., 199 1‘; Lﬁi et al., 1993; Okada et al., 1993; Murphy et al., 1993 ; S_hperti-Furga;et, al.,
1993§ Erpel et al., 1995; Cobb and Parsons, 1993). Thus, the éqgivation of Src kinases
relies on éith‘er displacement of the N-terminal region from the C-términus by allosteric
effectors, or dephosphorylation of the C-terminus. This imphes a requirement fhr
pbnformational changes induced hy recepfor-ligand interactions and/or a requirement forv
- PTP activity in the regulation of Src kihases. The role of the protein tyrosihe phosphatase
- CD45 (to be'. discussed in greater (ietail below) in the activation of the Src kinases Lek
and Fyh‘ in hembpoeitic cells rhay represent a model by which Src hiriasés are activated
by PTPs in other_ circumstances (Koretzky et al., 1990; Mustelin and Altma'n,' 1990;
Justement et al., 1991).

1.4. Src Family Kinases. First identified as the transfc;rmingl ageht of Rous
sarcoma virus (Rous, 19.1 1), v-src and the cellular product of the c-src gene, form the
‘basis of our understanding of this class of tyrosine kinase. With the exception of ~60-80
residues af .thé N-terminus, Src kinases typically show significant sequence homology
over the rest of their 505-543 residue sequence (Cooper, 1990). This similarity includes
_the' presence.of SH2 and SH3 domains, two mhduiar domains first identified as regions of
homolhgy in Src family kinases, and a C-terminal tyrosine kinase domain (SH1)
- (Sadowski et al., 1986). Thes.e kinases are also typically modified by myristoylation .
which fécilitates membrane localization (Shulz et al., 1985; Mérchildon et al., 19843. To
date, nine Src fahnily kinases have been identified, including cellut‘i'ar homologues for the
- virally-encoded oncogenes detected in the genomes of avian sarchma ‘Virus (v;yés)
(kitamura et al., 1982) and Gardner-Rasheed feline sarcoma virus (v-fgr) (discussed in
éhapter 4) (Naharro et al., 1984). Sré farhily members suhh as Lck, Lyn’, BIk, Hck,’ and

Fgr display restricted tissue distribution, while others such as Src, Fyn and Yes are

widely expressed (Cooper, 1990). Although many if not all of these kinases likely possess




the capacity to transform fibroblast cell lines when mutated and overexpressed (Bishop,
1987; Marth et al.; 1988; Amrein and‘Sefton, 1988),'determini;1g the normal cellular

function of these enzymes has been elusive.

1.4.1. Regulation of Src kinases. Clues to’ the nafure of‘ Src kinase regulation were
appérent from examipétioh of the differences between the sequences of virally-encoded,
transforming versions of Src kinases, and their normal cellular counterparts.. Indeed,
overexpression of Src kinases does not result in cell traﬁsformatien- (Iba et al., 1984;'
Shalloway et al., 1984). Instead, transformation by these kinases requires the presence of
mutations leading to kinase activation (Sefton et al., 1980; Tanaka and Fujita, 1986;
Shalloway et al., 1984; Iba et al., 1984). For example, trahsfo;ming versions of Fyn
isolated by passaging Fyn-expressing retroviruses through tissue cultﬁre'cells all
contained C-‘terminal mutations (Kawakami et al., -1988). These mutants, and others
isolated from various naturally occurring retroviruses, all contained mutations in residues
corresponding to fyrosine—527 (Y527); Indeeci, S‘rc Y527F mutants and the eorrespo‘ndihg |
mutation iﬁtroduced into Lck and Hck allow these kinases to transform cells (Amrein and
Sefton, 1988; Ziegler et al., 1989). | |

These and other studies, showing Src activation by PTPs present in cell lysates‘

. (Courtneidge, 1985; Cooper and King, 1986), suggest thaf Src kinases are regulated by

the phosphorylation status of Y527 (Cooper et al., 1986) or its equjvalentAresidue in other
Src fain‘ily members. Moreover, phosphepeptides'based on the C-terminal Y527 sequence
of Src are able to bind the Src SH2 derﬁain, suggesting that the SH2 domain of Src
contributes to the repression of activity'through its a‘ssociati(‘)niwith fhe C-terminus

(discussed in chapter 3) (Roussel et al{, 1991; Sieh et al., 1993). This conclusion is
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KINASE .
DOMAIN -

C-SRC

Cantley et al., 1991

FIG. 1.2 Model of Src family kinase structure. Src kinases are thought to be held in an
enzymatically inactive conformation by the association of N-terminal SH2 and SH3 domains with the -

tyrosine phosphorylated C-terminus.

supported by studies shoWihg‘thaf a Sro-specific mAb that inhibits eniyme -activity
rocognizes an epitope o‘omposed, of residues derived from both the N- and C-tormious
(McCar’ley. et al., 1987). Additionally, studies of Src regulation. in yeast have
demonstrated a-requirement for both the SH2 and SH3 domains of Src for repression of
kinase activity (Fig. 1.1) (Murphy et al., 1993; Superti—Furga et al,, 1993; Erpel et al.,
1995). |

* The maintenance of Stc in the tyrosine phosphoryloted, _enzymatically—repfessed
state, requ'ires‘the' acti&ity of tho tyrosine kinase Csk (Okada et al.,, 1991; Nada et al,,
1993; Murphy et al., 1993; Superti-Furga et al., 1993). This kinase shows.'relaiti:Vélyv__vstrict
substrate specificity for Src kinases and its ovorexpression in q}élls transformed by a
combination of v-crk and Src overexpréssion results in reversion of transformation (éébe
et al., 1992). Studies of Csk-deficiont oells derived frofn Csk knockout mice have also
clearly established a role of Csk in negative regulation of Src kinase activity (Imam_ofo
ond Soriano, 1993; Nada et al., 1993; Thomas et al., 1995). Dereguiation of Src kinases
can haVe serious consequenoés' as homozygous mutant .e'mb'ryos deriveo ffom Csk -/-
mice die at.~ day 9.5'_énd display gross ‘deve‘lopr‘n‘eotal defects a\md inefficientA blood

circulation. Cell lines derived from these embryos contain constitutively activated Src

51\
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kinases and elevated levels o‘f overall cellular 'tyrosine-phosphorylation (Imamoto and
Soriano, 1993; Nada et al., 1"'9‘93). One striking'consequence of Src kinase activation due
to the loss of Csk is the disruption of focal adhesions and the increased tyrosine
phosphorylation of proteins such as paxillin, FAK, tensin, cortactin, ahd the c‘adherin
-adhesion protein, p120 (Thomas et al'., 1995). These cell lines Were also used to identify
the regions of Csk required for localization to focal adhesions (Howell and Cooper,
1994). Intriguingly, mobilization of Csk to focal adhesionsﬂ required both the SH2 and
SH3 domains of _Csk‘ and the kinase activity of Sre. Furthermore, Kapian et al.-(1994)
demonstrated that mobilization of Src kinase to focal adhesions was dependent on the
phosphorylation state of Y527. Together, these results suggest a model of Src kinase
‘activation where dephosphorylation of Src kinases b}; specific PTPs leads to Src kinase-
focal adhesion localization. Stc may then recruit Csk to these sites by way of a kmase—

dependent mechanism dependmg on both the SH2 and SH3 domams of Csk.

1.4.2. Sr:c Jamily kinase Sfunction. Support for the role of Src kinases in the,regulation of
integrin¥dependent cell adhesion has also come from studies of v-sre substrates (SchWartz _
et al., .1995). These include focal adhesion ‘proteins such as oaxillin, FAK tensin,
cortactin, the actin-filament-associated protein (ASAP),V and the cadherin adhesion
proteins p120 and B-catenin (Clark and Brugge,-1995; Thomas et al., 1995). As discusse.d‘
above, a subset of these proteins are heavily tyrosine phosphorylated in Csk-/- cells
(Thomas et al 1995). Furthermore studies in which Csk -/- mice were crossed with Src-
/- or Fyn -/- mice have shown that substrates such as tensin and cortactm may be Src-
specific substrates, while others such as FAK and paxillin may be substrates for both Src
- and Fyn (Thornas etal,, 1995) However, the role of these substrates and the consequence
of their tyrosine phosphorylation by Src family kinases is not understood i

Studies of receptor tyrosine kinase signal transduction have also pomted to a role

- for Src, Yes and Fyn in PDGF, CSF-1 and EGF dependent signaling. Src kmases have
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been shown to associate with the PDGF and CSF-1 receptors by means- of an SH2-
phosphotyrosine-dependent interaction with receptor juxtamembrane regions (Kypta et
al., 1990; Mori et al., 1993; Courtnéidge et al., 1993). Although mutational studies of the
- receptor have been uninformative, other studies using micfoinjected inhibitory antibgdies,
or doininant negative vérsions of Src, have suggested a critical _gole for Src kinases in
both .PDGF- and EGF-induced DNA synthesis (Roche et ai., 1.995 : Barone énd
lCourtneidge, 1995). These studies demonstrated the necessity of S.trc kinases fof afull 18
hours of the cell-cycle, until cells are committed to S-phase; entry. Furthermore, these
kinases appear to be responsible for the PDGF- and EGF—dependent myc gene induction.
Indeed, the constitutive expressi‘on of Myc in célls in which Src kinases have been -
inactivated allows these cells to complete PDGF-dependent cell division (Barone and
Courtneidge, 1995). |
Studies of mice with Src kinases inactivéted by homé)logous recombination in
embryonic stem cells have identified specificl tissues in whicl} Src kinases'ha\\‘;e an
indispensable function. For example, .althoughr Src is widely-expsessed and likely plays
an important ‘role in grthh factor-dependent gene induction and ééll adhesion ‘(discussed'
below), deletion of the Src gene by gene targeting was not lethal. Instead, these mice
displayed specific defects in bone resorption, resulting in osteopetrosis (Soriano et al.,
1991; Low'e. et al.,v 1993). Thié phénotype is similar to that of op mouse in which CSF-1
'~expre§sion is lost (Yoshida et al., 1990). Both src-/- and op mice contain a défect in
~ osteoclast function, a subclass of. cells of heﬁopoeitic origin that résorb bone. Thus, it is
- likely that Src has a specific subétrate or function .in osteoclasts Whiéh cannot be
complémented by other. Src family members: The phenotypic similarity between op and
Src-/- mice may suggest an involvement 6f Src in CSF-1 receptor S}ignaling.. Other studies

‘ suggest a role for Src in mouse mammary tumor \)irus (MMTV) polyoma middle-T-

induced mammary tumors in transgenic mice (Guy et al., 1995). MMTV-middle-T-
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induced tumor frequency and seyerity was reduced in Src-/- mice. The .require‘ment of Src
for tumor inductiori was relatively'specific as tumors developed normally in Yes-/- mice.

The role of Stc kinases in the hematopoeitic system haS been clearly demons.trated
by gene ablation studies résulting in Lck-/-, Fyn-/-, and Hek-/-, Fgr—/- mutant mice. Loss
of Lck, a T and B cell expressed Src kinase, was asséciatéd with a dramatic reduction in
the number of fhymocytes (5% of normal) (Molina et al., 1992). Remainipg T-cells were
blocked in development at the double positive stage, suggesting the requirement for Lck
in thymocyte maturation. In contrast to the loss of Lck, gene ablation of the TCR-
' associated Fyn kiﬁase did not appéar to impact thymocytei development. Instead, mature

thymocyte pbpulations were impaired in their- calcium mobilization response and
proliferation indu’éed by either anti-CD3 or anti-Thy-1 crossvlinking (Stein et al>.', 1992;
Appleby et al., 1992). However, peripheral T-éells obtained from these mice were
relatively normal in terms of the above measured paramétc;rs . Theé‘e reéults are consistent
with those in which overe*pression of Fyn in thﬁnocytes led to enhanced calcium
mobilization; tyrosine phosphorylation, and IL-2 production in ‘response to TCR
stimulation (Cook et al., 1991). |
While the loss of either Src, Hck, or Fgr did nbt significantly impair immune
function, the loss of both Src and Hck or Hck and Fgr resuited in specifié immunological
defects. Lowell et al. (1996) found that mice containing homozygous deletio'ns- of both
Src and Hck contained defects in the bone marrow environment and two thirds of these
rﬁice died at birth. In contrast, mice lack.ing both Hck and Fgr were more susceptible to
Listeria monocytogenes infection (Lowell et al.,‘ 1994). Additional studies of Hck-/-, Fgr- |
/- mice have .d‘emonstrated a profound ‘defecf in tumor necf.osis factor (TNF)-induce"d B2-
“and [33'-integrif1—dependent neutrophil cell adhesion and associated resbiratory burst in
mutant animals (Lowell et al.,. 1996). These results suggest a role for Src kinases in-

‘integrin-dependent adhesion and provide evidence of the potential redundancy of Src

kinases initially inferred by studies of Src, Yes, and Fyn pertaining to growth factor
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receptor signaling..Experiments with mice deficient in both Src and Fyn er Src and Yes .
support the concept of Src kinase compensatory interactions (Sté:in et al.; 1994). Mice
lacking Src,- Fyn, or Yes possess minor phenotypic defects (as previously discussed),
however, miee conraining deficiencies in beth' Src end'Fyn, or Src_ and Yes, die
perinatally. In contrast, most mice lacking both Fyn and Yes*are viable but experience
degenerative renal glomerulosclerosis. |

Thus Src kinases, originally identified due to their role in tumor induction by.
various murine and avian oncogenic retroviruses, have proven fo be a functionally diverse
family of PTKs involved in the regulation'of cell growth"and differentiation. The
requirement for Src kinases in the immune sysier'n and during development likely relates
to their involvement in cell adhesion and growth factor, antigen,:;and cytokine receptor

signal transduction.

1.5. Cell Adhesion. The organization of cells into the three,idimensional tissues of ,
) organismé requires the coordinated interaction'qf neighboring cells and involves the
actions of specifie growth factors, cytokines, and adhesion molecules (Gurnbiner, 1996).
The regulated adhesion of cells for example, is required for immune cell funciion during B
leukocyte homing .and activation and for the growth and metastasis of tumor cells
(Springer, 1994). The adhesion molecules irivo_lVed in cell-cell and cell-extracellular
matrix (ECM) interactions provide the context in which cell_é respond to growth factor's‘,
cytokines, or antigens (Hynes, 1992). Adhesien molecules do not simply serve to link the
actin cytoskeleton with snecific extracellular ligands to form»a stz;t-ic site of attachment.,
but instead are highly dynamic, having the ability to transduce signals (Clark .and_Brugge,
1995; Miyamoto et al., 1995). The classes of adhesion molecules responsible for cell-cell .
and cell-ECM inter’actions include rnembers of the integrin, cadherin, immunoglobulin,

selectin, and proteoglyean éuperfamilies (Gumbiner, 1996).
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1.5.1. Integrin receptors and integri‘n-depgéndent signal tr_(znsduction. Integrin
receptors are heterodimeric receptors composed of o and B subunits (Hyhes, 1992; Clark
and Brugge, 1995; Schwartz et al., 1995). Multiple o and 3 chains combine to produce _
more than 20 different receptors specific for ECM components such as fibronectin,
laminin, collagen and vitronectin, soluble ligands such as fibrinogen,'or other cell surface _
receptors.' The attachment of cells to the ECM is largely the responsibility of integrins
and‘ is critical for tissue integrity. Cells may attach either to the interstitial matrix, which
is composed largely of collagen‘ or to the basement membrane of epithelia which is made’
up of collagen laminin, frbronectln proteoglycans and other molecules (Gumbiner
1996). In tissue culture 1ntegr1ns mediate the attachment of cells to the dish and are
localized to the points at which the cells contact the substratum (Burridge et al., 1988).
‘Within the cell, focal contacts are rich .in phosphotyrosine—containing proteins and
represent the sites at which mlcrofllament bundles termmate at the cell membrane Like
receptors for growth factors cytokines, and antrgen ligand bindmg to 1ntegr1ns 1nduce
receptor dimerization and clustering, whrch elrcrts a variety of cellular responses.
Although integrins contain cytoplasmic regions devoid of enzymatic activity, integrin
engagement by ligand results in tyrosine kinase activation (Ferrell and Martin, 1989 :
Golden et al., 1990; Guan et al., 1991; Guan and Shalloway, 1992 Schaller et al 1992)
The -cytoplasmic region of the 1ntegr1n receptor [ chain contains sequences required for
~ localization to focal adhesions and ligand-independent signal transduction (O'Toole et al.,
. 1991)..‘ The B chain also contains sequences required to connect integrins with actin
cytoskeletal proteins such as 0t-actinin (Otey et al.,A 1993). Clustering of integrin receptors

results in the formation of a multi-protein complex mcluding such proteins as ot- ~actinin,

vinculin, talin, pax1llm tensin, Src and FAK (Fig. 1.3) (Clark and Brugge 1995)
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FIG. 1.3. Model of an integrin-ECM adhesion complex. The integrin family of adhesion receptors
are composed of a heterodimeric combination of specific o and f chains. These chains form a link between
extracellular matrix (ECM) ligands such as fibronectin and the cytoskeleton, leading to the formation of
focal adhesions at sites of cell-ECM contact. The integrin receptor f§ chain is associated with cytosolic
proteins such as o-actinin and talin which are linked to the actin cytoskeleton.. Other focal adhesion

molecules include paxillin and FAK (not shown).

The formation of these complexes is believed to be important for stabilizing cell adhesion
and regulating cell-shape, morphology, migration, and providing the context in which
cells may respond to other signals (Gumbiner, 1996).

Tyrosine phosphorylation appears to be critical to integrin-dependent focal
adhesion formation, as inhibitors of tyrosine kinases block focal adhesion formation
(Burridge et al., 1992). Serine/threonine kinases such as PKC and Map kinases are also

activated by cell-substratum adhesion (Vuori and Ruoslahti, 1993; Nakamura and

Nishizuka, 1994; Chen et al., 1994; Schlaepfer et al., 1994). Indeed, many responses
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'observed. after growth factor stimulation, such as calcium mobilization, phospholipid
‘metabolism, changes .in pH, and gene induction, are also observed following integrin
orosslinking (Clark and Bruggo, 1995; Miyamoto et al., i995). The tyrosine kinase
cascade initiated by integrih-ligand association involves multii)le protein tyrosine kinases
(Guan and Shalloway, 1992: Schaller et al., 1992; Clark and Bruége, 1993). HosveVer, a
centrél role for the tyrosine kinase FAK has been suggested byé‘;studies showing FAK
actiyation following integrin engagement (G_uan and Shalloway, 1992; Schaller et al.,
| 1992; Shattil et al., 1994; Kornberg et al., 1992). This_kinase contains a C—termioal focal
adhesion targeting (FAT) soquence that is necessary and sufficient for targeting FAK to
focal adhesions as well as sequences involved iny the association ‘of FAK with paxillin
(Fig. 1.4) (Hildebrand et al., 1993; Hildebrand et al., 1995). InAaddition, this kinase
contains N-terminal sequences which bind to the cytoplasmic region of the Bl-integrin
receptor (Otey et'. al., 1994). FAK appears to be a Src kinase sobstrate and is directly
associated with Src via Src SH2 domain-binding to tyrosine phosphorylated Y397 within
the N-terminal domain of FAK (Guan and Shalloway, 1992; Schaller et al., 1994; Cobb et
al., 1994). The binding of the Sfc kinase SH2 domain to FAK correlates With both FAK
activation and tyrosine phosphorylation at.a site which binds the Grb2 SH2 domain
(Schlaepfer et al. 1994). Thus, activation of Src at focal adhesions may rosult in FAK
activation and tyrosine phosphorylation, with corresponding Grb2-SOS dependont Ras -
.activation. FAK is also able to associate with paxillin, a FAK and v-src substrate
" localized to focal adhesions (Van de Vijver e.t al., 1991; Turner et al., 1990; Schaller and
Parsons, 1995b; Schaller and Parsons, 1995a). Tyrosine-phosphorylated paxillin has been
shown to associate with the SHZ domains of both Csk and Crk (Schaller and Parsons,
1995a; Sabe et al., 1994; Birge et al., 1993). The éssociotiOH og these molecules with
paxillin may act to either potentiate or inhibit the activity of Src by controlling the

accessibility of Csk to Src (discussed in chapter 3) (Sabe et al., 1994; Sabe et al., 1992;

Sabe et al., 1995).
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(From Clark and Brugge, 1993) Ras ?

FIG. 1.4. The focal adhesion localized protein tyrosine kinase FAK. Shown are some of the
proteins known to associate with FAK. The N-terminal region of FAK is thought to associate with the
cytoplasmic tail of the integrin § chain. Sites of tyrosine phosphorylation at Y397, which binds Src kinase
SH2 domains, and Y925, which associates with the édapter protein Grb2 are illustrated. FAK association

with paxillin is also depicted.

Both FAK and paxillin are heavily tyrosine phosphorylated in v-src transformed
cells (Guan and Shalloway, 1992; Glenney and Zokas, 1989). The fact that these cells
grow in an anchorage-independent fashion has led to investigations of the role of FAK in
this process. Chick embryo fibroblasts (CEF) which contain a temperature sensitive src

allele (ts LA29) are transformed when grown at 35°C, but revert to a non-transformed

phenotype when grown at 41°C (Fincham and Frame, 1995). Examination of FAK
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' regulation'in these cellé demonstrated that although FAK'béca,me heavily tyrosine
phosphorylated at the permissive'temperature, the protein was s;,ybsequently degraded.
Thus, the degradation of FAK may reconcile the appareht tyrosine phosphorylation of
'FAK with v-src induced anéhorage—independent growth. Other studies have shown that
FAK may be involved more in the turnover of focal adhesions than in their ECM-
dependent formation. This conclusion is supported by studies of cell lines derived from
FAK-/- mice. Cells from fhese an'iméls showed an impéired ability to migrafe but:
contained an increased rathef than decreased mimber of focal adhesions (llic et al., 1995). »
Studies of FRNKs (FAK related non-kinase), altematively splicéd versions of FAK in
which only the C-terminal non-kinase and FAT region .Of the molecule are expressed
(Schaller et al., 1993), hayg pointed té a role for the N-terminal :{egio'n_ of FAK m cell-

5

. spreading on ECM (Richardson and Parsons, 1996).

'1.5.2. " Regulation of integrin binding. Affinity modulation is a process whereby the
affinity of a specific integriﬁ for ligand is controlled ~by éignals received within the cell
and transmitted to the receptor cytoplasmic fegions (Diamond and Spriﬁger,_ 1994;
Springer, 1995). Integrin receptors do not simply bind ligand when it is presented fo
them, but rather require signals making tﬁem competent to bind. Thus, while receptors for
growth factors such as EGF may be desensitized by phosphorylation by seriné/threonine
kinases such as PKC,‘ targeted for degradaﬁon, or in'ternalized, their regulation{doé:s not
seem to lbe as str%ét as that of .integrin receptors. Affinity?; modulation requires
éonforrhational changes in the integrin extracellular domain in response to activation
(Springer, 1995). Recent evidence suggests that the cytoplasmic domain of the o chain of
the integrin receptor prevents the B chain from localizing to focal adhesions (O'Toole et
al., 1991). Indeed, removal of the o chain éyfoplasmic domain leads‘to constitutive focal

~ adhesion localization and ligand binding competency (Briesewitz et al., 1993; Ylanne et

al., 1993). This has led to the hypothcsis that specific cytoplasmic tail-binding proteins
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may regulate affinity. However, it is unclear whether known integrin-binding proteins
such as talin, paxillin, o-actinin, or FAK are the tail-binding proteins responsible. Signals
such as those from TNF, thrombin, lysophosphatidic acid, neuropeptides such as
bombesin, vasopressin and endothelin, and various chemokinesl are known to confer
integrin receptors with the ability to bind ligand (Clark and Brugge, 1995; Springer,
1995). Perhaps the best example of regulated integrin binding is observed with leukocyte
adhesion to endothelium. In the three step model of leukocyte adhesion, selectin family
members bind to specific leukocyte mucins, allowing cell-rolling on inflamed

endothelium (Fig. 1.5) (Springer, 1994).

Leukocyte
3. Arrest and Adhesion
Blood Strengthening
4. Transendothelial
Endothelium migration
Basement
membrane
Tissue
FIG. 1.5. Model of adhesion receptor interactions involved in the stable association of leukocytes

with the endothelium. Leukocytes are thought to tether and roll on inflamed endothelium by means of
selectin family receptor interactions with specific endothelial cell molecules. Signals from various
chemokines to the leukocyte then initiate firm adhesion to the endothelium. Specific integrin-ligand

interactions are then thought to mediate cell-migration into inflammatory sites (from Springer, 1994).
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| At this stage,b although -integrins such as LFA-1, Mae—;l, or> VL.A-4 may be present

on the leukocytecell surface; their ‘abili‘ty to mediate strong. binding. to endotheliurn
proteins such as IdAM—l, -2,. or -3, is impaired (Springer, 1_995). Signals received by
rolling leukocytes in the form of .sp‘ecific ehemokines indnce stron’g‘ integrin—dependent'
cell adhesion. However, t_lie underlying meclianism of action of these _factors on integrin
‘, affinity' is unclear. A role for Src kinases (as mentioned earlier) in affinity modulation
- was 1mp11ed by results demonstrating that neutrophils derived from Fgr—/ /Hck /- mice are
~ defective in both B-2 and B- 3 dependent cell- spreadmg on ECM (Lowell et al., 1996).
. ‘Additlonally, 1n mice that lack the B-2 integrin receptor, normal activation of Fgr is lost
1n response to TNF- dependent neutrophil cell-adhesion (Berton et al., 1.994) '
" Furthermore, thrombin activation of platelets is followed by the mobillzation of Src from
-a detergent-soluble fraction-to a detergent-insoluble fraction rich in cytoskeletal proteins |
(Clark and Brugge, 1993). Tl'liS mobilization is dependent on the integrin olbp3, as-
platelets obtained from Glanzmann's thrombasthenia patients in Wthh this integrin is
defective fail to mobilize Src' kinases to. this fraction Thus thrombin dependent
activation of Src, which occurs normally in patient platelets, precedes integrin-dependent
aggregation, and may play a role in normal platelet integrin-cytoskeletal localization and

affinity modulation.
1.6. Protein Tyrosine Phosphatases. |

The amino acid seq.uence of the first PTP was obtained by the purification and
partial microseqUenCing of PTP1B in 1989 (Chaibonneau et al., 1989). Surprisingly,
although serine/threonine phosphatases such as PP2A and PP2B posseSS weak actiyity
towards phosphotyrosine, the sequence of PTP1B bore no_similarity to these enzymes,
Thus, whereas serine/thteonine and tyrosine kinases are relatedxxaneestr'ally, the ‘PTPs .

show no-relationship with serine/threonine phosphatases (Charbonneau and Tonks, 1992). '
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“Another surprise arising from the sequence of PTP1B, was its simiiarity 'to tandemly
repeated ~250 residue regions within the cytoplasmic domain of CD45 (Charbonneau et :
1988).4 The demonstration that CD45 was in fact a PTP followed rai)idly (Tonks et al.,
'1988) Th1s finding, together with the 1solat10n of LAR, a receptor-like PTP isolated by’ |
low- stringency screening of a cDNA library with a probe correspondmg to CD45 (Streuli
et al., 1988), suggested that there might be a large family of PTPs. Furthermore, the
extracellular region of LAR was composed of both fibronectin type-III repeats and Ig
domairis reminiscent of the molecules NCAM and fasciclin II which are capable of
homophilic interactions (Edelman and "C'rossin,‘ 1991). This | suggested that the
extracellular domains of PTPs such as LAR might participate in contact inhibition of cell
growth following’ ho'mephilic engagement of extracellular domains of LAR on opposing |
cells. The identification of receptqr-like‘ PTP-s- sueh as CD45 and LAR suggested the
_possibility of h_ighly regulated PTP involvemeni in signal transduetiori regulation and was
the impetus for the isolation of additic;rial fariiily members by both PCR and low

stringency library-screening techniques.

- 1.6.1. Structural diversity of PTP-family members. To- date more than 40 PTPs have
been identifjgd'ffom orgdnisms sueh as yeast, insects, nematodes, the proto-’cherdate

Styela plicata, bacteria of the genus Yersifiia, v'accinia virus, and _maimmals (Chafbonneauv |
and Tonks, 1992). Interestingly, the existence of PTPs in yeast may suggest that this
faniily predates the PTKSs, which hav.e: iiot been identified in yeast. This observation may -
relate to the requirement of dual specificity PTPs, whieh dephosphorylate serine,
threonine and fyrosiiie residues, in the regulati(')ri of dual speeifi'city kin'cise substretes
such as cdc2. The similarity among PTPs is often restricted to an aﬁpr_oximatel;j 240
'residue sequence containing the protein phosphatase 'catzilyti’c deiilain wifhin which lies

' the catalytic centre reactive cysteine residue (discussed below). Otherwise, ,membefs of

this family exhibit highly divergent structures.
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The recepfof—like P.TPs- contain dissimilar extracellular domains and tandem
" cytoplasmic PTP domains (discussed in chapter 3). The extraceilular region of CD45 is
alternatively spliced., leading to the expressioﬁ of at least six separate isoforms-(Powrie
- and Mason, 1988; Sanders et al., 1988). Adding to this complgxity, CD45 is heavily |
- glycosylated at sites which vary according to extracellular domain exon usage (Thomas |
and Lefrancois, 1988). In contrast, PTPs such as LAR, PTP, PTPJ, PTPx, andl PTPu
have extraceliular domain containiﬁg Ig doméins and/or fibronectin type IIi motifs
suggesting a role in adhesion (Mourey and Dixon, 1994; Brady—Kalnay and Tonks, 1995).
The homophilic adhesion bf these extracellular domains, initially anticipatedA from the
structure of LAR, has recentiy been observed for both PTPx and PTPu (Brady-Kalnay et
all.,\ 1993; Gebbink et al., 1993; Sap et al., 1994). However, the regulation’ of cell-
sign'aling by a homophilic interaction of PTP extracellular domains alone may be_too
simplistic. There is now evidence that PTPy is able to associate with qadhefins (adhzsion
receptors involve.d in cell-cell aﬂhes_ion)- which themselves are éapable of homophilic

adhesion (Brady-Kalnay et al., 1995).
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FIG. 1.6. Protein tyrosine phosphatase family diversity. PTPs may be either transmembrane

receptor-like enzymes such as CD45 and PTPa, or cytosolic, like the SH2 domain-containing SHP-1.
Receptor-like enzymes may contain large extracellular domains composed of fibronectin type III and Ig
domains reminiscent of adhesion molecules. The extracellular domains of other PTPs, such as CD45 and
PTPa, may be modified by alternative splicing. All receptor-like PTPs, with the exception of PTPB-like
enzymes, possess (wo cytoplasmic PTP domains. The PTPs YOP51, VH1, and YPTP1 correspond to

enzymes isolated from Yersinia, vaccinia virus, and yeast respectively.

The homophilic adhesion of specific cadherins is known to be disrupted by tyrosine

phosphorylation, thus PTPs such as PTPp may regulate cell-cell adhesion by determining
the phosphorylation status bf cadherin-cytoskeletal complexes (Brady-Kalnay et al.,
1995). Other examples of PTPs involved in cell adhesion include PTPZ, which is highly
expressed on glial cells in both the peripheral and central nervous system and associates

with NCAM, contactin, and NgCAM (Peles et al., 1995; Brady-Kalnay and Tonks, 1995).

Moreover, expression of the Drosophila PTPs DLAR, DPTP10D, and DPTP99A
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predominates in the central nervous systems at a time correspondfng to neural outgrowth
and pathfinding, suggesting a role for these PTPs in neuronal development (Tian et al.,
1991). o o

PTPs such as PTPa and PTPe differ from the aforementioned receptor-like PTPs '
in that they pos_éess relatively short extracellular domains lacking recognizable structural
motifs (Jirik et al., 1990i Matthews et al., 1990; Krueger et al., 1990; Sap et al., 1990).

The extracellular region of PTPa is modified by both alternative spli‘cing and N- and O-
linked glycosylation (Daum et al., 1994). However, unlike PTPs such as LAR and PTPu,
the extracellular regions of PTPo and PTPe do not suggest a specific function.

Other' members of the PTP family are cytosolic and contain structural motifs that

may lead to their localization to specific cellular compartments and/or regulate PTP

“activity. These motifs include SH2 domains in the PTPs S‘HPfl (also designated PTP1C,

HCP, and SHP) and SHP-2 (valso referred to as PTP2C, Syp, PTP1D), regions similar to -

.ezrin and band 4.1 in PTPs PTPH1 and GEG-01, and hydrophobic segments in the C- -

termini of T-cell PTP and PTP1B. PEST sequences, associated with rapidly degraded
molecules, are found in the PTPs PEP and PTP-PEST (reviewed in Charbonneau and

Tonks, 1992).

More distantly related to the receptor-like and the above mentioned cytosolic -

PTPs are the dual specificity PTPs such as cdc25; VHI, aqg_CLIOO, which can

dephosphorylate serine, threonine and tyrosine residues. This class of PTP may be

involved in the regulaticn of kinases such as cdc2 and MAPﬁlike kinases which are‘
phosphorylated by dual specificity kinases at neighboring serine/threonine and tyrosine
residues. Interestihgly, overexpression of specific cdc25 isoforms in mouse fibroblast
induces cell transformation, pointingl to a growth-promoti’_ng activity for these "enzymes

(Galaktionov et al., 1995). In contrast, immediate early response genes such as the PTP

CL100 may be involved in the inactivation of MAP-like kinases (Alessi et al., 1993).
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Thus, within this sub-family of dual specificity PTPs there exists both growth promoting

and growth inhibitory enzymes.

1.6.2. PTPs as anti-oncogenes. It was predicted that PTPs would represent a class of
proteins able to counteract the actions of tyro.sinekinases. It was hypothesized that
specific PTPs might represent tumor-suppressor genes, which when disrupted by
chromosomal aberrations or other mutations, would be associated With diseases such as
- cancer. Thus, the sequence determination of additional PTPs allowed the identification of
the chromosomal localization of PTP genes. To date the only-correlation snpporting this
hypothesis is the apparent loss of one allele of the PTPy gene in 5 of 10 lung carcinomas,
and 3 of 5 renalcarcinornas (LaForgia et al., 1991). However, subsequent experiments.
- have found that although one allele of the PTPy gene was lost in the majority of renal
carcinornas, no mutations were detected in the other P’l‘Py allele (Druck et al., 1995).
Other observations, such as the suppression of Neu-induced 3T3 cell transformation by
PTPIB (Brown-Shimer et al., 1992), or transformat_ion of NRK-1 cells by PTP inhibitors
(Klarlund, 1985) support the possibility of Select PTPs being able to antagoniie PTK-
induced transformation. We have determined the chromosomal localization of PTPa
tJirik et al.,\ 1992a), PTPP (Harder et al., 1992)land LAR (Jirik etﬁal.‘, l992b)'. Myc gene
amplifications on chromosome 1p32 are a common feature of small-cell lung carcinoma
(SCLC) cells. Interestingly, the LAR gene is also located on chromosome 1p32 and
appeared to be coamplified‘ with the L-myc gene in a SCLC cell line (Harder et al., 1995).
However, although LAR mRNA and protein was detected in this cell line, its role in the

growth of such tumor cell lines remains to be explored.

1.6.3. Structure/F uncl.‘ion. Within the approximately 240 Iresidue PTP catalytic domain

 lies the HCSAGVGR(S/T)G motif that defines members of the PTP family. Early studies

reported the requirement of thiol-reducing agents for preserving enzymatic activity
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(Tohks et al., 1988). This suggested the ihyolvément of a cysteine residué in catalytic _
function. The requirement for the conserved cysteine residue was "confirme.d by studieé
demonstrating the radioactive labeling of this residue using Cl4-jodoacetate, an_'
irreversible’ su]fhydryl-dire;ted i.nhibitor of PTP activity (Pot and Dixon, 1992). Other
studies showing that site-directed mutagenesis of this cysteine residue to serine or alanine ..
abolished enzyﬁlatic activity have confirmed the impoftance of _this residue in cafa_lytic
activity (Streuli et al., 1990). Intriguingly, ;1 PTP-like sequencé'identified as STYX (for
phosphoserine/threonine/tyroéine interaction domain) that was regently identified in the
E_ST-d.'atabase. is highly similar in Sequence to the PTP catalytic .domain but contains a
. glycine rather than cysteine residue in the catalytic centre. A glyciné-fo;cysteine
substitution within the catalytic_ddmain of STYX conferred catalytic activity to this
otherwise inactive protein (Wishart et al. 1995). This ‘fiﬂding éﬁggests that specific PTP-
like sequences may have a<PTP-indépeﬁdent function. Indeed, the STYX protein mayg

protect phosphorylated residues from dephosphorylation.

N . e PR T o NS AR? ERT T slow. - . ) i, .
. —p — + E-—§~ ~¢———  E-~S~=P—OH : - ESH + —g-p—0OH
. S——.— O- = OH. + SR e e T é— T L0 ‘. oo H(l)

ESH

From Pot and Dixon, 1992

FIG. 1.7. Reaction mechanism of phospho-substrate dephoéphorylation. ESH repiesents the
teduced cysteine residue in the PTP active site. The thiol anion form of this residue is thought to act as a

nucleophile in the attack of the phosphorylated substrate residue. Water attack of the thiol-phosphate

intermediate then releases the enzyme and Pj.
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Analys1s of the mechanrsm of PTP act1v1ty by Guan and Dixon (1991) and Pot )
| and Drxon (1992) have suggested that the nucleoph111c cysteme w1th1n the catalyt1c core

attacks the phosphate of phosphotyrosme contammg substrates releasrng the

‘dephosphorylated substrate and creatmg a thiol- phosphate enzyme 1ntermed1ate The’_,

reactlon is completed by water attack regeneratmg the active enzyme and releasmg L

inorganic phosphate (Fig. 1.7). -

1 6.4. CD45 Perhaps. the bestexample'of the function of a receptor-like"'PTP comes

from studies of the role of CD45 in lymphocyte actlvatron T and B cell receptor .

: recognltlon of antrgen results in the prol1ferat1on and/or d1fferent1at1on of T and B cells S

11nto cells capable of carrymg out spec1f1c immune functrons Alternatlvely, these cells o
' may undergo apoptosis- or become anerglc dependmg on the context w1th1n Wthh antigen .

is encountered (Gold and Matsuuchr 1995) Signal transduct1on 1n1t1ated by antrgen )
recognrtron 1nvolves specific accessory chams assocrated with the cell-surface receptorr
chains" and tyrosine kinase actrvatron (Sefton and Campbell 1991) As prevrously:
mentioned, Src kinases such as Lck and Fyn are cr1t1cal for srgnal transductron from the T
cell receptor. The necessrty of CD45 for productrve s1gnalmg from antigen receptors has
been demonstrated by stud1es of mutant T and B cells defrcrent in CD45 (ngel andl
Thomas, 1989 Koretzky et al 1990 Koretszky et al 1991 Weaver et al 1991

Kishihara et al., 1993) T cells lackmg CD45 possessed a drastlcally d1m1n1shed ab111ty to
prol1ferate in response to TCR stimulation. Moreover, the ability of TCR crosslmkmg to
mduce tyrosme phosphorylatron and Ca2+ mobilization was severely 1mpa1red in cells
lackmg CD45. However cell prohferatron in. response to IL 2 was unaffected. As
previously dlscussed the act1vat1on of Src kmases l1ke1y involves dephosphorylatron of ‘

‘ therr C-terminal tyrosme phosphorylatlon sites by specific PTPs. Experlments '

demonstratmg CD45. dephosphorylatron of Lck Y505 leading to kinase activation in

vztro, together with the increased tyrosme phosphorylat1on>of Lck'observed in CD45
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deficient T cellé, point to a role for CD45 in Lck activation following TCR stimulation. A
similar requirement for CD45 in membrane Ig—induced cell signaling was obser\;ed in -
CD45 negative B cells (Justement et al., 1991), suggesti'ng that g(_)th T and B cells may
require CD45 for receptor-specific.signal trahsduction. Other studies have illustrated |
CDA45-dependent activation of CD4-associated Lck and TCR-associated Fyn in T -cells |
(Biffen et’al., 1994). The activity of CD45 towards Lck and Fyn but not Src (Hurley et
al., 1993; Burns et al., 1‘994) appears to be relatively spécific, as expression of PTPo in a
. CD45 negative T cell lihe (BW5147) was unabié to fully restore eithel_” TCR-dependent
: tyroéine ‘phosphorylation or Lck and Fyn dephosphqrylation/activation (Jabali et al.
manuscript in préparation).
| CD45-deficiént mice have been produced to assess the importaﬂce of CD45 in the
immune system in vivo (Kishihara et al.,l 1993). These mice lacke(i' membrane expression
of CD45 on B cells and on the majority of T cell pdpulatio_ns. However, due to the design '
of the targetiﬁg construct, low lev.els of CD45 were expressed in mature thymoéytes and
peripheral T cell populations. Regardless, these mice displéyed a block in thymocyte
development at the CD4+ CD8% double positive stage and ‘contained dramatically
reduced numbers of 'péripheral T cells . While B cell development appeared normal in
these ‘animals, B cell proliferation in response to surface IgM crosslinking was
significantly impaired (Kishihafa et al., 1993). Moreover, while tyrosine phosphorylation
“of both Ig-alpha and PLC-y2 was normal in CD45-/- B cells, anti-Ig induced Ca2+
mobilization was strongly inhibited (Benatar et al., 1996). 4

~ CD45 may also have a role Ain integrin affinity modulation as a_ntibodies to
specific isoforms of CD45 induce LFA-1/ICAM-3-dependent homotypic thymocyté
adhesion (Bernard et al., 1994). Although this study .demohstrz.ited that thymocyte
adhesion was disrupted by inhibitors of oxidative phosphorylation, no ev‘idence wés'

provided that antibody-CD45 engagement resulted in Src kinase regulation. Intriguingly,

Arroyo et al. (1994) demonstrated that anti-CD45 antibodies inhibited ICAM-3
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dependent aggregation Qf T-cells. Moreover, anti-ICAM-3. and anti-LFA-1 induced
tyrésine phosphorylation was blockedlby preincubating. the cells with anti;CD45
antibodies. These studies suggesting a role for CD45 in integrin-dependent cell adhesion
mayv help to expiain the increased A431 cell-substratum adhesion observed in cells
overexpressing PTPo. (discussed in chapter 3).

Studies of chimeras of CD45 _con:taining the extrlac;ell'ular domain of the EGF
receptor and the cytoplasmic region of CDA45, demonstrated that CD45 may be
functionally active as é monomer. Transfection 6f the EGF—R-CD45 chimeric receptor
into CD45 negative T cells restored signaling. However, dinierization of the cytoplaémic
domains of CD45 by EGF eliminated CD45-dependent TCR'S\;gnaling (Desai et al.,
1993). The-se'results are intriguing as they suggest that PTPs, in coptrast fo PTKs, may be

inactivated by dimerization. They rhay also explain ceftain results obtained with anti-

CD45 anﬁbodies discussed above.
1.7. The Receptor-Like Protein Tyrosine Phosphatase, PTPo.

In contrast to PTPs such as CD45,' little information exists as to the function of

' PTPa. in cell physiology. However, the wide tissue distribution of this PTP suggests that
it may function in the regulation of a signal transduction pathway common to many cell

1

types.

1.7.1. PTPo Structure. PTPo. was isolated by screening a human HepG2 cell-line
cDNA library with a probe consisting of CD45 catalytic domain sequences (Jirik et al.,
1990). The isolation and sequencing of a full-length cDNA revealed a receptor-like PTP

containing a relatively short extracellular domain (123 residues), followed by a putative

_ transmembrane domain and tandem cytoplasmic regions homologous to PTPIB, CD45,
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and LAR, the three phosphatases for which sequence information existed at the time (Fig.

1.8).
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FIG. 1.8. The 793 residue sequence of human PTPo is shown. The extracellular domain, N-

terminal PTP domain (Domain-1) and C-terminal PTP domain (Domain-2) are indicated. Potential sites of
N-linked glycosylation are designated by a % symbol. Cysteine residues in each PTP domain are in bold.
Shading also illustrates the putative transmembrane region and two cy‘tosolié PTP domains. The A symbol

designates the PTPa tyrosine phosphorylation site that associates with the Grb2 SH2 domain.

Although PTPa has a putatiVetransmembrane domain and 'ext_racellular region,

neither its structure or its expression pattern gave clues as to its physiological function.

PTPo is expressed in a wide variety of tissues and cell lines (Jirik et al., 1990). F'igure 1.9
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shows PTPa immunoreactive protein in lysates derived from avian, murine and primate

cells.
s 5 g2 »
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FIG. 1.9. Immunoblot of PTPa detected in lysates derived from chicken (fibroblasts), human

(HepG2), mouse (NIH3T3), and monkey (COS) cells. The position of the 130-150 kDa PTPa protein is

indicated. Immunoblotting was performed with anti-PTPa-1 antisera (produced as outlined in chapter 6).

1.7.2. Function. Clues to the function of PTPo came from studies of Zheng et al. (1992)
who demonstrated that overexpression of PTPa in rat embryo fibroblasts resulted in cell
transformation and tumorigenesis. PTPo overexpressing cells were not contact-inhibited,
formed colonies in soft agar, and were highly tumorigenic when injected into nude mice.
Investigations into the mechanism of cell transformation revealed that Src kinase isolated
from transformed cells was dephosphorylated at both Y416 and Y527 correlating with a
3-6 fold activation of Src. The authors also demonstrated that recombinant PTPo was
able to dephosphorylate 32P labeled Src at Y527 in vitro. Moreover, MAP kinase was
constitutively activated and localized to the nucleus in PTPo-transformed cells and the
DNA-binding and transactivating ability of the transcription factor c-Jun was enhanced
(Zheng and Pallen, 1994). However, it remains to be determined whether these changes

were dependent on PTPo as opposed to being a secondary consequence of cell
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transformation. It should be noted that we (Pea‘cock' I, Har.der K., and Jirik, F.) and

. others (Schlessinger, J. personal communication) have tried to repeat these REF (or 3T3
for J.S.) transformation experiments without success. This may suggest that PTPo

transformation requires additional genetic alterations to induce transformation.

. PTPa may be involved in neuronal differentiation as de“n Hertog et al. (1993)
found that expression of PTPa. in P19 embryonal carcinoma cells biased their.retinoic
.acid induced differentiation towards cells resembling neurons.. Moreover, in support of a.
role of PTPa. in the regulation of Src kinase, these cells contained elevated levels of Src
kinase activity. PTPo. mRNA expression was also increased in both serum deprived
C1003 and dimethylsulfoxrde (DMSO) treated N1E-115 cells precedrng neuronal

differentiation (den Hertog et al., 1993)

1.7.3. PTPa isoforms and covalent modlﬁcatton Both alternat1ve splicing and post— ’
translational modification may result in. multiple PTPOL 1soforms Splicing variants
include a form of PTPo. with an exon.removed from the N-terminal catalytic domain
(Matthews et al., 1990) and a more commonly observed isoform containing an additional
9 residues in tlie extracellular domain (Daum et al., 1994). This latter isoform seems to be
coordinately expressed with the shorter form of PTPa (Daum et al., 1994; Harder, K. and
Jirik, F.'unpublished observations). Intriguingly, the 9 residue insert is rich in basic
residues and resembles furin-like protease recognition sites detected in other proteins
(Hosaka et al., 1991). Proteolysis of the extracellular domains at sequences rich-in
arginine and lysine residues has been ol)served in other' members, of the PTP family '
_ (Streuli et al., 1992; Jiang et al., 1993; Pulido et al., 1995). We llave evidence that the
extra 9-residue containing isoform of PTPa (isolated from a human fetal brain cDNA
library) may be subject to' proteolysis (Fig. 1.10). The functional relevance of this and

other PTP proteolysis is unclear, although in the case lof PTPs such as LAR, proteolysis . |

may allow receptor shreading in a cell density-dependent manner (Streuli et al., 1992).
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FIG. 1.10. PTPa is alternately spliced in the extracellular domain. (A) An alternately spliced form of

PTPa contains a 9-residue encoding exon in the extracellular juxtamcmbrane-région. This sequence is rich
in basic residues suggesting a site of proteolytic cleavage. (B) Lysate from control (Ctr) or PTPo
transfected cells was separated by SDS-PAGE, transferred to membrane and blotted with anti-PTPo
antisera (discussed in chapter 3). This antibody detects a 130-150 kDa immunoreactive species in
transfected cells. Note that in cells transfected with the alternatively spliced form of PTPa (PTPx
Alt./Splice) an additional immunoreactive species at ~70 kDa is apparent. A protein of this molecular
weight would be expected if PTPa was proteolytically cleaved within the 9-residue sequence in the

extracellular region.

PTPa is also modified by both serine and tyrosine phosphdrylation. However, the
functional relevance of serine phosphorylation of PTPa. is unclear. While den Hertog et
al. (1995) found that the activity of PTPa derived from TPA stimulated 293 or P19 cells
was increased 2-3 fold, this result could not be confirmed by Tracey et al. (1995). The

sites of serine phosphorylation have been mapped to serines 180, 204, and likely serine
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- 202, in the mem‘b’rane proximal region of PTPa (discussed in mcfre detail in chapter 4).
Tyrosine phosphorylation of PTPa appears to lead to the aséociaiion of PTPo with the

small adapter prbtein Grb2. Binding of Grb2 to PTPa is mediated primarily by the

' aésociation of the Grb2 SH2 domain with tyrosine phosphorylated PTPo. at Y789 (den
' Hcrtqg et al., 1994; Su et al., 1994). There is also ‘evidehvce thaf the C-terminal SH3
A,domain of Grb2 cdntﬁbutcs to the PTPa bindihg (den Hertog and Hunter, 1996). The
functional cénsequence of Grb2-PTPo. association is enigmatic, as PTPo-associated Grb2
is not associated with the guanine nucleotide exchange factor SOS, and thus is_unlikely to
be involved in Ras activation. The poséibility that Grb2 association with PTPo may
attenuate phosphatése ac-:tivity was sﬁggested by the finding thgt "[‘he C-terminal SH3

domain of Grb2 bound to sequences near the active site within the N-terminal PTPo.

phosphatase domain (den Hertog and Hunter, 1996).
1.8. Thesis Objectives.

- To develop the methods and reagents required to investigaté the function of PTPoL.

- To assess the substrate specificity of PTPs by expressing and purifying select
enzymes in bact‘eria.' This required the development of methods to express, purify,

" and assay these enzymes. ' o -

. To test the hypothesis that PTPs such as PTPo. may be able to antagonize'the‘ .
actions of growth factor receptor tyrosine kinases. These experiments required the ‘
expression of PTPa in A431 cells, a TGFo/EGF-R-dependent human epidermoid
carcinoma cell line. | |

- To identify the in vivo substrates of PTPa in A431 cells.

- To investigate the role of PTPa. in cell-substratum adhesion. .

- To investigate the structural requirements for the association of PTPa with Src

kinases.
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CHAPTER 2

Bacterial expression and enzymatic characterization of protein tyrosine

. phosphatases ocand 3 using Synthetic phosphopeptidés.
2.1. Summary

To explore PTP sub'strete specifieity the intracellular domains of PTPoc and PTPPB
were expressed in bacteria using a modificafion of the pET b_acterial expressioﬁ system,
or as Glutathione-S-Transferase (GST) fusioﬁ proteins, to facilitate analysis of enzyme
activity. Bacterially expressed PTPB was purified using epitope 'tagging' immunoaffinity

’- chromatography, and characferized with respect to kineﬁc profil%, substrate specificity, |
and potential modulators of enzyme activity. A chromogenie assay based on the
malachite green method was employed for the detection of inorgaﬁic phosphate released
from phosphopeptides by PTPa and PTPP. This assay, modified so as to improve its
sensitivity, was adapted to a 96-well micro‘,tite_r-plateformat, wl\;ich provided linear
detection of inorganic phosphate between 50 and 1000 pmol. To eXplore the subsfrate
preferences of PTP, Wegenerated. four 13-residue synfhetic vphosphotyrosine-containing_
peptides that cofresponded to sites of physielegical tyrosine phosphorylation. The -
| )substrate preference of PTPJ3 was in the order Src Y527> PDGFr Y740 > ERK1 Y204 >>
CSF-1-R Y708 with Km values ranging from 140 UM for Src Y527 to greater than 10 ‘.

mM for CSF-1-R Y708 with corresponding Kcat values ranging bétween 76 and 258 s1..

This variation in affinity was likely due to heterogeneity within the phosphopeptide
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L.

sequences, such as the presence of charged amino acids neighboring the phosphqtyrosiné
residues. PTPJ appeéred to favor phosphotyrosiné residues residing in the context of
uncharged amino acids. Enzymatic analysis of the intracellular domains of PTPa.
revealed PTP activity in both cytoplasmic domains. In c’ontras.t to PTPB,vPTPoc diSplayed

a Km in the pM rangé towards the CSF-1-R Y708 peptide, suggest_jng that although PTPS
| such as PTPP may possess so¥ne degree of substrate sf)ecificity deéérminéd by the context

of amiino acids surrounding a phosphotyrosine residue, other PTPs may not exhibit such

selectivity.
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A 22 Introduction

While PTPs show considerable heterogeneity within their non-catalytic domains -
(Charbonneau & Tonks, 1992; Pot & Di_xon, 1992), their catalyticf:domains shovr Striking
evolutionary conservation. With few exceptions'(Guvan et al., 1991a; Ishibashi et al.,
1992; Wo et al., 1992), PTPs isolated from yeast (Ottilie et al., 1991; Guan et al., 1991b;
Ota & Varshavsky, 1992), Styela plicata (Matthews et al., 1991), Drosnphil'a
melanogaster (Streuli et al., 1989; Hariharan et al., 1991; Tian et al., 1991; Yang et al.,
'1991), Caenorhabditis elegans (Matthews et 51,, 1991) and mammals (Fischer et al.,
‘1991), share highly characteristic stretches of amino -acids. Both intracellular and -
receptor-like PTPs have been identified. Most receptor-like PTPs, such as the leukocyte
common antigen (LCA or CD45), PTPq, and the leukocyte common antigen re‘latedi
protein (LAR), for example, possess two tandemly arranged catalytic' domains
(Charbonneau & Tonks,-1992; Pot & Dixon,-199.2). With the exc_:eption of PTPo (Wang
- & Pallen, 1991), the C-terminal domain of these PTPs appears to be catalytically inactive,
and may‘ function primarily to regulate the speciiicity or activity of the N-terminal PTP
domain (Strueli et al;, 1990; Wang & Pallen, 1991). Alternatii/ely, the C-terminal PTP
dornains may be catalytically active under as yet undefined conditions, or, like_the STYX
protein discussed in chapter 1, function in a PTP-independent manner (Wishart et al.
©1995).

Altheugh individual PTPs will likely be found to demonstrate seleetivity towards
particular phosphoprotein substrates in vivo, the potential role of tpe intracellular domain
in such selectivity is unknown. To address this problem, we investigated the potential of
| the intracellular PTP domains to snow'substrate specificity in vitro. We sel}ected the
. intracellular domains of PTPB and PTPo to study the catalytic activities of PTPs m vitro.

However, detailed analysis of phosphatase activity in terms of kinetic parameters and

modifiers of enzyme activity was restricted to PTPJ. Although PTPB belongs to the
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group of receptor-like PTPs, PTPJ3 (Kreuger et al,, l990),a PTP sp.ec‘ifically expresged in
mouse brain (Hendriks et al., 1995), and the put.ative Drosopﬁi'la PTPB homologue,
DPTP10D, are unique in that they possess only a single catalytic domain. DPTPIOD is
expreesed in the CNS of the developing Drosephila embryo where it has a potential role
in axonal outgrowth and guidance (Yang et al., 1991; Tian et al., 1991). 'l‘he human PTPJ
cDNA is predieted to encode a protein having al 599 residue extracellular domain a2l

residue transmembrane domaln and a 355 residue cytoplasmlc domain (Krueger et al.;

- 1990). The extracellular region of PTPB contains a. tandem array of 17 ~9O re51due

" - segments each containing a fibronectin type III repeat, while the extracellular domain of

D_PTPlOD consists of 12 such units (Tian et al., 1991). Similar repeats have been found
in membrane proteins involved in cell-cell interactions, such as thq{;nenronal cell adhesion

molecule N—CAM (Edelman, l987). The single catalytic domain st'ructure of PTPf makes

it ideal for addressing questions regarding the specificity and kinetics of the intact

cytoplasmic domain of a receptor-like PTP. Moreover, the use of PTPB avoided potential
complications inherent to an analysis ef double-catalytic domaln PTl’s due either to the
presence of the C-t_erminal PTP domain, or to mutations introduced to remove this
domain. |

Human PTPo and PTP were selected for en;ymaric eharacterization as part of a
comparative study to examine whether PTPs are capable of showing substrate-specific

differences in activity in vitro. To facrlrtate this analys1s we employed a set of synthetic

phosphopeptrde substrates based on in vivo sites of tyrosine phosphorylatron
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2.3. Results
2.3.1. Expression of PT. Pa and PTPB in bacteria. To express- PTPB in bacteria, the
- cDNA sequence encoding the: entire cytoplasmic domain of PTPB-was amplified from a
human placental -'eDNA library using “Vent\DNA polymerase. This polymerase was
selected for PCR‘ amplification in view of its reported proof-reading ability (New England
Biolabs). This cDNA and that of PTPq, isolated as prevlously described (Jirik et al.,
1990), were then introduced into the pET-11a bacterial expression vector (Studier et al.,
1990). This vector. was modified by addition of‘. an epitope 'tag' decapeptide sequence |
derived from the influenza hemagglutlmn (HA) protein (Field et al 1988) PTP cDNAs
cloned into this plasmrd were expressed as fusron proteins cons1st1ng of a 12 res1due'
| amino terminus S-10 leader peptide from the pET-11a vector, the decapeptlde HA-tag
flanked by two glycine spacer residues followed by the PTP. cytoplasmic domains (Fig.
2.1). This plasmid was developed w1th the aim of facilitating the isolation of proteins
expressed in thrs system by eprtope taggmg 1mmunoaff1n1ty purlfrcatlon In addition the
. 12CAS (HA) epitope allows 1mmunodetectron of protems expressed in bacteria in the
absence of protein- specrflc antisera. The pET system developed by Studier et al
possesses a variety of unique features. Specifically, expression of recombinant proteins is
under the control of the T7 RNA polymerase, the production of which is tlghtly
controlled. T7 RNA polymerase is supplied' by a copy of the T7 RNA polymerase gene
contained within the lysogenic phage DE3 in the bacterial stra1n BL21 (DE3). Both
express1on of T7 RNA polymerase and specrf1c cDNA sequences. are under the control of
_the lac operon. Addition of IPTG to bacterial cultures \induces the expression of T7 RNA - -
polymerase which leads to the expression of introduced cDNA seqtiences placed

downstream of the T7 RNA polymerase promoter. An inducible expression system such |

as this is desuable for the efficient expressron of protems which may be toxic to bacterla
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FIG. 2.1. _v(A) Outline of the pET-11a. pla'smid. (B) Construction of the modified pET-11a
expression vector. Cloning sites and bositions of both the T7 transcriptional aﬁd translatioﬁal starts sites are
illustrated. The relative positions of PCR primers a and b used to incorﬁo'rate the epitope tag are showh.
Nué:leotides encoding the peptide sequence GGYPYDVPDYASGG were introduced in;o the pET-11a

plasmid: This sequence is recognized by the monoclonal antibody 12CAS5. (C) The cDNAs encoding PTPo.

and PTPJ were introduced info the Nhe 1 and Bam H1 sites as shown.
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Bacterially expressed PTPo and PTP were detected by immunoblotting total cell
lysates with the mAb 12CAS (Fig. 2.2). Protein of the predicted molecular weight was

detected in the presence of IPTG. In contrast, no detectable expression was observed in

the absence of IPTG.
Blot: mAb 12CA5
| I !
IPTG +
3 ] 83 @ b
EE® EES
FIG. 2.2. Bacterial cell lysate was separated by SDS-PAGE, transferred to membrane, and

immunoblotted with the mAb 12CAS5. Lanes correspond to bacterial lysates derived from pET-11a-tag-
PTPa (PTPa), pET-11a-tag-PTPB (PTPP), and control pET-11a-tag (Ctr) expressing cells. Lysates were
obtained from either IPTG induced (+) or uninduced (-) cell cultures as indicated. The positions of PTPo

and PTPp are shown.

To obtain sufficient quantities of recombinant PTPs for a detailed kinetic analysis,
large scale protein purification was required. To determine whether the 12CA5 mAb was
able to immunoprecipitate the N-terminally 'tagged' PTPs, we immobilized the mAb
12CAS to protein A Sepharose using the cross-linking agent dimethylpimidilate. This
matrix was then incubated with 33S-labeled bacterial lysates. 355-labeled proteins of
molecular weights corresponding to PTPa and PTPPB were specifically
immunoprecipitated with 12CAS mAb-protein A Sepharose from IPTG-induced bacterial

cell lysates (Fig. 2.3). The use of 355-labeled cells and immobilized monoclonal antibody
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(mADb) obviated the problem of masking of PTPP by co-migrating immunoglobulin heavy
chain on SDS-PAGE gels. These results demonstrated that the immobilized antibody was
able to bind to and immunoprecipitate the 'tagged' PTPs from bacterial lysates. However,

low yields of immunoprecipitated protein were observed and 355-1abeled bands

corresponding to PTPo and PTPP were not detected in lanes containing total cell lysate

(Fig. 2.3).
~—PTPa
< PTPB
Fig. 2.3. Autoradiograph of 355-labeled bacterial proteins. Lysates were derived from bacteria

containing pET-11a-tag vector (Ctr), pET-11a-tag-PTPa (PTP), or bacteria containing pET-11a-tag-PTPB
plasmid (PTPB). Lanes 1-6 correspond to total cell lysates from cells either induced with IPTG (+) or
uninduced (-) as indicated. Lanes 7-12 contain 12CAS immunoprecipitated 355-labeled protein from IPTG

induced (+) or uninduced cells (-). The positions of PTPo and PTPB are indicated.

The 12CA5 mAb-Sepharose matrix was then used to immunopurify larger
quantities of each PTP. PTPa and PTPB were immunopurified \;&/ith the 12CAS matrix
and eluted with HA peptide at 300C. Protein purification and elution was assessed by
western blot analysis with the mAb 12CA5 (Fig. 2.4A). To determine whether the

recombinant PTPs were catalytically active, we assayed PTP activity with 32p_Jabeled
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tyrosine phosphorylated T-cell receptor {-chain peptide. 32p release was measured by
scintillation counting as outlined in materials and methods. Both PTPa and PTPP were
catalytically active as demonstrated by dephosphorylation of tyrosine phosphorylated C-

chain (Fig. 2.4B)
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Fig. 2.4. Bacterially-expressed PTPo and PTPJ are enzymatically active. (A) Both PTPa and

PTPPB were immunoprecipitated from IPTG induced bacterial cell lysates with 12CAS5-protein A Sepharose.
Recombinant PTPs were eluted with synthetic peptide corresponding to the HA epitope as described in
materials and methods. A fraction of each purification was fractionated by SDS-PAGE, transferred to
membrane, and immunoblotted with the 12CA5 mAb. (B) A sample of each enzyme, or eluate from a
control bacterial lysate 12CA5-protein A Sepharose purification, was incubated with 32p_labeled tyrosine
phosphorylated {-chain peptide. Phosphatase specific 32p release was then determined by scintillation

counting.

2.3.2. Bacterial expression and purification of PTPS. To further characterize PTP
activity we focused on the large scale purification and kinetic analysis of PTPB. PTPJ
was chosen in light of its consistently higher expression levels, its higher catalytic

activity, and because its single catalytic domain structure was more amenable to



47

Michaelis-Menten kinetics. PTPP was purified to apparent homogeneity in quantities
sufficient for kinetic studies by immunoaffinity purification on the 12CAS5 mAb affinity
column followed by MonoQ-Sepharose chromatography, as outlined in the experimental

procedures section (Fig. 2.5).

800

Optical Density (620nm)

2001

0 10 20 30
NaCl Concentration (mMx20)
FIG. 2.5. PTPP purification by immunoaffinity and monoQ Sepharose chromatography. (A)

Proteins were separated by SDS-PAGE and stained with Coomassie Blue (lanes 1, 2, and 3), or transferred
to membrane and immunoblotted with the 122CA5 mAb (lane 4). Lane 1, bacterial total cell lysate. Lane 2,
protein eluate from the mAb 12CAS immunoaffinity column. Lane 3, PTPB following MonoQ
chromatography. Lane 4, 12CAS5 immunoblot of the partially purified PTPp intracellular domain. (B)
MonoQ fractionation of PTPB. PTPP was eluted from the MonoQ column with a 100-500 mM NaCl
gradient. Analysis of PTP activity in each fraction was determined as outlined in materials and methods.

Fractions containing PTP were pooled and saved.

Typically, between 10-50 g PTPP/litre culture was recovered from the 12CAS5

column upon peptide elution. Increased recovery of protein was achieved by re-

application of the bacterial lysate to regenerated affinity columns. PTPB was quantified

by comparison to serially-diluted bovine serum albumin and ovalbumin standards. The
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enzyme was stable for over 4 months when stored in 20% glycerol at -80°C, or for 3-4
Weeks when stored at 4°C The enzyme however, became inactive when subjected to

repeated freeze-thawing.

2.3.3. Malachite green microtiter-plate assay. The analysis of PTPA activity has
previously relied on the measurement’ of 32P release from various tyrosine‘
phosphorylated‘subvstrates (i.e. Q-chain assay, as aboye). However, ,:,such assays require the -
use of freshly prepared radi'oactive»substrates, a supply of tyrosine kinase activity, and
demand laborious substrate purification procedures. .PTP s'.ub‘stra'tes‘prepared in this way "
are also usually phosphorylated to a low stoichiometry' leading tov potential pr'oblems of
product mhibitron during enzyme klnetrc analysrs To facilitate the analysrs of PTPs, we A
: modif1ed the malachite green colorrmetric assay, an assay based on the detéction of
| phosphate in acidic solutions of malachite green. In the presence of i 1norgamc phosphate,
the 'colorof malachite green changes from or‘ange to dark green, allowing colorimetric
detection of ‘phosphate release. Malachite green hias been used previously for the
detection of inorganic phosphate in the analysis of calcineurin (Lanzetta etal, l979) and
| more recently in the study of the activities of the PTPs LAR and CD45 on synthetic
phosphopeptides (Choet al., 1991, 1992)'. However; the assays used in these studies were
relatively insensitive. For example, previous assays provided linear detection between 1
nmol and 10 nmol of Pj (Lanzetta etal., 1979; Cho et al., 1991, 1992). Additionally, these
| 'assays Were not favorable for kinetic analysis or large scale screening‘for modifiers of
enzyme activity due to cumbersome spectrophotometer color detection. We modified the
malachite green assay by adapting it to a microtiter-plate format and optimized the assay |
with respect to a variety of conditions. We found that the addition of non-ionic detergents
was crucial for linear detection of Pj. S_pecifically, the addition of 0.01 % Tween 20 was

required for linear Pj detection above 300 pmol (Fig. 2.6A). Color development times

were optimized. to between 15 and 30 min. This incubation time was particularly
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important when Pi levels in the 1-2 nmole range were present (Fig. 2.6B). We also found

that a wavelength of 620 nM was optimal for color detection (Fig. 2.6C).
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FIG. 2.6. The effect of non-ionic detergent concentrations (A), color development time (B),

wavelength (C), and reducing agents (D) on Pj detection was determined. The absorbance (620 or 660 nM)

of malachite green solution in each well was determined in the presence of the outlined quantities of Pj. -

_The activity of PTPs requires the presence of reducing agents to maintain the

reduced state of a critical cysteine residue in the catalytic site centre. However, the

presence of dithiothreitol (DTT) used in the PTP assays interfered with malachite green

color development. Standard PTP assays contain between 1-5 mM DTT. We found that

addition of equimolar concentrations  of the oxidiiing agent - H202 abolfshed the
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inhibitory -effects of reducing agents on the'malachite green microtiter-plate (MGMP)
assay (Fig. 2.6D). Subsequeﬁt studies have determined fhaf réduping agents such as 2-
mercaptoethanol (2-ME) at concentrations between 1-5 mM ar;, not inhibitory to the
MGMP assay. Either the addition of H2O2, or the use of 2-ME c}rcumvented problems
with feducing agent on color dévelopment. Fig.-2.7 illustrates a gtandard curve for Pj
detection with the modified malachite gfeén miérotiter—plate aésay; P; detection is linear

between 50 pmoles and 1000 pmoles.
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FIG. 2.7. _Malachite green microtiter-plate assay standard curve. The absorbance (620 nM) of

appropriately diluted Pj standards was determined 15 min after the addition of 50 pl malachite green

solution to each well.

While 1 nmol Pj yielded an absorbance of 0.1 unit irf previous a'ssays, the.
microtiter-plate assay reported here achieved an absorbance of 0.6 for the same quantity
of Pj. Using the microtiter-plate assay, enzyme reactions and released Pj detection are -

carried out in microtiter-plate wells, eliminating the need for sample transfer and chamber

cleaning associated with the use of cuvettes when a spectrophotometer is used for Pj

detection. The microtiter-plate reader also has the advantage of allowing optical density

determination of multiple reaction samples simultaneously.
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)
‘The MGMP assay has also been successfully adapted for the detection of

serme/threomne phosphatase act1v1ty (Roberge et al. 1994)

2.3.4; Preparation of ph'osphotyrosine substrate peptides. To study both the reaetion ‘
kinetics of PTPP, and the substrate preferenees of this PTP, four 13-residue peptides Were
synthesized containing phosphotyrosine residues corresponding to sites of in vivo
phosphorylation. PTPJ catalyzed release of Pj from the various synthetic
phosphopeptides was then deterrhihed using the MGMP assay. As little information
exists regarding the three-dimensional structure of tyrosine phosphorylation sites within
intact proteins, the assumption was made that such sites might beljllocated at the eentre of
an exposed segment of primary sequence. Thus, the phosphotyrosine residuerwas placed .
centrally within the synthetic pehtides. Peptides of 13 residues were selecfed: (1) to
maihtain a:s much of the sequences normally surrounding the phosphotyrosihe residues as
possible, while yet being of a le'ngth that ‘minimized the phtential for peptide-specific
secondary structures; and (ii) for 'thei—r heterogeneity with regard to the compositien of the
residues flanking the tyrosine residue. The following phosehopeptides were synthesized
(Tab.le D): (1) A peptide containing the C-terminal phosphorylation eite of Src. This
. sequence contains Tyr 527 which has been linked to the negative regulation of Src .kinase
activity (discussed in chapter 1 and reviewed in Hunter, '1;987). (2) A peptide \
Corresponding to sequence containing Tyr 740 of the human PDG_F-R [3-chain.
Autophosphorylation on tyrosine residues triggered by' ligand binding to growth factor
receptors such as the PDGF-R or CSF-1-R leads to an increase in the tyrosine kinase
activity of these recehtors, and also to the binding of second messenger molecules such as
PI3K (Koch et al., 1991; Cantley et al., 1991). Phosphorylation of the B-chain of the
PDGF-R on Tyr 740 and Tyr 751 has been shown to mediate PI3K association with the

actiyated receptor both in vitro and in vivo (Escobedo et al., 1991; Kashishian et al.,

1992). (3) A peptide corresponding to the sequence containing Tyr 204 of the human
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extracellular signal-regulated kinase .(ERK) 1 kinase. The ERK or‘ mitogen-activated
protein (MAP) kinases are a family of phosphorylation-regulated kinases thought to form
a link between membrane PTK activation and's%:rine/threOnine phosphorylation cascades
in the cytoplasm (Posada & Cooper, 1992; Thomaé, 1992). Phpsphbrylation of ERKi on ’
Tyr 204 and Thr 202, is associated with increased activity of this serine/threonine kinase
(Anderson et al. 1990; Payne et al., 1991). (4) A peptide corresponding to"_che sequences
flanking tyrosine 708 of the human CSF-1-R. Although the CSF-1-R Tyr 708, and its
murine counterpart Tyr 706, are known to be phosphorylated following stimulation with
CSF—I (van der Géer and Huntér, 1990; Reedijk‘ et al., 1992), the function of this- - |
phosphorylation is unknown. As the sequence surrounding this Tyr is identical in the

CSF-"l -R of both jspecies, a conserved function is suggestéd for this region.

2.3.5. Kihetic dnalysis of PTPﬂ with phosphotyr(;syl containing pepiides. The.
specificity of PTPB for phosphotyrosine was testéd using the free amino acids
phosphotyrosine, phosphothreonine; and phosphosérine as substrates. While PTPP
catalyzed the hydrolysis of phosphotyrosiné, it showed no detectable activity toward the

other phospho-amino acids tested (data not shown). ;

Table I: Kinetic Parameters of PTP

Km Vmax ! Kcat
" Substrate . © mM  umol/min/myg s
TSTEPQY*QPGENL  srcTyrs27 0.142+ 0.009 350 + 10 258
GESDGGY*MDMSKD PDGFRTY740  0.17540.007 22+ 4 200
TGFLTEY*VATRWY ERK]1Tyr204 0.330+0.03 240 +- 13 177
IHLEKKY*VRRDSG CSF-1RT»708 >10.0 163 , 120
: p-NPP - © 25 405 103+ 9 76

@ inetic data were generated under conditions in which less than 20% of substrate was converted to
product, and were analysed using the enzyme kinetics program Enzfitter (Biosoft U.K.). All assays
were performed in duplicate with similar results obtained in two or more separate experiments

Y*- phosphotyrosine
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Previous studies of the first catalytic dor_nain'of LAR demonstrated that the |
affinity of this PTP for different rnembers of a panel of synthetic phosphopeptides varied-
between 27 UM (a 12-mer) and 4.1 mM (a.6-mer), a lSO-fold differen'ce (Cho et'al.;i‘ |
1991). However, the peptides selected .forthis analysis of LAR- were vnot uniform in
length ‘varying between 6 and 12 residues in length. Variation with a range of 2t08
resrdues was also present with respect to the number of re31dues flanking a grven
' »phosphotyrosrne Thus, some of the observed différences in the afflnity of LAR for these
substrates was likely due to the overall design of the syntheticvpeptrdes. In this kinetic ,
study of PTPp, the phoSphopeptides selected were hornogeneous Wlth respect to' length as
| well as to placement of the‘phosphotyrosine residue withinthe‘sequence ('fable D). The .
‘results of the kinetic analys_is«of PTPp are presented-in Table I. | o
: Kcét values ranged between 76 and 258 s"l,.based on aPTPB molecular weight of
44,000.'A‘ Kcat of 258 51 for the phosphotyrosyl peptide Src Y527 ‘is approximately 37
times that observed for LAR-D1 ‘on a similar Src Y52’7 phosphopeptide (Cho et al.,
1991) Comparison of the catalytrc act1v1ty of PTPp on Src Y527 wrth the act1V1t1es of
| CD45 and LAR prev1ously reported revealed that PTPB had a Vmax approx1mately twrce
that of CD45 and six times greater than that of LAR-D1 on Src Y527 »phosphopeptide '
(Cho et al., 1992). In addition' ’the Vmax obtained with the Src Y527 suhstrate'is
approximately 30- trmes greater than that reported for PTP using phosphorylated RR- Src
- peptide as a substrate (Wang & Pallen, 1992) Although this dlfference in activity may
have been due to d1fferences 1ntr1ns1c to the peptide substrates employed it likely resulted
- from differences in the pH of the enzyme-assays. Wang and Pallen (1992) assayed PTPJ
activity -at pH 6.0. We found PTPB favoured more alkaline conditions, with a narrow
optimum at pH 8.0 (data not_ shown). This was similar to the. previously reported pH «
optimumm fof this PTP (Choetal 1992). o |
| A Km of 140 l,LM for the Src Y527 phosphotyrosyl peptlde was s1m11ar to that of

170 uM obtained for the PDGFr Y740 peptide. The Ky, for the ERK1 Y204 _peptlde at
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- 330 uM was approximately twice that of either the Src Y527"or‘the PDGFr Y740
peptide. Peptide CSF-1-R Y708 was a relatively poor substrate for PTPp. The Km for this
peptide was greater than 10 mM, approximately 90-tirnes higherithan that of the Src
Y527 peptide. The sequences surrounding the tyrosine residue of the CSF-1-R peptitie are
unusual as compared to the majority'of sites of tyrosine phosphoiylation that have been
identified (Pearson & Kemp, 1991), in that- the phosphotyrosine i'eSidue is flanked on the
amino terminal side by two basic (Lys-Lys) residues and by two additional basic (Arg- '
Arg) residues on the C-términal side of the phosphotyrosine residue. Peptide ER'Kl YéO4
contains an acidic (Glu) fesidiie neighboringj tyrosine 204. In contrast, peptides Src Y527
and PDGFr »Y740,‘the best substrates of PTPJ in this study, contained uncharged amino
acids surrounding the phosphotyrosine residu’e.v PTPP catalyzed the removal of phosphate
from p-NPP with a‘Km of 2.5 mM, a Km super’ior to that for peptide CS-F-I-R Y708.
VThls finding suggests that the peptlde sequence surrounding the phosphotyrosme residue

- of the CSF-1-R Y708 ‘may inhibit PTPJ recognition of this site.

2.3.6. PTP activity modifiers. The activity of PTPB Was tested in the presenoe. of a
variety of potential modifiers. PTPR Wasinhibited. by the cations CaZ*, Mg2* and Mn?*+
(Fig. 2.8A). Mn2* inhibition of PTPp was the.strongest of the‘ three cations tested with 26
% of control activity at 10 mM MnZ*, Theinhibition obseived however, required hig.h
concentrations of the three cations tested. Itoh et al. (1992) found that both CaZt .and
Mg?Z* stimulated PTPB activ.ity at concentrations of 10 mM. Interestingly, we found that
when the substrate concentration was increased 10-fold, froni 200 uM to 2 mM Sr¢ Y527 . |
phosphopeptide the inhibitory effects of these cations was eliminated and a stimulation
of 107 % and 110 % was observed for 10 mM Ca2+ and Mg2+ (data not shown). The PTP

inhibitors vanadate and molybdate also inhibited PTPf act1v1ty w1th ICs0s of 130 nM and

160’ uM for vanadate and molybdate respectlvely (Fig. 2.8B and C). -
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FIG. 238. . The effects of various potential modifiers of PTPJ activity. (A) Effects of the cations (0)

Ca2+, (m) Mg2+ and (4A) Mn2+ (B), sodium vanadate and (©), NH4 molybdate. Values are expressed as %

of control activity of PTPf using 200 uM Src Y527 substrate peptide.

The effects of other potential modifiers of. enzyme activity are summarized in

fable I1. The serine/threonine protein phosphatase inhibitor NaF mafginally sfimulated the -
'activity of PTPP at a concentration of 10 UM , whereas 72 % of control activity was'
‘observed at 10 mM NaF. In contrast, Zn%* was a p'o'tent inhibitor of PTPBAac'tivity at lo_W
uM concentrations. Phenylarsine oxide (PAO) hés been reborted to be a potenf inhibitor
.of the PTP CD45 with an ICsg betweeh 5 uM and 10 UM (Garcia-Morales et al., 1990).
In this study PAO’stimulated the activity of PTPB at concentrations reported to strongly

inhibit CD45. PAO has been reported to have no effect on rat LAR at concentrations 10- |
fold higher than those used to inhibit CD45 (Pot et al., 1991). Together th'ese results and
those of Pot et al. suggest that PAO may be specific for CD45 or perhaps for a subgrbup ‘
of PTPs. The polycation sperrﬁine has been reported to stimulate the catalytic activity of
PTPP by 244% and 265% at 10uM and 100 uM i‘espectively, while inhibiting at 10 mM
when tested on the artificial substrate [32P]4Raytide (Itoh et al., 1992). The effects of
various concentrations of spermine on the activity of PTPJ on the substrates Src Y527

(Table II) and p-NPP (data not shown) were tested. Spermine had little or.no effect at 20 .
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UM and 200 pM, whereas inhibition by spermine Was. observed.with conceﬁtrations of
2.0 mM.and 20 mM. The nature of the differences between these results and those of Itoh
et al. (1992) with respect to the. effects of spermine, C_a2+and Mg2.+ on thé activity of
PTPp are unclear..They may reﬂecf the nature of the substrates uséd,'o‘r the conditions
used in the enzyme assays. Alternatively, the different fusion sequences at the N-termini
of the proteins might affect their susceptibility fo specific modu.lators. The polyénion

heparin, and the polymer Glu/Tyr (4:1), both strongly inhibited the activity of PTPJ at . -

1.0 UM, Inhibition was observed with both compounds at concentrations as low as 10

nM. Kin'etic analysis of placental PTPs (Tonks et al., 1988) indicated thét poly-Glu/Tyr
(4:1) inhibition'ofv PTP 1B was noncompetitive, and suggesth a binding site for
polyanionic molecules distinct from the active site. Studies of :the effects of various
polyanionic and .polycati‘onivc amino acid po.lymers such as 'poly'-Glu/T yr (4:1) on the

enzymatic activities of PTPB, LAR and CD45 have revealed a positiVe corfelation

. between the tyrosine content of such polymers and their potency as inhibitors (Itoh et al.,

1992).
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Table II: modulators of PTP activity with 200 pM
srcTyrS27 peptide

Effector " 'Concentration PTPase Activity
(% of Control)

ZnCl, -~ 01 pM 1106
o 1.0 pM 70
50 M - 58

250 pM 40

750 pM 24

NaF 100 uM 114
1000 pM 110

1.0 mM 105

100 mM 72

EDTA | 1.0 mM 98
100 mM 81

Spermine 200 pM “fo2
2000 pM 102

20 mM 85

200 mM 19

‘Heparin 10.0 nM 93
01 pM 68 -

1.0 UM 32

100 uM 17

Poly E/Y (4:1) 100 nM 80
: 0.1 uM 46
1.0 uM 33

PAO 100 pM 12 -
1000 pM 110

1.0 mM 104

a All assay were performed in duplicate, in two or more
. separate experiments '
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2.3.7. Bacterial expréssion of PTPB using the pGex system. Althéﬁgh the modified
pET-‘l'la—'tag vector allowed the purifiééfion of PTPJ by immunoaffinity_ techniques in
quantities sufficient for enzyme anéﬂysis, the yields of purified protein where cohsistently
lbwerAthan those reported for other expression sy'stems‘. Moreover, high levé] expression
- and purification of PTPo was not possibl_e using this system. |

BspMI(9) Sspi(102)

Ball (401)
Xmnl (585)

Drall(227)

Scal (767)
BamHI (868)

Kpnl (878).

Nhel (916)
all (922)

" Bglll (928)
EcoR| (934)

ECoRV (4089)
Apal (3848)

BstX1(3688) : "pGEX 2T "tag"
Miul (3641) ‘

Thrombin HA-Epitope Tag

v |
Ibeu Val Pro Arg Ay Sc:rI Pro Gy Tyr Pro Tyr Asp Val Pro Asp Tyr Ala Ser Pro Gy
CTG GI'T OCG CGT GGA TCC OCC GGG TAC OCG TAC GAC GIT CCG GAC TAC GCA TCC CCC GGG

BamHI (932) Kpnl (942) ' . Smal (974)
Smal (938) . . : .

. Stop
Ala Ser Val Asp Arg Ser Glu Phe Ile Val Thr Asp e«
GCT AGC GIC GAC AGA TCT GAA TIC ATC GIG ACT GAC TGA
Nhel (980) Sall (986) Bglll1 (992) EcoRI (998) .

FIG. 2.9. Outline.of the pGex-2T-tag plasmid. The multiple cloning site of the modified pGex-2T-
tag vector is shown. The thrombin cleavage site and sequénce encoding the 12CAS epitope tag are

indicated. Regions encoding the cytoplasmic PTP domains of PTRd and PTPB. were subcloned into the -

Nhel and Bglll sites of pGex—2T-tag.
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To address these concerns we modified the existing pGex bacterial expression
plamid pGex-2T to accommodate cDNAs designed for the pET system. This involved the
addition of the HA-epitope encoding sequence to pGex 2T in the context of an expanded
polylinker (Fig. 2.9). These modifications provided the advantages of the pET system,
such as the ability to detect proteins with the 12CAS5 mAb, with high level protein
production and glutathione Sepharose/Glutathione-S-Transferase (GST) purification
procedures provided by the pGex system. The cDNA encoding PTPP was subcloned into
pGex-2T-tag and protein expression and purification was assessed. Proteins expressed
with the pGex system exist as fusion proteins with GST. However, thrombin cleavage
allows the removal of GST from the C-terminal fusion partner. PTPB was purified with

glutathione Sepharose and cleaved with increasing concentrations of thrombin (Fig.

2.10).
A. B
<& GST-PTPB
< PTPp >
< GST
FIG.2.10. Bacterial expression and thrombin cleavage of PTPB. (A) PTPB was expressed in bacteria

using the pGex system. Recombinant protein was purified with glutathione Sepharose and either left
uncleaved (lane 1) or cleaved with increasing concentrations of thrombin (lanes 2-9). Reactions were then
separated by SDS-PAGE and the gel stained with Coomassie brilliant blue. Positions of uncleaved GST-
PTPB, thrombin-cleaved PTPP, and free GST are indicated. (B) Glutathione purified PTPP was thrombin

cleaved and a sample of supernatant was separated by SDS-PAGE and stained with Coomassie blue.

The addition of thrombin resulted in the appearance of an approximately 40 kDa

protein and an intensely staining protein at 28 kDa corresponding to GST. However, at
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high thrombin concentrations another protein product was observed that corresponded to

a proteolytic fragment of PTPP (Fig. 2.10). Thus, although use of the pGex system
resulted in dramatically higher protein production and facilitated protein purification, care

was required for the production of GST-free recombinant protein.

2.3.8. Bacterial expression and characterization of PTPo enzymatic activity. Various
forms of PTPa were expressed and purified using the pGex-2T-tag expression system.

The entire cytoplasmic region of PTPa (PTPo-D1+D2), the membrane-proximal catalytic

@]
o
tm

PTPa D1+D2 : PTPa D1 ! PTPo. D2
% 600 = 2 1400
“ = L
o =] 400. Q
£ 400 g £ 1000
o —® © o
9 = — —e —4 @
% 200 o L g g 200 . - § 600
& Al g 1 " 5 i
) & & e 4
0 0. e 0 —¢—
5 10 15 20 25 5 10 15 20 25 5 10 15 20 25
Time (min) Time (min) Time (min)
FIG. 2.11. Bacterial expression and purification of various regions of PTPo. The entire cytoplasmic

region of PTPo (PTPa-D14D2) lane 1, the membrane-proximal catalytic domain (PTPo-D1) léne 2, and
the second catalytic domain alone (PTPo-D2) lane 3 were partially purified with glutathione Sepharose and
thrombin cleaved before being fractionated by SDS-PAGE and either (A) stained with Coomassie blue or
(B) immunoblotted with the 12CA5 mAb. Partially purified enzymes corresponding to (C) PTPa-D1+D2,

(D) PTPa-D1, and (E) PTPa-D2, were then assayed for activity against p-NPP (M) (for PTPa.-D2) or the

Src Y527 (O), and CSF-1 Y708 (®) phosphopeptides.
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domain (PTPa-D1) and the second cdtalytic domain alone (PTPo-D2) were expressed as
GST-fusion proteins. Glutathioﬁé Sepharose-purified, thrombin-cleaved repombinant
enzymes were fractionated by SDS-PAGE and stained with Coomassie blue (Fig. 2.1 1A)'
or transfef'r'edl' to membfane and immhnoblotted with the mAb 12CA5, specific for the N-
terminal epifc')pe'tag in each fusion protein (Fig. 2.11B). Purified enzymes were incubated
with phosphopeptides corresponding to the C-terminal sequence of Src Y527 or with
CSF-_I -R Y708 and phosphate release was determined using the MGMP assay. PTPa-
'D14D2 and PTPa-D1 catalyzed the dephosphprylation of each phosphopeptide, both
showing a préference for the src Y527 peptide substrate over peptide CSF-1-R Y708
(Fig. 2.11C and D). Enzyme activity of the second ‘catalytic domain of PTPo. was
demonstraﬁed by its ability to hydrolyze p-NPP and dephosphorylate the Src Y527
phosphopeptide ( Fig. 2.11E). PTPa-D2, like PTPa-D1+D2 and PT Po-D1, preférred the
Src Y527 phosphopeptide substrate to peptide CSF-1-R Y708. However, detection of
PTPo.-D2 activity required greater than 10 fold mdre enzyme than those fusion proteins
containing PTPoa-D1. Preliminary énalysis of the kinetics of PTPo dependent
dephosphorylatioﬁ of these peptides revealed surprisingly similar Kips (Table IIT). These

results were in sharp contrast to the Kms observed for these peptides with PTPB.

Table II:Kinetic Parameters of PTPa dom1+2 and dom1 alone

PTPo dom1+2 PTPo ddml
Substrate , : Km - Km '
mM ] mM
. TSTEPQY*QPGENL  srcTy527 0.070 0.046
 IHLEKKY*VRRDSG  CSF-IRTy708 . 0197 - 0.184

4 kinetic data were generated under conditions in which less than 20% of substrate was
converted to product, and were analysed using the enzyme kinetics program Enzfitter
(Biosoft U.K.). All assays were performed in duplicate with similar results obtained in two
or more separate experiments. ' '

Y*- phosphotyrosine




-2.4. Discussion

| ' " This work was initiated to develop an efficient method for thé production and
characterization of recombinant PTPs. To facilitate the study of PTP enzyrﬁe activity,
enzymes were expressed and partially purified using a variety of baéterial eipression
systems. Although PTPq. vand PTPB were initially expressed with the pET bacterial
exp'reési('m system, subsequent‘PTP expréss_ion and purification was facilitated by using
the pGex systerﬁ. Recorﬁbinant énzymes were used to assess the substrate specificity and
the structure function of thesé'eniymes by assaying their actiy‘jty against 13 residue
synthetic phosphopeptides corresi')onding to physiological siteé of ‘tyrosine. _.
phosphorylation.

Bacterial expression of the cytoplasmic domains of PTPa eitherv alone or in
combination was also useful in assessing PTPa. catalytic activity in terms of ifs double
domain structure. Both the N- and C-terminal domains of PTPo dephosphoryiated Src

Y527 phoéphopeptide. Thus, unlike the C-terminal PTP domains of LAR and CDA45, the
second catalytic domain of PTPa. is catalytically active (Strueli et al., 1990). This is.in
agreement with results of Wang and Pallen (1991) who demonstrated activity of PTPa
domain-Z against p-NPP émd RR-src. We also found that PTPoc—P2 preférred p-NPP to
phosphopeptide based substrates. _ ‘ - .

| Much is knowniabout thé location and function of tyrosiné.phosphorylation sites

' within intracellular proteins. The insulin receptor B-chain, fhe epidermal growthAfactor |
‘receptor, and the kiﬁaseﬁnseyt regions of several other répeptor PTKS, such as the PDGF
and CSF- 1' receptors, contain physiologically impértant phosphotyrosine .residues that.are
found in close proximity to one another. For example, the kinasé-insér_t region of the
PDGF-R contains three tyrosine phosphorylation sites within a stretch of 32 amino acid

residues (Kashishian et al., 1992; Kazlaukas et al., 1992; Reedijk et al., 1992). The

human insulin receptor B-chain (Ullrich et al., 1985) has three aut(.)phosphorylati.on‘sites

it
2
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ét residues 1146, 1150 and 115i'(White et al:, 1988; Flores-Riveros et al., 1989). These
observations suggést that PTKs and PTPS, likely recogh.ize substrate tyrosine and
phosphotyrosine residues, respectiv.ely, within the context of-a short segment of primary
séquence.in Vivo. N |

As the PTPs demonstrate great heterogeneity in their nori-catélytic domain_s, it
might be argued that the specificity. of a given PTP for its phosphoprotein substrate might
be determined by protein-protein associations that rely on the non—’..catalytic regions éf the
PTPs. If correct, isolated PTP catalytic domains, tested in vit;o on phosphopeptide
substrates, would be predicted to show a relative lack of specificity. As demonstrated by
the substrate specificity of PTPP, this méy not be the case. In addition, there is other
evidence of PTPs. exhibiting substrate-specific differenceé in activity (Cho et al., 1991;
Wang and Pallen, 1991; Cho et al., 1992; Ramachandran et al., 19§2). In particular, a
triphosphorylated synthetic peptide, derived from the insulin receptor B-chain sequence,
.‘_has been used in a studly using the PTPs CD45, LAR, T-cell PTP, ahd PTP 1B
(Rémachandran et al., 1992). In these experiments, the PTPs differed in the brder with
which they dephosphorylated the triphosphorylated péptide, illustrating PTP substrate
preferences within this 12 residue sequence. | " |

This analysis of PTPo and PTPP has extended the observation that specific PTPs
are able to show. substrate;specific differences in activity in lvi'tro. PTPJ in pafticular
demonstrated variations in affinity for the synthetic phosphopeptide:s selectéd. These
variations appeared to be Adetermined. by the composition of the sequences flanking the
phosphotyrosine residue. Specifically, the CSF-1 Y708 peptide was a very poor substrate
" for PTPB. ‘Subsequent studies conducted in this lab with an extended panel of
phosphopeptides have demonstrated that SHP-2, like PTP, discriminated against
bhosphopeptides rich in basic residues (Dechert et al., 1994). Whether the observed

differences in specificity are of relevance to the in vivo functions of these PTPs remains

to be determined, however one may.sApecula'te that it is unlikely th_at PTPs such as PTPB
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and SHP-2 will be found to select substrates seqhence.s rich.in basic residues. If other
- PTPs exhibit similar differences in specificity when tested on panels of synthetic

phosphopeptide substrates, this information may prove helpful in predicting the in vivo

substrate(s) of a given PTP. *
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" CHAPTER 3

1

Increased cell-s_ubstratum adhesion and activation of Src family kinases by

overexpressioh of PTPo.
3..1 Summary

The role of protein tyrosine phosphatases (PTPs) in the regulation of cell growth,
differentiation and.c-ell adhesion is poorly understood. To explofe the possibility that |
. specific PTPs may alter cell signaling pathways initiated by growfh factor receptor
stimulation, we overexpressed the. receptof;like PTP, PTPoc, in the human epidermoid
carcinoma cell line A431. These cells overexpress thé epidermal growth factor (EGF)
receptor tyrosine kinase and proliférate in response to autocrine production of
transforming growtﬁ factdr-alphal(TGFoc). Although PTPo. waé unable to alter the gfthh .
kinetics of A431 cells in either the presencebor absence of EGF, PTPa expression
increased A431 cell-substratum adhesion and rescued these cells from EGF induced cell-
rounding. Moreo‘\.fer, PTPo. overexpression Waé assoéigted with the activation and/or
dephosphoryl_ation of specific members of the Src tyrosine kinase family. In support of a
role for PTPa in the.regulation of cell adhesion, there wés an increase in association of
Sfc kinases with the integrin-associated molecule, focal adhesipn kir_lase (FAK) in PTPa
' expressiﬁg cells. Additionally, paxillin, a v-Src substrate localized ét focal adhesions,

displayed ir_icreased tyrosine phosphorylation in PTPo bverexpréssing cells. There was

also increased association of Csk with péxillin, suggesting a possible feedback"
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mechanism for the control of Src kinase activity in PTPo ovérexpressing cells. Together
these results suggest that PTPa. may have a role in the regulation of cell-substratum

adhesion through the regulation of Src kinase activity.
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3.2 Introduction

Reversible protéin phosphorylation is a widely employed mechanism for
" regulating enzyme activity, the assembly and location of protgin complgxes, and for
controlling transcription within eukaryotié cells (Pawsoﬁ, 199'5;"Cohen,évt al., 1995}.
Protein phosphorylation also regulates changes in the organization of the cytOSkeletoﬁ in
response to the adhesion of cells to the extracellular matrix (ECM) or to other cells during
such processes és embryo morphogenesis, cell migration, tumor cell rﬁetastases, énd
cellular differentiation (Springer, 1994; Swartz et al., 1995). Indeed, like growfh factor -
receptor signal transduction, engagement of cell-adhesion molecqieé is rapidly followed
by the activation of specific protein tyrosine kinaseé and the subseciuent assembly of
multimeric protein complexes at the éites' of cell adhesion tSwartz ét al., 1995).
Moreover, many of the signal transduction molecules activated or phosphorylate‘d in
response to ligand-binding to growth factor receptdrs. afe also regulated by cell adhesion
(Clark and Bruggé, 1995; Miyamoto et al., 1995).

The human epiderrhoid carcinoma cell line A431 has proven to be invaluable to
studies of cell growth, differentiatibn, and cell adhesion regulatéd by receptor tyrosine
kinase signaling. These cells expresé high lévels of the EGF receptor on their surface
(0.5-3.0x 106/cell) (Gill .et al., 1981) and proliferate in response to autocrine production
~of transformivng growth factor-alpha (TGFOL) (Van de Vijver et al., 1991). Interestingly,
while EGF enhances the growth of A431 cell-derivéd fumors in nude mice, wheﬁ grown
as a rhonolayer in tissue culture these cells are growth inhibited and terminally
differentiate in response to high concentrations of EGF (Gill et al., 1981; Bérnes etal., .
1982; Ginsberg et al.L 1985; Macl.eod et_al.,v 1986; Saﬁton et al., 1986;v King and
Sartorelli, _1986). ‘EGF stimulation of A431 cells also ‘calvlses' dramatic changes in cell

morphology, including extensive membrane ruffling, filopodia extension, and changes in

cyfoskeletal organization and cell adhesion which culminate in the rounding-up and




68

retraction of these cells from the substratum (Chinkers et al., ‘197»9; Sch.les_singer et él.,
1981; Bretscher et'al., 1989). | .

The .involvement of the protein tyrosine ph‘osphatase (PTP) family 'V(.)f enzymes in
the regulation of growth factor receptor signal transduction and cell édhesion :is still
poorly -understood. How}'ever,‘ as enzymes tﬁat regulate the levels of cellular
phosphotyrosine, they represent a potentially significémt point of control in processes
such as cell proliferation, differentiation, and cell édhesion (Charbonneau and Tbnks,
1992; Mauro and Dixon, 1994; Fashena and Zinn, 1995). We voveréxpressed the receptor--
like protei'n tyrosine phosphatase, PTPa, in A431 cells to assess the ability of this
phosphatase to regulate EGF receptor-dependent signal transduction.

~ PTPo expression in A431 cells led fo an apparent increase in cell-substratum
adhesion and inhibited cell rounding and ‘lifting-off induced by EGF stimulation.
However, overexpression of PTPa failed to antagonize EGF-dependent growth iﬁhibition
of A431 cells, and did not alter the gfowth characteristics of unstimulated cells. PTPa
expression resulted in the dephosphorylation and. activation of speéific Src family
kinases. Moreover, Src kinases immunoprecipitated from PTPo over-expressing cells
‘were associated with elevated levels .of focal adhésion kinase ppl125FAK(FAK), a
molecule activated by integrin-dependent cell adhesioﬁ to the subsfraturn, v-Src
transformation, and neurbpeptide stimulation (réviewed in Zachary and Rozengurt, 1992).
PTPo. overexpression was also associated with increased tyrosine pho.sphoryla‘tion of
‘paxillin, a protein associated with members of the iptegrin_ receptor family and a putative
substrate~of FAK.and/dr Src kinases (Glenney and Zokas, 1989; Turner et al.; 1990;
Schaller et al., 1992). Paxillin immunoprecipitated from PTPo overexpressing cells was
complexed with increased levels of Csk, suggesting a i)ossible feedbac;k loop in the
regulation of Src activity in these cells and suiaporting previous observations .linkAing the

activation of Src kinases with changes in the intracellular locali_zatj(on of Csk (Sabe et al.,

' 1992; Howell and Cooper, 1994; Sabe et al., 1994; Thomas et al., 1995; Sabe ¢t al.,
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1995). The activation of Src kinases together with the observed changes in cell adhesion,
| tyrosine phosphorylation and the association of FAK and paxillin with Src'and Csk

kinases respeétively, suggests that PTPo may have a role in the regulation of cell-

substratum adhesion.
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3.3. Results.

3.3.1. Expression of PTPa in A431 cells. To investigate whether the expression of a
protein tyrosine phosphatase could interfere with epidermél growth factor receptor signal>

transduction, we overexpressed the 123 residue extracellular domain-containing isoform

of PTPa. in A431 cells. PTPq, is composed of a heavily N- and O-glycosylated 123- or

132-residue alternatively spliced extracellular domain, a transmembrane domain, and a

cytoplasmic tail bearing two tandemly duplicated phosphatase domains (Jirik et al., 1990;

Daum et al., 1994).
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FIG. 3.1. - The plasmid -pBCMGsNeo was used to overexpress PTPa in A431 cells. This plasmid

contains the cytomegalovirﬁs immediate early promoter, rabbit and human B-globin splicing sites, the

_ neomycin resistance gene, and approximately 69% of the genome from bovine papilloma virus (BPV). The

BPV sequences allow episomal plaismid replication in a wide variety of cell types.
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A431 cells normally express low levels of PTPo. (Fig.. 3.2A). Both w11d typ'er
"PTP and PTPa tDl .C433A), a catalytlcally inactive mutant forrrlr of PTPo, containing a
‘Cys433Ala suostitution within thehmembrane—proximal catalytlc domain (D1), were
overexpressed‘in A431 cells using.the CMYV promoter based episo_rnal plasmid expression
vector P BCMGsNeo (Fig. 3.1) (Karasuyarna and Melchers, 1988). PTPtx expression: was
determined by western blot analysis of A431 -total cell lysates wlth anti—peptide
antibodies (anti-PTPa.-1) (Fig. 3.2A) or anti-recombinant PTPo. specific antibodies (anti-
PTPa-2) (data not‘ shown)..These antibOdies recognized proteins of approxirnately 130-
150, ’100, 85 and 68 kDa. Tt has been previously shown that both N- and O—glycosylation
of the predicted 85 kDa PTPa polypeptide chain produces a molecule of between 130--
150 kDa (Daum et al 1994). A 100 kDa form of PTPa. observed in 1mmunoblots of
PTPq. lysates (Fig. 3.2A) and 1mmunoprecrp1tated from PTPa and PTPa. DT C433A)
A431 cell lysates w1th antrbod1es spec1f1c for the extracellular reg1on of PTPa (Fig. 3. 2B)
:_l1kely represents an N-glycosylated precursor of the larger form. This is in agreement
3 with the findings of—Daum et al. (1994) who reported that antibodies against bacul'ovirus—-
| expressed PTPOL recognized a glycosylation-dependent epitope in the extracellular
domain of PTPo.. The anti- PTPoc-ext antlbodies used in thislsltudy were generated against
amino ac1ds 20- 60 within the extracellular domam of PTPoc a region containing multiple
potentral N- and O-glycosylated residues. Thus, it is llkely that the PTP ext antisera
' recogmzed an 1ncompletely glycosylated PTPOL species. However thrs ant1body stained
the surface of PTPal overexpressrng cells’ (Frg 3.2C panels 2 and 3) but not control vector
transfected cells (Fig. 3.2C panel 1), suggesting that both the N- and N- plus O-
glycosylated forms of PTPa are present at tlre cell surface. Regardless_of this possibility,
cell surface stain’ing of PTPoc'transfected cells, demonstrated the presence of PTPa at the .

cell surface of transfected A431 cells. -
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FIG. 3.2. (A) Cell lysates from control vector alone (Ctr), PTPa, and PTPa (D1-C433A)

transfected cells were sepérated by SDS-PAGE, transferred to membrane, and immunoblotted with anti-
PTPo.-1 antibodies. (B) Alternatively, PTPat was immunoprecipitated from A431 lysates with anti-PTPo.-
ext antisera and immunoblotted with anti-PTPa-1 antibodies. (C) Antibodies specific for the extracellular
domain of PTPa were used to determine cell-surface expression levels of PTPa in the transfected A431
cells. i
3.3.2. PTP« phosphatase activity from A431 cells. We investigated the activity of
PTPa isolated from lysates derived from the A431 cell lines. Due to the preference of the
various recombinant PTPa proteins for the Src Y527 phosphopeptide (chapter 2), this
peptide was used as a substrate with which to assay PTPa activity from A431 cell lysates.

Anti-PTPo. immunoprecipitates from PTPo overexpressing A431 cells possessed high
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levels of pﬁosphatase activity against the Src Y527 phosphopeptide (Fig. 3.3). Control
vector alone transfected A431 cells showed low but detectable PTPa activity, ;)vhilé cells
expressing PTPa. (D1 C433A); containing a éystéine-to-alanine sﬁbstitutioﬁ in 'dom‘ain—l, '
showed no detectable PTP activify (Fig. 3.3). Thus, although the secbnd catalytic domain
was active when expressed and purified from bacteria, no domain-2 specific activity was
detected in the context of an inactive domain-1. This may have been a consequence of the
lower protein .concentrations used in the immunoprecipitation assay’as corﬁpared to the
recombinant assay, or, valternatlively, mutation of dbmain-l may}?inhibit the activity of
domain-2. This latter possibility is supported by the results of Wéﬁg et al. (1991) who
demonstrated that mutation of bacterially expressed PTPd domain-1 abolished the in
vitro catalytic activity 6f associated domain-2. Due to the lack of detectable activity of
PTPo (D1 C433A) against Src Y527 phosphopeptide we considered PTPo. (D1 C433A)

expressing cells, in combination with vector alone transfected cells, to be controls in the'

- study of PTPa activity in A431 cells.
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FIG. 3.3. PTPo activity derived from A431 cell lysates. PTPo was immunoprecipitated from

vector alone confrol (Ctr), PTPa and PTPo D1C433A transfected A431 cells and PTP activity was
determined by assaying the dephosphorylation of Src 527 phosphopeptide substrate. Released phosphate

was determined by the addition of malachite greeh followed by spectrophotometer measurement at 620 nM.

C -
e




74

3.3.3. A43I cells expressing PTP« are resistant to the cell rounding and adhesion
disrupting effects of EGF. To assess whether PTPo. overexpression in A431 cells could
alter the growth response of A431 cells exposed to EGF, we treated control and PTPa
transfected A431 cells with various concentrations of EGF and measured the degree of
cell growth. Maximal inhibition of A431 cell growth was observed at between 1-5 ng/ml

EGF (Fig. 3.4A inset).
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kS cgf (ng/ml)
=
2 30
=
=
=40
= (+) Egf
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FIG. 3.4. (A) Inhibition of A431 cell growth by EGF (inset). The growth of Ctr, PTPa-1 and

PTP-2 transfected A431 cells in the presence of the outlined concentrations of EGF was assessed. Curves
represent the % growth inhibition of each A431 cell line after 4 days of growth in the specified
concentration of EGF. Cell numbers were assessed by MTT staining of cells as described in the materials
and methods section. (B) PTPo overexpressing A431 cells are resistant to the cell rounding effects of EGF.
Control vector alone or PTPo transfected A431 cells were either stimulated with 100 ng/ml EGF for 10 min

(+) or left untreated (-).

The susceptibility of PTPa transfected A431 cells to EGF growth inhibition was

then evaluated (Fig. 3.4A). The expression of PTPa in A431 cells was unable to rescue
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these cells from rhe growth inhibitory effects of EGF. However, We did detect a dramatic _
change in the phenotype of PTPa expressing cells after e'xppsur_e‘to EGF. Whereas
treatment of control A431 cells with --EGF resulted in the rounding and lift off of rhese
cells from the subsrrafum, cells expressing PTPa, appeared to be resistant to these effects

of EGF (Fig. 3.4B).

3.34. ‘Increased cell-szibstratuml adhesibn of PTPa expressing cells. Additionally,
A431 cells expressing PTPo that were grown in the absence of EGF were more adherent
" to the substratum than control A431 cells. This characteristic was quantified using an
adhesion assay based on measuring the resisrance of PTPa expressing cells to cell
rounding angl removal fr(')mb the substratum in the presence of PBS :(described in ciiapter .
6). Wiiereas over 80% of control A431 cells were'removed from the substratum by 4
washes in PBS, only 30% of A431 cells expressing PTPo. were removed (Fig. 3.5A). To
determine whether this characteristic was dependent on the catalytic activity of PTYPOL, or
mediated by the extraceilular _domain, and independent of PTP:activiry, we assessed
whether PTPa. (D1 C433A) expressing cells were also more adherent. To differentiate the
lower adhesive properties of the control and PTPo (D1 C433A) cell lines the adhesion
assay was modified by reducing the number and»duration of PBS washes. Although PTPoi
(D1 C433A) protein levels were slightly higher than wild type PTPd levels (Fig. 3.2A,
B), these cells were removed from the substrarum more readily than control A431 cells
(Fig. 3.53). These results argue that the catalytic activity of PTPal is required for the
observed change in cell-substratum adiiesion./ In support of this correlation, the adelition
. of the PTP inhibitor pervanadate to the PBS washes reduced the;ﬁadhesion of the PTPa
expressing cells to levels similar to control A431 cells (Fig 3.5A). -Pervanadate treatment

was also effective at reducing the adhesion of control and PTPa. (Dl C433A) expressing

cells, suggesting a general role for PTPs in maintaining A431 cell adhesion to the

substratum (Fig 3.5A, B).
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FIG. 3.5. (A) The. adhg:sion of control and PTPa overexpressing _ce]ls- was assessed by
measurement 6f cell-substratum adhesion as oﬁtlined in chapter 6 The percentage.of cells remaining bound |
to the substratuﬁl after 4 washes (10 min each) in PBS, PBS+EGF, PBS+per\_'anadaté,"or fBS+EDTA was’
compared to untreated cells aﬁd plotted as adherént cells as a % of control. (B) The édhesion of .cont_rol
transfected A431 cells was compared to cells expressing PTPo. (D1 C433A) as in (A) except that cells were
washed 3 times (5 min each) to distinguish the lower adhesive properties of control and PTPo (D1 C433A)

expressing A431s. Erfor_ bars correspond to the standard error of the mean for 4 repliéate wells for each

point.
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Tile effectv of PTPo, on EGF-induced release of A431 cells from the sub'straturh
was also assessed. Whereas almost 100% of control A4;1 cells were removed from the
substratum by exposure to EGF,Aaln.lost 40% of PTPo. transfected cells remained finﬁly
adherent and spread (Fig. 3._4B, 3.5A). In con'tras.t; PTPOL.(DI C433A) é‘xpressing cells-' |

“appeared-to be more sensitive to the adhesive disfupting actions of EGF than control
transfected cells (Fig. 3.5B). The addition of EDTA tdthe PBS Waéhes was effective at
acceleratmg the removal of the three cell lines from the substratum (Fig. 3.5A, B). Thus,
the expression of PTPa. in A431 cells 1ncreased cell adhesmn in the absence of EGF and

= 1nh1b1ted the EGF-mduce_d release of these cells from the'gubstratum.

. The increased adhesion of PTPo. expréssing'cells rhay hakle- been a cc;néequence
of augmented or altered expression of ECM proteins by PTPOZ overexpressing cells.
However, the transfe'r.of contrql A431 cells onto plates on which PTPo. ¢xpressing cells
" had been previously growﬁ did not alfer the‘ adhel:‘r)encbe.. characté'ristics of the transferred
cells (data not shown). This suggested that the adhesion of PTPo expressing cells Was
intrinsic to these cells and not a result of altered ECM production. We ﬁave plated these
cells on ffbronectin, laminin, collagen, and vitronectin to dé;fermine whether a.specilfi”c
ECM cofnponent was mediafiﬁg the increased cell-substratum adhesion. However, no

significant difference in the adhesion of control and PTPo expressing cells to any of these

isolated ECM components was detected (déta not shown).

3.3.5. Potential substrates of PTPa. The expression of PTPot in A431 cells léd to
spec1flc changes in the phosphotyrosme content of surpr1smgly few proteins. Ant1-
phosphotyrosine 1mmunoblots of total cell lysates from control, PTPa, or PTPOL (D1 :

.C433A) transfected cells revealed reduced phosphotyrosine levels in protems with
molecular masses of 50-65 kDa in PTPo expressing cells (Fig. 3.6A). It has been

_previously reported 'that- overexpression of PTPa. in rat embryo fibroblasts (Zheng et al.,

1992) and P19 cells (deh Hertog et al., 1993) led to the activation of Src kinase.
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However, these studies did not address whether PTPa expression resulted in a general
decrease in cellular phosphotyrosine content, or whether PTPa. activity was specific for
Src. To determine whether the A431 50-65 kDa tyrosine phosphorylated proteins
corresponded to Src kinases(s) we immunoprecipitated Src, Yes, Fyn, and Lyn and -
assessed their phosphotyrosine content. Reduced phosphotyrosine levels were detected
for Src, Yes and Fyn, while Lyn phosphotyrosine levels appeared unchanged (Fig. 3.6B).
Interestingly, dephosphorylation of Src and Yes was observed only in cells expressing
active PTPo while Fyn phosphotyrosine content was also apparently redubed in PTPa
(D1 C433A) expressing cells. However, in contrast to the other Src family kinases, Fyn

protein levels were reduced by overexpression of either PTPa or PTPa (D1 C433A) (Fig.
3.6C).

A. anti-PY Blot B. IP: Src Yes Fyn Lyn

Blot: anti-PY

200

98
IgH-»

68

45 C: Blot —————————— antiSRC2 ——8M8M8 anti-Lyn

PTPa D1 C433A

FIG. 3.6. (A) Total cell lysate from control vector transfected (Ctr), PTPa, and PTPo (D1 C433A)
A431 cells was separated by SDS-PAGE, transferred to membrane, and immunoblotted with anti-
phosphotyrosine antibodies. Arrows indicate proteins containing diminished anti-phosphotyrosine
immunoreactivity. (B) Src family members were immunoprecipitated with antibodies specific for Src, Yes,
Fyn or Lyn from Ctr (1), PTPa (2), and PTPa (D1 C433A) (3) A431 lysates and immunoblotted with anti-

phosphotyrosine or (C) kinase specific antiserum.
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We have determined that the change in Fyn prptein levels was ﬁot a c'on'sequence
of changes in the protein solubility (data not shown). Further studies will be requifed to
determine how PTPo expressibn resqlted in reduced Fyn kinase protein levels in A431
cells. |
3.3.6. PTP« expression results in Src kinase activation. Src farhily kinases are both
positively and negatively regulated by tyrosine phosphorylatidr? (Cooper and Howell,‘
1993; Cooper, 1990). C-terminal phosphorylatioﬁ leads to the inhibition of enzyme.
activity tﬁrough a prbposed intramolecular association between the N-terminal SH2 and
SH3 domains and the C-terminus (Roussel et al., 1991; Lui'et al., 1993; Okada et al.,
1993; Murphy' et al., 1993;'Superti—Furga ef al., 1993; Erp.el et al., 1995; Cdbb_ and
Parsons, 1993). In contrast, tyrosine phoéphorylation within the catalytic domain leads to
enhanced enzyme activity (Jove and Hanafusa, 1987). To determine the effect of PTPa -
expression on Src kinase activity, we immunoprecipitated Src from two PTPa
overexpressing A431 cell lines.These two lines expre_ssed' approximately equal levels of
PTPOL protein (Fig. 3.7A) and contained similar levels of PTPa ehzyme activity agélinst
the Src Y527 phosphop-epti.de’(Fig. 3.7B). Sré kinase immun‘opreci’pitated ffom these
cells contained loWer phOsphot}.lrosinve levels than Src immunoprecipitated from control
A431 céll's (Fig. 3.8A,B). The relative activity of Src was determined by autokinase and
eholase assays (Flg 3.8C,D). Src kinase isolated from the PTPo. overexpressing cell lines
was approximately 3-fold more active than control A431 derived Src kinase (Fig. 3.8E) -

suggestiﬁg that PTPa indu;:es the activation of Src kinase by irégulating the

phosphorylation status of Src Y527.
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FIG. 3.7. (A) Western blot analysis of lysates derived from control (Ctr) and two A431 clones

expressing similar levels of PTPa. The arrow indicates the position of PTPa. (B) PTPa was
immunoprecipitated from A431 cell lysates obtained from cells as in (A) and PTP activity was assessed by

measuring the dephosphorylation of Src Y-527 phosphopeptide using the MGMP assay. Pj release was

determined by optical density measurement at 620 nM at the indicated times.
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FIG. 3.8. (A) Src kinase was immunoprecipitated from Ctr and PTPo overexpressing A431 cells

(PTPo 1, PTPa 2) and immunoblotted with anti-phosphotyrosine or (B) anti-Src specific antisera. (C) The
relative activity of Src kinase obtained from either Ctr or PTPa overexpressing cell lysate was determined
by autokinase (C) or enolase assays (D). Relative Src activity was determined by scintillation counting of

32p_jabeled enolase (E).
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Dephosphorylation and activation of Src is thought to correlate with changes in its
cellular localization and protein association by freeing both the SH2 and SH3 domains to
bind specific targets. This model predicts that a Src kinase activated by dephosphorylation
of Y527 should exhibit enhanced SH2 domain mediated binding to exogenous
phosphopeptides (Roussel et al., 1991; Sieh et al., 1993). We detected a marked increase
in the amount of Src kinase retained on Src Y527 phosphopeptide beads incubated with
lysates derived from cells expressing PTPa as compared to control or PTPo (D1 C433A)
cell lysates (Fig. 3.9 panel 2). Control non-phosphorylated Src Y527 beads did not retain

Src kinase from any of the cell lysates (Fig. 3.9 panel 3).

Blot: anti-SRC2 anti-src anti-SRC2
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SN o
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phosphotyrosine tyrosine

peptide: TSTEPQYQPGENL

FIG. 3.9. Src Y527 phosphopeptide binding assay. Lysates from control (1), PTPa (2), and PTPa
(D1 C433A) expressing A431 cells were incubated with Src Y527 phosphopeptide conjugated CnBr
Sepharose. Bead retained enzyme was then detected with anti-Src antisera (panel-anti-src) or antibodies
specific for Src, Fyn and Yes tyrosine kinases (panel-anti-SRC2). Beads conjugated to non-phosphorylated

Src Y527 peptide were used as a control in this assay.
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Interestingly, SRC2 immunoblots of Src Y527 phosphopeptide Sepharose
immunoprecipitates revealed an additional band of approximately 62 kDa (Fig. 3.9 panel
A). Although we did not have an antibody able to immunoblot Yes specifically, the SRC2
immunoblot and the previously observed reduction in phosphotyrosine content of Yes in

anti-Yes immunoprecipitates (Fig. 3.6B) suggests that PTPo. expression also results in the

activation of Yes kinase.

3.3.7. PTP«x is inducibly tyrosine phosphorylated ‘in response to EGF
stimulation of A431 cells. 1t has been previously reported that PTPa is a substrate of

Src kinase in vitro and likely in vivo (den Hertog et al., 1994). Moreover, we have

observed that PTPa is tyrosine phosphorylated in NIH 3T3, HEK 293, and A431 cells in

the absence of growth factor stimulation (Fig. 3 10 and data not shown).

IP: anti-PTP a
Blot: anti-PY

<4— PTP«

+

EGF =

Ctr
PTPa-1
PTP -2

Ctr
PTPa-1
PTPa-2

FIG. 3.10. PTPw is inducibly tyrosine phosphorylated following EGF stimulation of A431 cells.
PTPo was immunoprecipitated from cell-lysates derived from control (Ctr), and two PTPa transfected
A431 cell lines (PTPa-1, PTPa-2) and immunoblotted with antiphosphotyrosine antisera. Cells were
either untreated (-) or stimulated for 10 min with EGF (+) before lysis. Blots were reprobed with anti-PTPo

antisera to ensure equal quantities of PTPo were immunoprecipitated in each condition (data not shown).
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To determine whether PTPa is a substrate for growth factor PTKs such as the
EGF-R, we assessed whether PTPa was tyrosine phosphorylated in response to EGF
stimulation of A431 cells. Intriguingly, EGF stimulation of A431 cells led to a dramatic
increase in the tyrosine phosphorylation of PTPa (Fig. 3.10). Additionally, we found that
PTPo was tyrosine phosphorylated by the PTKs Lck (data not shown) and Csk in vitro
(Fig. 3.11). In vitro tyrosine phosphorylation was restricted predominantly to the second
catalytic domain of PTPa. However, a PTPo Y772F mutant (Fig. 3.11 PTPo-QFE) was

still tyrosine phosphorylated by Csk. Thus, in contrast to CD45, which is phosphorylated
by Csk at tyrosine residue Y1193 (Autero et al., 1994), the equivalent residue in PTPo

(Y772) was not a major Csk phosphorylation site. The receptor-like PTP, LAR, was not a

substrate of Csk in these in vitro kinase assays.
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FIG. 3.11. PTPa is phosphorylated by Csk in vitro. Recombinant proteins corresponding to GST,
thrombin cleaved forms of PTPa, PTPa-QFE, LAR, PTPa-D1, and PTPo-D2 were incubated with Csk in
the presence of 32p yATP for 30 min. Tyrosine phosphorylated proteins were visualized by

autoradiography.
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Two dimensional phosphopéptide analysis> of tryptic péptides derived from Csk l
phosphorylated PTPo. revealed at least two major sites of in vitro tyrosine phosphorylation.
These sites were present in both GST-PTPo (oontaining D1+D2) and GST-PTPa-D2 but
not ‘GST—PTPOL-DI fusion proteins (data not shown). Mass spectrometry analysis of these
trypsinized tyrosine phosphorylated PTPo-D2 derived peptides demonstrated that tyrosine
residues 579 and 789 were phoshhotylatéd by Csk in vitro (Amankwa, L., Harder, K.,
~and Jirik, F., unpublished observations). PTPa Y789 has been shown previously to be
: phosphoi'ylated in vivo in 293, 3T3, and L6 myoblast cells (den Heitog et al.; 1994; Su et |
al., 1994). This site conforms to a Grb2 SH2 domain binding site and binds th2 in vivo
(den Hertog et al.', 1994§ Su et al., 1994). The role of Grb2 bound to PTPa is uncléar

however, as Grb2 bound to PTPa, was not associated with the guanine nucleotide |
exchange factor SOS. Thus, it is unlikely that Grb2 association with PTPo. is involved in
Ras activation. We have not"determined whether the in vivo, EGF-stimulated tyrosine :
phosphorylation of PTPo occurs at Yi89, however, that P"I“Poc is a target of EGF-R
stimulated phosphorylattion suggests that this enzyme inay be involved in some aspect of
_ grovi/th factor signaling. |
Interestingly., incubation of 'GST-fl'isions containing the cytoplasmic domains of
PTPa with A431 lysétes, also revealed a tyrosine kinase activity which was retained by |
PTPo. and LAR, but not GST-beads (Fig. '3.12). ‘The asisociation of this kina‘sc was
relatively stable, withstanding thorough washing in lysis huffer containing 1 % NP40, 0.1 .
% SDS and 0.5 % deoxycholato. However, immunoblotting of these!precipitations failed to
detect either Csk or Src family kinases. Thuis we have been unable to determine the identity

of this kinase.

3.3.8. PTPo substrate specificity. An interesting consequence of PTPa

~overexpression in A431 cells was the selective reduction of phosphotyrosine levels in Src

family kinases. Indeed, other phosphotyrosine containing proteins exhibited increased anti-
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phosphotyrosine immunoreactivity (Fig. 3.13A). Specifically, we observed increased
phosphotyrosine staining of 70 kDa and 110-130 kDa proteins in PTPa over-expressing

cells. Increased levels of phosphotyrosine were not observed in cells expressing PTPa (D1

C433A).
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FIG. 3.12. PTPa associates with tyrosine kinase activity from A431 cells lysate preparations. GST-

fusion proteins of PTPa, PTPo-QFE, LAR, PTPa-D1, and PTPa-D2 were incubated with A431 cell-
lysates, bead bound fusion proteins were then washed extensively in lysis buffer (containing 1.0 % NP40,
0.1 % SDS, 0.5 % deoxycholate) and subjected to kinase assays in the presence of p32 YATP. Gels were
then soaked in 1M KOH (55°C for 1.5 hours), dried, and exposed to autoradiography film. The positions of

tyrosine phosphorylated fusion proteins are indicated.

C-terminal regulatory phosphorylation site Y527F mutants of c-Src, v-Src, and
activate Src family kinases in Csk-/- mouse embryo fibroblasts have been shown to induce
the tyrosine phosphorylation of specific proteins (Thomas et al., 1995; Cooper and
Howell, 1993; Cooper, 1990). An interesting feature of many Src family kinase substrates

is their localization and/or involvement in the organization of the cytoskeleton. This
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correlation and the observed changes in cell adhesion of PTPa expressing A431 cells
éuggested that PTPa. may be involved in the regulation of Src.kinase(s) localized at focal

adhesions.

3.3.9. Increased Src kinase(s) associdiién wit'}i F;AK vinr PTPco
ekpressing cells. To investigate whether fhe 'proteins with increased phosphotyrosiﬁe,
levels in PT’Pd expressing A431 cells were associated with Src 'kinase(s), we |
immunoprecipitated Src, Yes énd Fyn from cells with SRC2 antisera. Immunoblott.ing of
these immunoprecipitates with anti-phosphotyrosine antibodies revealed proteins. of 110-
1.30'and approxifnately 220 kDa (Fig. 3.13B). ’fhe activation of Src has been shown to |
enhance the phosphorylation and activation of focal adhesion kinaée (FAK), a 125 kDa
kinase localized at foca_l adhesions and activated in fesponse to integrin-dependeht cell
| adhesion (Thomas et al., 1995; Guan and Shalloway, 1992; Schaller etv al., 1992; Shattil et |
al., 1994; Kornb‘erg et al., 1992). Others have reported the SH2 domain-depeﬁdent
association of Src'family kinases With FAK (Schaller et al., 1994, Cobb et ‘al., 1994). To
determine if the 125 kDa phoéphoprotein which co-immunoprecipitated with Src kinase(s)
was FAK, we immunoblotted SRC2 immunopreéi{pitates-wi»th anti-FAK antibodies. .
Increased quantitic_as of FAK weré observed in Src kinase immﬁnoprecipitates from PTPo
overexpressing cells (Fig. 3.13C). In kéeping with enhanced assoc'iation_ of Src kinése(s)
with FAK, we observed that the level of FAK tyrosine phosphorylation was elevated in
cells expressing PTPa (Fig. 3.13D). In contfast, in cells expreésing PTPa. (D1 C433A),
FAK phosphotyrosiné levels were approximate‘ly 50% lower than FAK isolatedui}from

control A431 cells (Fig 3.15A). FAK proteih levels were similairg~ in the three cell lines

_ examined (Fig. 3.13E).
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FIG. 3.13. Lysate from control (1), PTPa (2), and PTPa (D1 C433A) (3) expressing A431 cells
was separated by SDS-PAGE and immunoblotted with anti—pﬁosphotyrosine antibodies (A), or subjected to
immunoprecipitation with SRC2 antisera and immunoblotted with anti-phosphotyrosine (B), anti-FAK
(C), or used to immunoprecipitate FAK. Anti-FAK immunoprecipitates were then immunoblotted with
anti-phosphotyrosine (D), or anti-FAK (E). Arrows in (A) indicate proteins with increased tyrosine

phosphorylation levels.

We have not determined the identity of the other 110-130 kDa or 220 kDa
phosphoproteins co-immunoprecipitating with Src kinase(s) from A431 cells (Fig. 3.13B).
However, likely candidates include p110-p130 (Reynolds et al., 1992; Kanner et al., 1992;
Petch et al., 1994) and p220 tensin (Bockholt et al., 1992), which are potential substrates

of Src kinase(s) and regulated by cell-substratum adhesion.
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3:.'3..1 0. Enhancéd ' paxillilt tyrosirte phosphorylaiion in PTP(X
overexpressihg cells. The protein exhibiting the most drarnatic | increase in
phosphotyrosine content had a molecular mass of approxitnately'7‘() kDa and was not co- R
inlmunoprecipitated With Src kinase(s) (data not shown). Paxillin is ~70 kDa and has been

previously shown to be a substrate of Src kinases in v-src transformed cells (Glenney and -

. Zokas, 1989; Turner et al. 1990) We immunoprecipitated paxillin from control, PTPo,

'and PTPo. (D1 C433A) expressing cells and 1mmunoblotted these 1mmunopre01p1tates with
anti- phosphotyrosme antibodies. Dramatlcally enhanced anti- phosphotyrosme'
'1mmunoreact1v1ty was detected in paxillin obtained from PTPo overexpressmg cells (F1g

- 3.14A), while 1mmunopre01p1tated paxillin protein levels were snmlar among the three cell
lines (Fig. 3. 14B). Densitometric analysis of 'anti-phosphotyrosine immunoblots of paxillin
immunoprecipitates revealed approximately 5-fold greater ganti-phosphotyrosine

immunoreactivity in paxillin obtained from PTPa expressing_cells (Fig. 3.15B)..

3. 3 11. Increased Csk/Paxtllm assoc:atwn in PTP(x expressmg cells.
Src kinase-dependent tyrosine phosphorylation of paxillin is thought to result in the
.recru1tment of Csk to phOsphorylated paxillin through the 1nteract10n of the Csk SH2
domain with phosphorylated tyrosine residues in paxﬂlin (Sabe et al., 1992; -Sabe et‘ al.,,
1995). Sabe et al. (1992 and 1995) have shown that v-Crk exptession led to a 3-4 fold
| acti‘vatton of Src kinase, while overexpression of Csk bloci(ed Crk-dependent )
transformatlon of 3Y1 cells. The authors suggest that v-Crk expressmn 1nh1b1ts the ability
of Csk to associate with paxillin at sites of Src kinase activity (Sabe et al., 1995). This may
prevent Csk from negatlvely regulatlng the catalytic act1v1ty of Src resultmg in enhanced
Src kinase activity. Thus Src klnase regulation can be thought of as a balance between the

activity and localization of Csk and the activities of specific PTPs. The activation of Src -~

kinase(s) by PTPs may result from the dephosphorylation of paxillin directly, preventing
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the mobilization of Csk to sites of Src activity, or, by the direct dephosphorylation of Src

kinase(s) C-termini or both. PTPa expression enhanced the tyrosine phosphorylation of
paxillin, suggesting that Src kinase(s) rather than paxillin are substrates of PTPo. A
prediction based on this model is that PTPa-dependent Src kinase(s) phosphorylation of
paxillin would result in the recruitment of Csk to sites of Src activity. Indeed, we observed
that Csk immunoprecipitated from PTPo overexpressing cells was complexed with a
heavily tyrosine phosphorylated group of proteins of approximately 70 kDa (Fig. 3.14C)

which immunoblotted with anti-paxillin specific antibodies (Fig. 3.14D). Thus, Src kinase

anti-paxillin
anti-paxillin

P: anti-csk anti-csk
Blot: anti-PY anti-paxillin

FIG. 3.14. Paxillin was immunoprecipitated from control (1), PTPa (2), and PTPa. (D1 C433A)
expressing A431 cell lysates, separated by SDS-PAGE, and immunoblotted with anti-phosphotyrosine (A),
and anti-paxillin antibodies (B). Csk was immunoprecipitated as above and immunoblotted with anti-

phosphotyrosine (C), and anti-paxillin antibodies (D).




91

activation by PTPo may result in Csk mobilization to tyrosine phosphorylated paxillin with
subsequent inhibitibn of ‘S‘rc activity. |
Densitometric analysis of Csk immunoprecipitates immunoblotted with anti-paxillin
antibodies detected approximately 2 fold mdre_paxillin co-immunoprecipitating with Csk in
PTPa expressing cells. In contrast, within cells expressing PTPo (D1 C4373A), the levels
of paxillin co-immunoprecipitating with Csk was reduced by approximately 50% as-

comi)ared to control cells (Fig. 3.15C).

A. anti-FAK/anti-PY B. anti-Paxillin/anti-PY C.  anti-Csk/anti-Paxillin
3000

4000 |
10000 |.

3000 2000

2000 6000

1000 2000

Relative Densitometric Intensity

FIG. .3.15.. Densitometric analysis of immunoreactive prpteins in Figs 3.13. and 3.14.‘(A) FAK was
| immunoprecipitated from Ctr, PTPa, and PTPo (D1 C433A) expressing A431 cell lysates and the anti-
phosphotyrosine immunoreactivity intensity blotted in arbitrdry units. (B) Anti-p‘hosphotyrosine
immunoreactivity. intensity of paxillin immunoprecipftated :from lysatés as above (C) Relative. scan-
intensity of anti-paxillin immunoreactive protein in an anti-CSK irﬁmunobrecipitate from the outlined cell

lysates.
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3.4. Discussion.

.These studies were initiated to cstablish. whether expression of PTPo. in A43 1 cells
would alter EGF receptor signal transduction. Although PTPo was ce‘fficiently exp'res’sed in
A431 cells, its ex‘pression did not alter the rate of cell proliferation.ii:n either the presence or ‘-
gbsence of exogenous EGF. Consistent with this finding, the EGF receptor isolated from
control, PTPo or PTPOL (D1 C433A) transfected cells revealed similar levels of
phosphotyrosihe (data not shown). Althoﬁgh we have not excluded the possibility that —
PTPo déphosphorylated specific sites within the EGF receptor, the inability of PTPa to
alter autocriﬁe TGFo.-dependent celli growth suggests that this phosphatase does not
dephdsphorylate the EGF receptér. | _

Although PTPq expres.sion did not alter EGF inhibition of cell pfoliferation, an
increase in PTPo overef(pressing cell cell-substratufn adhesion ‘was observed.  This
charactéristic was dependént on the catalytic activity of PTPc, as{'vth'e adhes'ion of PTPa
(D1 C433A) expressing cells was similar td, or lower than, control A431 cells. This
differencé between control and PTPa-transfected cells, however, was most evident ﬁpon
EGF treatment. While control and PTPo (D1 C433A) cells rounded-up and lifted-off the
A substratum in the presence of EGF, a large fraction of PTPo. expressing gells remained
spread and adherent. Thus, although PTPo appeared to be unable to dephosphorylate the
EGF receptor directly, it was able to interrupt the cell-substratum adhesion-disrupting effect
of EGF. These finding are similar to those of Moller et al. (1995) who reported that PTPo-
and PTPe-transfected baby hamster kidney cells overexpressing the insulin recéptdr
remained adherent in the presence of insulin while control cells lifted-off the substratum.
As the authors noted, their assay would likely detect any tyrosine phosphatas'e’c-apable of
interfering with signal transduction pafhways ieading. to cell—roun'ding and lift-off frorh the
substratum. Although reduced phosphotyrosine conten£ of the insulin receptor was

observed, it is also possible that PTPa and PTPe regulate a common si‘gnaling pathway’

through which diverse growth factor receptors.effect changes in cell adhesion. Impbrtantly,
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insulin receptor stimulation has been previously shown to lead to the dephosphorylati'on of

FAK (Pillay et al., 1995). Thus, rather than inhibiting the effect of insulin by direct

dephosphorylation of the insulin receptor, PTPa. and PTPe may regulate a tyrosine kinase

pathway involved in the'regulat:ion of cell-substr_atnm adhesion. In support of this

possibility, we have shown that PTPo expression in A431 cells leads to enhanced tyrosine

-phosphorylation of FAK and an increase in FAK/Src kinase association. The protection of

PTPo. expressing A431 cells from EGF-induced eell—rounding and lift off suggests that
PTPa. may modulate the ab111ty of multlple receptors to regulate cell adhesion.

Precisely how PTPa interferes with the cell adhesion- dlsruptmg effects of EGF is

- unclear. Other studres have demonstrated the involvement of phospholrprd—derlved second

messengers such as arachidonic acid in the regulation of EGF induged A431 celi—rounding
(Peppelenbosch et al., 1993). Although our resultsldo not exclu_de. the possibility that
PTPo expression alters the production of cytosolio phospholipase-AZ. (cPLA2)
metabolites, our observations suggest a direct role for PTPo in cell—substratumvadhesion

via regulation of Src family kinase activity. We found that PTPo. overexpression resulted in

the dephosphorylation of Src and Yes kinases, and resulted in an approximately 3-fold

 increase in Src kinase activity. Indeed, arguing for the specificity of PTPa. for Src family

kinases, other cellular proteins showed enhanced tyrosine phosphorylation in PTP

expressing cells. Furthermore, in support of a role for PTPa. activation of Src family

kinase(s) localized at focal adhesions, we observed an increase in the association of Src

2
ki

kinase(s) with FAK and an increase in the tyrosine phosphorylation and association of

paxillin with Csk. Superficially, these results appear to be in conflict with the ancnorage-

independence observed following v-Src transformation or activated Src overexpression
(discussed in chapter.1). However, studies demonstrating enhanced - tyrosine
phosphorylation of Src kinase substrates during the adhesion of cells to the substratum, the

N

mtegrm dependent activation of Src in thrombin- strmulated platelets (Clark and Brugge

1993), defects in Src-/- frbroblast spreadmg on flbronectm the actlvatron of Src kinase
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-during normal fibroblast cell spreading on fibronectin (Kaplan et al., 1995), and studies
showing the requirement of Hck and Fgr for integrin-dependent neutrophil cell adhesion
(Loweli et al., 1996), sng‘gest that S.rc kinase(s) play a critical role in integrin-dependent
oeli adhesion. Moreover, studies of the role of Csk in the reguiation of Src kinaees nlso
support a role for Src kinases at focal adhesions (Bergman et al., 1995). Howell and
Cooper (1994) demonstrated that the SH2 and SH3 domains of Csk are required for the
mobihzation of Csk to sites of Src activity in stmctures resemblmg podosomes. They also
found that Csk locallzatlon to focal adhesions requlred Src kinase activity. Thus, the
localization of Src and Csk to focal adhesmns may be regulated posﬁweiy by
dephosphorylation of Y527 or negatively by Csk Indeed, Kaplan et al. (1994) found that
mutation of Src Y527 resulted in a change in Src localization from endosomes to focal -
adhesions. They also demonstrated that the first 251 residues of Src were sufficient for the
targeting of this kinese to focai adhesions. Intriguingly, this region of Src was also
sufficient to enhance FAK tyrosine phosphorylation and to increase anti-phosphotyrosine
stéining of focal adhesions (Kaplan et al., 1995). Other studies have demonstrated Src
kinase involvement in neural_celi adhesion and/or migration mediated by adhesion
molecules such as NCAM and L1 (Beggs et al., 1994, Ignelzi et al. 1'994).»

 While it is tempting to speculate that PTPa may be the molecule responsible for Src -
Y527 dephosphorylatlon and mobilization to focal adhesions, it remains to be determmed
which class of adhesion molecule is responsrble for the PTPa-dependent change in
adhesion observed in A43‘1 eells.)It also remains to be determined how Src_kinase
activation might lead to increased cell adnesion. Although the affinity of integrin family
receptors for ECM components can be regulated in an 'inside—\out' meinner (discussed in
chapter 1 and Springer, i994) vye have no evidence that PTPo activity regulates the affinity
of integrin receptors specifically. However, our observations that PTPo. overexpression

activates Src kinase(s), enhances cell-substratum adhesion, and alters the interactions and - ’

phosphorylation states of known focal adhesion-associated molecules, su‘ggest a role for =

4




PTPa in the regulation of cell adhesion.
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CHAPTER 4

PTPc, retrovirally-encoded oncoproteins, and members of the cytokine

receptor superfamily contain a novel SH3 domain-binding motif

4.1. Summary

'PTPa. expression has been associated with Src kinase acfivation in various cell
systems (chapter 3). We found that PTPa co-immunoprecipitated with Src kinase(s) in
the humaﬁ epidermoid cell line A431. In studies aimed at élucidating the Anvature of the
interéction between these molecules, we identified a prpline-fiéh membréne-proximal
region within PTPQL. able to bind SH3 domains in vftro. Using filter, solution, and
BIAcore Binding assays, a PXXP motif within this region was idéntified thaf exhibited a
preference for the Lyn and Fyn kinase SH_3‘ domains. Moreover, binding of Lyn SH3
~ domain to the membrane proximal region of PTP required basic amino acids N—terminal
to the PXXP motif, consistent with a class I SH3 domain binding ‘orientation'.
Furthermore, specific members of the cytokine receptor sﬁperfamily and proteins
encoded by viral oncogenes contain a prol__ine-rich motif which is similar in seqﬁeﬁce to
the PTPd proline—rich sequence. We show that peptides derived from these sequencés are
able to bind SH3 domains in vitfo. The_se findings» suggest tha;specific retrovifally-
e_ncodéd oncoproteins as well as membérs of the PTP and cytokine receptor superfamiliesl
contain a membrane proximal motif that may mediate association with SH3 dom;in-

containing proteins within cells.
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4.2, Introduction

Information arriving at the cell sur_fa’ce. in the form of- soluble factors, extracellular
matrix components or cell surface-associated ligands is converted into a vast array of
second messenger systems within tha cell. Actlvation of cell surfaée receptor or receptor- |
associated tyrosihe kinases, for example, léads‘ to the recriitment of a variety of
molecules to the plasma membrane (Pawson and Gish, 1992). Recent studies have
highlighted the modular nature of such rrlolecule_s, many of which contain various
combinations of Src homology (SH) 2, SH3, pleckstrin hofnology (PH), and/or
phosphotyrosine binding (PTB) domains. These modules are required for the assembly of
signaling c'omplexes which are responsible_for' the transmission of phosphorylation
signals at the membrane to the cytoplasm and ultimately thé nucleus (Collen et al., 1 995;
Pawson, 1995). | | | | ”

The SH3 domain is a 50-70 amino acid module thought fo mediata interactions
between broteins (Cohen et al., 1995). The precise function of the SH3 dAomain» withln
speclfic signaling pathways is still incolnplétely understood. However, the ide'ntifiéation‘
of 3BP1 and 3BP2 as ligands for the Abl »SIrl3 domain by expression library screening has
aided in determining SH3 domain binding specificity (Cicchetti et al., 1992). The regions
of 3BP1 and 3BP2 found to mediate ‘associatiori'vi/ith the Abl SH3 domain were localized
to an approximately 10 amino acl‘d se(iuence in both proteins, rich in prolirle residues
(Ren et al., 1993). The SH3 binding speciflcity has been further defined using phage-
displayed peptides and biased peptide libraries (Chen et al., 1993; Yu et al,, 1994; .Sparrks
et al., 1994; Cheadle et al., 1994; Rickles et al., 1994). The structure of the SH3 damain'
module complexed to proline-rich peptides has also been determined. The SH3 do.main
itself is folmed by two perpendiéular B sheets composed of 5 antiparallel 8 strands with

binding centered around a core XPpXP motif within the ligand. Peptide binding on the

exposed hydrophoblc face of the SH3 domain is mediated largely by hy'drophoblc
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interactions of the peptide with a cluster of aromatic residues conserved among SH3
domains. However specific acidic residues in the RT loop of the SH3 domain also make
important contacts with basic amino acids within the polyproline ligand (Cohen et al.,
1995).

| Both the SH2 and SH3 domains of Svrc kinases contribute to the repreSSion of
kinase activity through the proposed intramolecular association of these domains with the
tyrosine phosphorylated C-terminus (Okada et al., .1993; Howell and Cooper, 1994;
Kaplan et al., 1994; Erpel et al., 1995). However, constitutively -active forms of Src

kinase which contarn SH3 domain mutations are unable to transform NIH 3T3 cells,

g suggesting that SH3 domain interactions potentiate the transforming ability of this kinase

(Erpel et al., 1995). Conversely, the SH3 domain of Abl has been shown to inhibit the
ability of this kinase to transform cells (Jackson et al., 1993) In other systems, such as in
the regulation of the dynami_n GTPase, or the PI3K p85 subunit, SH3 domain binding is
associated with enzyme activation (Pleiman et al., 1994; Gout et al., 1993). In yeast,
osmotic shock results in initiation of a MAP kinase cascade that is in part reg_uiated by
the association and activation of a polyproline-containing MAP kinase kinase (Pbs2p)
with the SH3 domain of the transmembrane osmosensor Sholp (Maeda et al., 1995).
Moreover, the production of reactive oxygen intermediates within phagocytic cells is
governed by the NADPH oxidase complex, the assembly. of. which involves SH3-
polyproline interactions (McPhail, 1994). The SH3 domain aiso ha}gs arole in determining
the cornpartmentalization of specific signaling molecnles; For exarnple, the SH3 domains
of PLC v and Grb2 are required for localization to the cytoskeleton, and to membrane
ruffles, respectively (Bar-Sagi et al., 1993), while a polyproline peptide Within the
amiloride-sensitive sodium channel leads to the localization of this protein to the apical
surface of epithelial cells (Rotin etal, 1994). In addition, the preValence of SH3 domains
in molecules required for the assembly and function of t_he cortical cytoskeleton such as

non-muscle myosin 1b and the Saccharomyces cerevisiae proteins Abpl, Beml, and

A
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Slal, also suggest an important role for the SH3 domain in the regulation of cellular
architecture (Drubin et al., 1990; Drubin, 1991; Holtzman et al., 1993).

We.h.ave shown that overexpression of PTPa in A431 cells results in the

activation and/or dephosphorylation of Src and Yes kinases (chapter'3). Futhermore,

. ectopic expression of PTPa in embryonal carcinoma P19 cells resulted in neuronal

. differentiation in response to retinoic acid (den Hertog et al., 1993), while PTPa, over-

-expression in rat embryo fibroblasts was reported to lead to cell transformation énd
tumorigenesis (Zheng et al., 1992). In these studies an increase _in Src kinase activity was .
observed as a result of PTPa-expression. In support of ‘this ciorre'lation, PTPa co-
immunoprecipitated with Src kinase(s). from the human epiderméid carcinoma cell line
A431. Furthermore, we demonstrate that PTPoc'coilltains a membrane proximél
| "pblyproline SH3-binding motif that exhibits specificity for the SH3 domains of Lyn and |
Fyn protein tyrosine Kinases in vitro. In addition, the:Lyn SH3 domain is able to bind to
similar polyproline sequences in proteins encoded by onéogenic retroviruses such as
Abelson’s murine leukemia.virus (AMLY) and Gard_nej,r—Rasheed feline sarcoma virus
(FSV). The Lyn SH3 domain also bound proline-rich»sequen‘ces present in members of
the cytokine receptor superfamily, including the growth hormone (GH) receptor and the
aipha chains of the receptors for interleukin-3 ’(IL-3),‘ interleukin 5 »(IL-S)'; and,‘
granhlocy_te-macrdphage colony stimulating factor (GM-CSF). Thé idenfification of SH3
domain—binding motifs in‘ the membrané-proximal regions of these molecules supports

the hypothesis that SH3 domain containing proteins may interact at this site within these

diverse signal transduction molecules.
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43. Results o
4.3.1. Co-immunoprécipitation of Srci family kinase(s) with PTPc. _
We (cﬁapter 3) and others (Zheng et al‘., 1992; den Hertég et al., 1993) have observed that
overéxpression of PTPoi in cells can 1ead to Src kinase activatiqn. Howévér, the nature of
the interaction between these molecﬁles is not known. The human epidefmoid carcinoma
cell line A431 expresses Src, Fyn, Yes (Fig. 4;1A) and Lyn (chapter 3) tyrosine kinases ..
To assess whether PTPo. islthSically assqciated with Src family kinases in theseucells,
we ovefexpressed PTPa and Aa.catalytically inactive mutant formlyof PTPa (D1 C433A)
- (discussed in chapter 3) in A431 cells (F1g 4.1B). P;I‘P(x associat.ioh»wi'th' Src kinases was
investigated by wesfern blot analysis of SRC2 -immﬁnoprecipitatéé with. anti-PTPo
“specific antibodies. The antibody SRC2 recognizes Src, Fyn and Yes kinases (Fig. 4.1A).
“We detected PTPOL m SRC2 immunoprecipitations from cells'expressing‘ PTPOL (Fig.
4.10), but not in rabbit ant_isera-mat_ched' control anti-Csk kinése i_nimunoprecipitations
(Fig. 4.1D). Interestingly, in cells expressing the c‘atalyticallly inacti\}e mutant, PTPa (D1
‘C433A)‘, less PTPo was co-immunoprecipitated with the Src kinases despite higher
expression levels of this mutant-phosphatase (Fig. ’4.1C, lane 3). This \may'_ reflect a
difference iln the ability of the SRC2 antibody to immunoprecipitate active Versué inacti\}e
Src kinases in PTPo expressing cells. Alternativefy, it is possible that PTPa phosphatase -
activity modifies Src kinases in a way that allows them to associate either directly or

indirectly with PTPaL.

4.3.2. PTPo contains a Src family kinase SH3 domain-binding hzotif. PTPao likely -
activates Sfc by directly dephosphoryléting,the C-terminal regulatory tyrosine residue
(Y527) responsible for repression of kinase activity. This phosphdtyrosine residue

associates with the SH2 domain of Src through a proposed intramolecular mechanism

which also involves the SH3 domain (Cooper and Howell, 1993). . -
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FIG. 4.1. PTPa co-immunoprecipitates with Src family kinases. (A) Src (lane 1), Fyn (lane 2), and

Yes (lane 3) were immunoprecipitated from A431 cell lysates with kinase specific antibodies and
immunoblotted with SRC2 antisera. (B) Total cell lysate from untransfected (lane 1), w.t. PTPo transfected
(lane 2), or PTPo (D1 C433A) mutant transfected A431 cells (lane 3) was separated by SDS-PAGE and
blotted with anti-PTPa-specific antibodies. (C) The Src family kinases Src, Fyn, and Yes were
immunoprecipitated with the SRC2 antibody from lysates prepared from control A431 (lane 1), w.t. PTPa-
transfected A431 (lane 2), and PTPa (D1 C433A) mutant transfected A431 cells (lane 3). Associated PTPo
was then detected by immunoblotting with anti-PTPa-specific antibodies. (D) Csk kinase was

immunoprecipitated from the above A431 lysates and blotted with anti-PTPo specific antibodies as a

control.
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Thus, the phosphorylation state of Sr_c tyrosine 527 appears to control the protein
interactions and sub-cellular localization of Sre by regulating both the SH2 and SH3
doméih's availability to bind other proteins (Howell and Cooper, 1994; Kapllan et al,,
1994). We hypothesized that dephosphorylation of the Src kinase(s) regulatory C-
terminal tyrosine phosphbrylation_ site by PTPo might allow their SH2 and/or SH3
domains to .associate‘bdirectlyA With ETPd.AS the in vitro binding specificity of Src
family kinase SH3 domains has been determined to -be RPLPPXP and RPLPXXP ‘by
phage diéplay techniques (Sparks et al., 1994;'Rickles et al., 1994; Cheadle et al., 1994) |
or RXLPPLP by combinatorial peptide library analysis (Yu et al., 1994), we examined
the primary sequence of human PTPa for similar polyproline motifs. This search re\;ealed
the sequence RKYPPLPVDK, in the membrane-proximal region between the
transmemb‘r‘ane domain and first PTP domain (Fig. 4.2). Although this motif lies in a.
region whose sequence is not conserved amongst the receptor-like PTPs, similar

polYproline motifs are present in the membrane-proximal regions of the receptor-like

PTPs LAR, PTPS, PTPo, and PTPe (Fig. 4.13).

X ) - )
ARSPSTNRKYPPLPVDKLEEEINRR

? | :

E.CD. TM. PTPase D1 PTPase D2

. \
FIG. 4.2. Structure of PTPa.. The extracellular domain (E.C.D.), transrhembranq (T.M.) and two

phosphatase domains (D1 and D2) of PTPa are shown. A stretch of the membrane proximal region
sequence is shown. Key residues thought to mediate SH3 domain binding are highlighted by bold lettering.

Serine phosphorylation sites, Ser 202 and Ser 204 within the proline-rich sequence, are indicated by closed

circles.




103

4.3.3. Interaction of PTPo with Src family kinase SH3 domains by filter binding
assay. To assess whether the membrane-proximal region of PTPa is capable of binding
SH3 domains, we performed a filter binding assay analysis of this region with a variety of

SH3 domains. The 70 amino acid region (containing the putative polyproline SH3-
binding motif) between the transmembrane domain of PTPa and the first phosphatase
domain, was expressed as a GST fusion protein. As positive controls to monitor SH3
binding, the Src family kinase SH3 consensus peptide RPLPPLP, and the 11 amino acid
peptide 3BP1 APTMPPPLPPV (corresponding to the in vitro Abl SH3-binding site),
were also expressed as GST fusion proteins. Lysate from bacteria expressing GST alone
served as a negative control. Total cell lysates from bacteria expressing the various GST-
polyproline peptide fusions were separated by SDS-PAGE and blotted with biotinylated
GST, or biotinylated GST-fusion proteins containing the SH3 domains of Src, Yes, Fyn,

Lyn, Abl, PI3K, and GAP (Fig. 4.3).

A.GST B. GST-Src SH3  C.GST-Yes SH3 D.GST-Fyn SH3

FIG. 4.3. Filter Binding Assay of the PTPa. membrane proximal region with SH3 domains. Total
cell lysates from bacteria expressing GST (lane 1), GST-PTPa 70 a.a. (lane 2), GST-RPLPPLP (Src family
SH3-binding consensus) (lane 3), and GST-APTMPPPLPPV (Abl SH3-binding sequence from 3BP1)

(Lane 4), were fractionated by 15% SDS-PAGE, transferred to membrane and blotted with biotinylated



104

SH3 domains as indicated. Bound SH3 domains were then detected with streptavidin horseradish

peroxidase conjugate.

The PTPo.-derived 70-tesidue peptide (GST-PTPOL 70 a.a.) nound well to the Lyn
SH3 domain‘(Fig. 4.3 pénel E, lane 2). There was also low but detectable binding of this
peptide to the Src SH3 domain (Fig. 4.3 panel B, lane 2). In contrast, no binding coulci be
detected to the SH3 domains of Yes, Fyn, Abl, PI3K, er GAP. Strong binding to the Src' -
kinase consensus 7-residue peptide was oi)se'rved foi all .of the SH3 domains tested, with
the exception of the Abl and GAP SH3 domains, which showed no reactivity (Fig 4. 3
lane 3, panels B, C, D, E, G). The 3BP1 peptide was bound by Abl Src and Lyn SH3
domains (Flg 4.3 lane 4 panels B, E, F). These results suggest that the region between
the transmembrane domain and the first catalytic domain of PTPa is capable of binding

Stc family kinase SH3 domains.

4.3.4. Binding of the Lyn SH3 dnmain to PTPd requires an intact PXXP ‘motif. To
further define the region of PTPa mediating the observed aséociatidn with the Lyn SH3
domain, we expressed .a smaller - 18 residue PTPo -derived peptide
(PSTNRKY?PLPVDKLEEE) containing the 'putative PXXP SH3-binding motif. The
Lyn SH3 bound strongly'to this peptide (Fig. 4.4A lane 3). Furthermore, bindiné was
abolished by a proline-to-alanine substitution within;ﬁ the PXXP motif
(PSTNRKYPPLAVDKLEEE) (Fig. 4.4A lane 4), indieating that an intact PXXP

sequence is iequired for Lyn SH3 domain association with this region of PTPa.

4.'3.5. The Lyn SH3 domain binds PTPo in a class I orientation. Structural studies
have determined that in the case of class I ligands, SH3 domains bind to a core PXXP

motif in conjunction with critical contacts with basic residues N-terminal to the PXXP

motif, or in the case of class II associations, with basic residues C-terminal to the PXXP
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motif (Feng et al., 1994; Lim et al., 1994). The PTPa sequence we have defined contains
an arginine at position -3, a lysine at position -2, and a lysine at the +6 position relative to
the PXXP motif (R-3K-2XPOXXP+3XXK+6). To determine whether the Lyn SH3 domain
bound to the PTPa peptide in a class I or class II orientation, we expressed two smaller

peptides: PTPa class I (RKYPPLP) and PTPa class II (YPPLPVDK).

EoSa < .
ScEs L
FrE
i E
FIG. 4.4. The PXXP motif of PTPa is required for association of the Lyn SH3 domain. (A) Total

cell lysate from bacteria expressing GST (lane 1), GST-PTPo. 70 a.a. (lane 2), GST-PTPa 18 a.a. PPLP
(lane 3), and GST-PTPo. 18 a.a. PPLA (lane 4) were separated by SDS-PAGE and blotted with the
biotinylated Lyn SH3 domain. (B) PTPo binds the Lyn SH3 domain in a class I orientation. Bacterial
lysates from cells expressing GST-PTPa "class I" RKYPPLP (lane 1), and GST-PTPa "class II"

YPPLPVDK (lane 2) were separated as above and blotted with the biotinylated Lyn SH3 domain.

While the Lyn SH3 domain bound to the PTPa class I peptide, it failed to show
detectable binding to the PTPa class II peptide (Fig. 4.4B). These results suggest that the
Lyn SH3 domain binds to the PTPo sequence in a class I orientation, and also
demonstrate the importance of residues outside the core PXXP motif in SH3 binding.

These findings support the hypothesis that this proline-rich segment of PTPa may be an

SH3-binding site and suggest that this region contains the elements required for class I
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SH3-binding. The poss1b111ty remains however that another SH3 domam that requires a
lysme at the +6 position of the PXXP motif may bind to thls sequence in a class - II

orientation.

4.3.6. Solution binding of SH3 domains to PTPq. The binding of the Lyn SH3-domain
to PTPa. in the filter binding assay revealed that the PTPo PXXP. motif could bind SH3
domains. However, we wanted to determine if this region could interact with SH3
domains in solution. We exoressed specific proline-rich peptides in bacteria to determine
conditions favorable for SH3 domain binding. Peptide sequences were introduced into the
bacterial expressmn vector PinPoint-Xa (Promega). Recombinant proteins expressed
using the PinPoint system are fusmn protelns containmg approximately 13 kDa derived
from the enzyme transcarboxylase and are b10t1ny1ated at a single site at the N—terminus.
This system was used to express the phage display derived peptide sequence RPLPPLP
(called Sparks in Fig. 4.5) (Sparks et al., 1994), the Abl SH3 :domain ligand 3BP1-
. APTMPPPLPPV (Ren et al 1993), and peptldes corresponding to the prolme r1ch region
of PTPa-PPLP PSTNRKYPPLP(A)VDKLEEE or PTPa-PPLP PSTNRKYPPLA |
VDKLEEE Wthh contains a prohne-to-alanme substitution in the PXXP motif (Fig. 4.5).
Bacterial lysates containing these blotinylated fusion proteins were then incubated w1th'
GST-Lyn SH3 domain. Lyn SH3 domain -associated protein was recovered w1th
glutathione Sepharose, separated by SDS-PAGE, ‘transferred to membrane, and
imrnunoblotted with horseradish peroxidase-linked streptavidin. Only the proline rich

peptide corresponding to the phage display sequence was immunoprecipitated with the

Lyn SH3 domain (Fig. 4.5 lane 5).
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FIG. 4.5. (A) Lysates of bacteria expressing PinPoint peptides corresponding to the phage display
peptide RPLPPLP (Sparks), 3BP-1, PTPo.-PPLP, and PTPa-PPLA were separated by SDS-PAGE,
transferred to nitrocellulose and blotted with horseradish peroxidase-linked streptavidin. The biotinylated
fusion proteins are depicted by a A symbol. The bands above the fusion proteins, visible in total cell lysate
lanes, correspond to the endogenous biotinylated bacterial transcarboxylase protein. The Lyn SH3 domain
was then used to immunoprecipitate the various proline-rich fusion proteins from the above lysates. (B) To
determine if oligomerization is required for SH3 domain binding, streptavidin was added to the various

bacterial lysates desrcribed above and the Lyn SH3 domain was again used in immunoprecipitations.

Binding of this fusion protein to the Lyn SH3 domain allowed us to analyze
various SH3 domain binding conditions. We investigated whether clustering of the
biotinylated polyproline peptides aided peptide association with the Lyn SH3 domain by
increasing the avidity of the interaction. As fusion proteins expressed in this system are
biotinylated, we assessed whether the addition of tetravalent streptavidin facilitated the
association of the Lyn SH3 domain with the other polyproline peptides . However, the

addition of streptavidin did not lead to stable association of the Lyn SH3 domain with the

.
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PTPo derived peptides (Fig. 4.5B).
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FIG. 4.6. (A) PinPoint-RPLPPLP bacterially expressed peptide (sparks) was used to assess SH3

domain binding conditions. Bacterial lysates in TBST (Tris pH 7.5, 150 mM NaCl, Tween 20), TBS (Tris
pH 7.5, 150 mM NaCl), TBS containing increasing concentrations of ammonium sulfate (250 mM-750
mM), 1M NaCl, acetone (recombinant protein precipitated in acetone and 'resuépended in dH70), 1 % triton
X-100 (in TBS) or 1 % Brij 96 (in TBS) were incubated with 1 pg of Lyn SH3 domain. The Lyn SH3
domain was recovered with glutathione Sepharose and precipitated material was detected with horseradish
peroxidase-linked streptavidin. (B) Biotinylated synthetic peptides corresponding to the proline-rich region
of PTPa (PPLP), or (PPLA) were used to immunoprecipitate the Lyn SH3 domain from buffers containing
NaCl (TBST containing 150 mM NaCl), TAST (TBST, 750 mM ammonium sulfate) or TAST buffer

containing various detergents (RIPA: 1 % triton X-100, 0.1 % SDS, 0.5 % deoxycholate)
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The lackvof association of the Lyn SH3 domain with cell derived PTPx led us to
suspect that the cell 1ys1s buffer was not compatible with stable SH3-PTPa. bindlng To
assess this possibility we made use of the PinPoint expressed phage display peptide to ,
characterize Lyn SH3 binding in Various buffer conditions. We found that the addition of
~ high concentrations of ammonium sulfate favored SH3 domain binding (Fig. 4.6A). This
was particularly apparent when a biotinylated synthetic pepride corre'sponding to PTPa
was empioyed. Binding of the Lyn SH3 domain to tbe PTPo peptide was dramatically
enhanced in the presence of 750 mM ammonium sulfate (TAST) (Fig. 4.6B, panel 1).
The effect of differenr detergents on SH3 binding was also assessed. The preseneevof
Tween 20,'Brij 96, Triton X-100, or RIPA buffer (containing SDS, deoxycholéte, and
iNP—40) did not significantly affect SH3 binding. | |

A biotinylated 25-residue synthetic PTPa-derived polyproline peptide (PPLP)
was effective at binding the Lyn SH3 domain in the presence of TAST buffer. We tben :
assessed whether the other SH3 domains were able to bind to ‘.the PTPa-PPLP peptide or
to a 25 residue‘ biotinylated control neptide derived from the sequence of 3A_BP1.
Biotinylated peptides were recovered from solutions containiing the outlined”SH3
domains with strepravid_in beads and associated SH3 domains were detected with anti-
.GST antibodies. Binding of the Abl SH3 domain by the 3BP1 pepride beads served as a
positive control _in_this. assay'(Fig. 4.7A, B). Using this strategy we deteeted,strong
‘. binding of the PTPo.-derived peptide to the Lyn and Fyn SH3 domains. The PI3K, Yes,
Abl and Src SH3 domains and the Grb2 protein also bound to the PTPOL peptide at levels A
© greater théin GST alone (Fig. 4.7A). These results were unexpected due to the filter
binding assay results, demonstreit_ing only Lyn and Src SH3 domain binding to the PTPo.
sequence. We then repeated this assay using a biotinylated 25 amino acid peptide (PPLA)
containing an alanine in the +3 position of the PXXP motif of PTPq.. Binding of tbe SH3

s
i

domains was dramatically diminished by this single amino acid substitution (Fig. 4.7B),

demonstrating the .requirement for an intact PXXP motif for the binding of individual
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SH3 domains.
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FIG. 4.7. PTPa binds SH3 domains in solution. (A) GST-SH3 domain fusion proteins were

incubated with a biotinylated 25 a.a PTPo peptide (PPLP lanes 1-7) or with a biotinylated 25 a.a. 3BP1
derived peptide ( 3BP1 lanes 8 and 9) in TAST buffer as described in materials and methods. SH3 domains
bound to the individual peptides were eluted in Laemmli buffer and separated by SDS-PAGE. The SH3
domains were then detected by blotting with anti-GST antibodies. (B) An intact PXXP motif is required for
SH3 domain association. SH3 domains were incubated as above with biotinylated PTPa peptide (PPLP) or
alternatively, with a peptide containing a proline to alanine mutation in the PXXP motif (PPLA). Abl SH3

domain binding to 3BP1 is shown as a control. Peptide associated SH3 domains were detected as above.

4.3.7. BlAcore analysis of SH3 domain binding. SH3 domain binding was evaluated
further by BIAcore to assess the relative affinities of the interactions between each SH3

domain and the PTPo-peptide. The optical biosensor has been used previously to
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examine interactioﬁs between SH3 domains and polyproline peptide ligands (Rickles et
al., 1994; Lee et al., 1995; Sastry et al,, 1995). The biotinylated PTP(x425-m.er was
immobilizéd onto a streptavidin-coated sensor chip.and thé binding; of SH3 domain; was
monitored. Again, binding of the Abl SH3 domain to t:he. 3BPE peptide served as a
positive control (Fig. 4.8B). Consistent with the results éf both the filter binding and
solution binding assays, the Lyn SH3 bound to the immobilized PTPa peptide with the
highest relative affinity (Fig. 4.8A). ThlS result, and the overall ranklng of SH3 domamb

binding was comparable to the results obtamed from the solution bmdmg assay.
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FIG. 4.8. Measurement of SH3 domain-binding to PTPa using BIAcore. The association of free

SH3 domains with an immobilized 25 a.a. PTPo-derived peptide was recorded Py measuring the change in
refractive index at the surféce of the BIAcore sensor chip. Relatiyg binding of t-he individual SH3 domains
is reflected by the change in respdﬁsé units (RU). (A) The binding of free GST or GST-SH3 domain fusion
proteins to 1mmoblhzed PTPa peptide. (B) Binding of GST-Abl SH3 domain or GST to immobilized 3BP1

peptide. All bmdmg assays were performed in PBS buffer

Interestingly, the Fyn SH3 domain bound to the immobilized peptide almost as
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- well as the Lynn SH3. This result was similar to the findings of (Lee et al., 19955 who
found that the Fyn and Hck SH3 domains bound a 12 residue HIV-I Nef peptide with
similar gffinity in solution. However, binding of the Fyn SH3 domain to the Nef peptide
could not be detected by filter binding assay (Saksela et al., 1995). We have determined
that the absence of Fyn binding to the PTPa. derived peptide by filter binding ésséy was

not a result of SH3 domain biotinylation, as both biotinylated and non-biotinylatéd Fyn

SH3 domains associated equally well with the PTPo peptide using the BIAcore method

(data not shown). It is possible that a structural determlnant requlred for the bmdmg of

the Fyn, but not the Lyn SH3 domain was destroyed by SDS PAGE

4.3.8. The' feline sarcoma virus (FSV) protein p70 gag-fgr c:"ontains a polyproline
sequence which binds SH3 domams in vztro and enhances viral transformatzon
eff iciency. During our analysis of the putatlve SH3 domam binding sequence of PTPoc

we found that specific murine retroviruses contained DNA sequences encoding
polyproline seqﬁences similar to that of PTPa and other SH3 domain peptide ligands.
The FSV retrovirus contains at least two regions of gene sequences _correspo'nding to host
murine gene products. Specifically, viral gag sequences are fused to both a y-actin gene
segment and v- fgr tyrosine kinase encodlng DNA (Fig. 4.9A, B) (Naharro et al., 1984).

The FSV gene prodict, p70 gag-fgr, contains both the SH2 and tyrosme kinase domains |
“of c-Fgr fused_ to N-termmal»sqquences derived from viral gag and y-actin proteins.
| Interestingly, the polyproline‘sequénce contained within the FSV: -ger‘lome is identical -t‘o.
SH3 :domain.se‘lected peptides obtained in vitro by phage display féchniques (Fig. 4.9B).
Sugita et al. (1989) demonstrated that fhe FSV gene product, p70 gag-fgr, encoded an
active tyrosine kinase which was able to transform murine fibroblasts. The authors went
on to show that while ’the actin domain was dispenéable for transforming activity,

removal of the proline-rich region dramatically impaired transforming ability. However,

the authors had no ex;;lanation for the requirement of this region-for transformation.
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%
A

. FIG.4.9.  Taken from references noted at figure bottom (A) Structure of the Feline safcoma virus.
The size of the retroviral genome is shown above the illustration depicfing.viral-LT'Rs and v-fgr éequenees.
The relative orientaiion of p15-gag, y-actin and tyrosine kinase domains are shown. (B)i Protein sequence
showing the fusion betvueen viral gag sequences, the region of y-actin homolegy and the N-terminal region
ef the v-fgr tyrosine kinase domain. The putative SH3 domain Bindihg sequence is indicated. (C) Summary
of data reported by Sugita et al., 1989. Shown are tra_nsfermation efﬁciency data for wild type‘ FSV v-fgr
virus (pGR-FeSV), and mutants lackiug the polyproline-rich sequence (pd119), y-actin sequences (pD141),
or tyrosine kinase domain (pd269).

The abelson-murine leukemié virus (AMLV) transforr_ni%g protein vab] also
~ contains a proline-rich sequence simiiar to that of FSV, lying N;termiual to the v-Abl
tyrosine kinase domain (Reddy et al., 1983). Alignrhent of this sequence with that of
PTPa, FSV, 3BP-1 and the pﬁage display derived peptide reveals considerable similarity
(Fig. 4.10A). In particular, the AMLYV sequence is similar to the Abl SH3 domain binding
peptide 3BP-1, while the FSV p70 gag-fgf Sequence resembles that of the Src family
kinase binding consensus peptides obtained by ph.age display and biased peptide library
studies (Cheh et 51., 1993; Yu et al., 1994; Sparks et al., 1994; Cheadle et al., 1994;
Rickles et al., 1994). These similarities suggested that the proline-rich sequences of each
viral protein might recruit either Abl or endogenous S.rc family kinases to the gag fusion
kinase domains. Such a model is attractive in view of experimente demonstrating tyrosine |
kinase activation by kinase dimerization (Fig. 4.10C) (Ullrich and Schlessinger, 1990).
To determine if these viral sequences are ligands for SH3 demains of specific cellular
‘kinases, we expressed the FSV and AMLV polyproline rich sequeuces ae GST fusion
proteins and assessed SH3 domain b.inding to these sequences by filter binding .essays
(Fig. 4.10B). The Lyn SH3 d'emain bound well to the FSV peptide, producing the
| strongesf signal observed in these studies. The Lyn SH3 domain also bound to the

AMLV-derived peptide. However, although the AMLV and 3BP-1 sequences are similar,
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poor binding was detected between the Abl SH3 domain and the AMLYV sequence. GST

and GST fusions of PTPa and 3BP-1 served as contfols in these assays.
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FIG. 4.10. (A) Protein alignment of the proline rich regions of PTPa, FSV, AMLV, 3BP1, and Src

family kinase SH3 domain binding consensus peptide obtained by phage display. (B) Filter binding assay
showing the binding of the Lyn and Abl SH3 domains to the proline-rich sequences of PTPa, FSV, AMLYV,
and 3BP1. All peptides were expressed as GST-fusion proteins in bacteria. Total cell lysates was separated
by SDS-PAGE, transferred to membrane and blotted with the biotinylated Lyn SH3 domain. Lysate from
bacteria éxpressing GST alone was used as a negative control. (C) Model of an interaction between an SH3
domain containing molecule (such as Lyn) and the proline rich region of FSV p70 gag-fgr. The arrow

indicates kinase activation through protein dimerization.
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4.3.9. Generation of a model for the detection of in vivo association of SH3
' domaiﬁs with ‘polyproline ligands. The iﬁability to show stable association of SH3
domains with PTPo derived from eukaryotic cells prompted us tb speculate that certain
SH3 domain associations are not stable ‘enough to. be detected by standard co-..
immunoprecipitation techniques. To address this possibility, we deQeloped a system
which we predicted would facilitate the detection of such interactions within eukaryotic |

cells.

Erythropoeitin
— Proliferation
— Lyn SH3 Domain

~— FSV Polyproline

Erythropoeitin Receptor

aol e

FIG. 4.11. This figdre depicts a model for the detection of interacting pfdtein domaiq modules in.
vi\_/o. in the presence of erythropoeitin, the EPO receptér dimerizes inducing sighal transductionk leading to
proliferation (in resbons{ive cells such és BAF3s). Fﬁsion proteins Wefe created which containe.d the Src
‘:myristylation sequence allowing membrane localization, followed by either the Lyn SH3 doma.in,. or the
FSV polyproline sequence. These sequences Were fused tp the entire cytoplasmic region of the EPO
receptor and cotransfected into Baf3 cells. It was hypotilesized that this system might allo& the detection of
interacting domains which aithough ablé to interact»in vivo, are not stable enough to study by co-

precipitation. , ;

#
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A variety of studies have demonstrated that ligand specific binding to cell surface
receptors leads to dimerization of their resi)_ective cytoplasmic domains. In the case of
( growth factor receptors, this dimerization results in signal transduction leading to cell
growth, division or cell survival (Ullrich and Schlessinger, 1990).. The receptor
dinreriaation model has been studied extensively using the epiderrnal growth factor
receptor (EGF-R), growth hormone (GH) and erythropoietin recgptorsl(EPO-R) among
others. In the appropriatecell type, erythropoietin induced receptor dimerization leads to B
cell proliferation in the absence of other factors (Ohashi et al., 1994). Alternatively,
receptors may be dimerized by 1ncorporat1on of cysteine residues in the extracellular :
segment creating disulfide bonds between ne1ghbor1ng receptors (Yosh1mura et al., 1990;
Watowich et al., 1992), or artrflc1ally w1th chimeric receptors with extracellular domains

specific for other growth factors (Ohashi et al., 1994). | |

| Due to the apparently strong aff1n1ty of the Lyn SH3 domain for the FSV
polyproline sequence we reasoned that the binding of these two elements, grafted into

. the EPO-R, might lead to receptor dimerization with corresponding EPO-independent.
growth of previously EPO-dependent cells. 'Tllus, the FSV proline:rich peptide sequence |
was used to assess the feasib‘ility of this approach before testing of the PTPa. polyproline
sequence in this system. The Lyn SH3 domain and the FSV polyproline sequence were
each subcloned into the eukaryotic expression vector kaFBOS\. This expression plasmid .

“contains the EFloc ribosomal protein promoter and the :neomycin resistance gene
(Mizushirna & Nagata,'1990) . Constructs included the Src myristylation sequence
(lelrnska et al., 1994) to provide membrane localization of the cytoplasmic domain of .
the EPO-R and two copies of the myc ep1tope tag to allow immunodetection of expressed
protein. The flnal EPO-R fus1on proteins contained 15 residues correspondlng to the Src

myristylation sequence, followed by two copies of the myc epltope the Lyn SH3 domam

FSV polyproline peptide, or no insert, followed by the entire cytoplasmrc region of the
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EPO-R at the C-terminus. The ability of these constructs to be expressed was assessed by
transient transfection of human embryonal kidney 293 cells. Lysates from transfected
cells were prepared and fusion protein expression was detected by western blot analysis

with anti-myc tag antibodies. The three fusion proteins were all efficiently expressed in

293 cells (Fig. 4.12).
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FIG. 4.12. Chimeric receptors containing the Src myristylation sequence, two copies of the myc

epitope, and either no insert, the Lyn SH3 domain, or the FSV proline-rich region, followed by the
cytoplasmic domain of the EPO receptor, were transiently transfected into human embryoﬁal kidney 293
cells by lipofection. Lysate was prepared from cells 2-days post transfection and protein expression was
assessed by immunoblotting with mAb 9E10 which recognizes the myc epitope in each fusion protein.
These lysates were also used to assess the ability of either the Lyn SH3 domain to bind the FSV-chimeric

receptor, or the FSV peptide to precipitate the Lyn SH3 domain containing fusion protein.

We then assessed whether the Lyn SH3 domain and the FSV peptide were able to

precipitate the FSV-EPO-R and Lyn-SH3-EPO-R fusion proteins from 293 cell lysates.
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Thel'Lyn SH3 domain ahd recombinant GST-FSV vp"roteir‘i were cac.h able to co-
immunoprecip_itate theirbcorres}ponding partners from 293 total cell lysate (Fig. 4.12
panels 2 and 3). However, we were unable to obtain EPO-inciépendent cells when bo.tﬁ of - |
these EPO-R-fusions were éo-trénsfecte_d into i;:PO-de;;eﬁdent Baf3 cells (derived by'.

, Levings M., and Sbhradef, J .)_. Thu_s, althbugh We could _demonstrk'atc in vitfo association

of the'FSV peptide with the Lyn SH3 domain, and could éo-imﬁunoprecipitate each
EPO-R fusion protein with either the Lyn‘SH.3 domain or FSV peptidé; these molecules

did not associate in a way that was able to jnduce EPO-independent cell growth.,

. 4.3.10. A PXXP motif within cytokinevrece;ptors can bind SH3 domains. We
have demonstrated that the PXXP motif in the membrane-proximal region of PTPa is
able to bind variou; SH3 démains in yitrb. We identified -simiiar polyproline motifs
within specific retrqviruses‘ (aé diScuséed above), members of the 'cytokihe receptor
: superfamily‘, other réceptor-like PTPs, and the Tec family of protein tyrosine kinases
(Fig. 4.13). Specific binding of SH3 domains to the pr_oline-_rich region of the Tec family .
kinase Btk has been reported j(Cheng et.al., 1994; Yang et al., 1995). In the case of the
cytokine receptors and other PTPs., the PXXP motif is located just inside the plasma
memBrane in a location similar to that of the PTPa,-PXXP fnotif. The similarities of
“sequence and location suggested that these regions -‘represent homologous motifs that-
“interact with SH3 d(;main-containing molecules. To a'sSess Whethef the polyproline-

region of ‘tﬁeée 'protéins could bind SH3 domains in vitro, we expressed 10 afn_ino acid

peptides containing these motifs in bacteria.
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FIG. 4.13. Alignment of various polyproline containing protein sequences with the membrane-

proximal proline-rich sequence of PTPo. Shading illustrates the common PXXP motifs in each sequence
and emphasizes the potential structural features important for SH3 binding. A Src family kinase SH3
domain binding consensus peptide is shown at bottom. Abbreviations: PTPa, (human, protein tyrosine
phosphatase alpha); IL-3rct, (murine, interleukin-3 receptor alpha chain); IL-5ra, (human, interleukin-5
receptor alpha chain); GM-CSFra, (human, granulocyte-macrophage colony stimulating factor receptor
alpha chain); GH-R, (human, growth hormone receptor); PL-R, (human, prolactin receptor); EPO-R,
(human, erythropoietin receptor); PTPg, (human, protein tyrosine phosphatase epsilon); LAR, (human,
leukocyte common antigen related phosphatase); PTPS, (human, protein tyrosine phosphatase delta); PTPo,
(Rat, protein tyrosine phosphatase sigma); Tec, (mouse, tyrosine kinase expressed in hepatocellular
carcinoma); Btk, (mouse, Bruton's tyrosine kinase); Rlk, (mouse, resting lymphocyte kinase); Itk, (mouse,

IL-2 inducible T-cell kinase).

The ability of these GST-polyproline fusion peptides to bind the Lyn SH3 domain was
then assessed by filter binding assay: Interestingly, the polyproline membrane-proximal

peptides derived from the alpha chains of the receptors for IL-3 (RLCPPIPRLR), IL-5
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(KLFPPIPAPK), and GM-CSF (RLFPPVPQIK) were all able to bind the Lyn SH3
domain, as was the polyproline sequence from the growth hormone receptor
(LILPPVPVPK) (Fig. 4.14A). The binding observed did not appear to be due to non-
specific binding of the Lyn SH3 domain to random polyproline sequences, however, as
sequences derived from the erythropoietin receptor (KIWPGIPSPE) and LAR PTP
(RDHPPIPITD) did not bind the Lyn SH3 domain (Fig. 4.14A). To assess whether
binding of the Lyn SH3 domain to the cytokine receptor peptides required an intact
PXXP motif, as was observed for the PTPa-derived peptides, a proline-to-alanine
substitution was introduced into the sequence of the IL-3 receptor alpha chain peptide
(RLFPPIAHMK). This mutation abolished detectable binding of the Lyn SH3 domain to

the IL-3 receptor alpha chain peptide (Fig. 4.14B).
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FIG. 4.14. Cytokine receptors contain an SH3 domain binding motif. (A) Total cell lysates from

bacteria expressing GST (lane 1), GST-PTPa 70 a.a (lane 2), GST-IL-3r o (lane 3), GST-IL-5r o (lane 4),
GST-GM-CSFr o (lane 5), GST-GHr (lane 6), GST-EPO-R (lane 7), and GST—I:AR (lane 8) were separated
by SDS-PAGE, transferred to membrane and blotted with the biotinylated Lyn SH3 domain. (B) An intact
PXXP motif is required for Lyn association with the IL-3r o chain. Bacterial cell lysates expressing GST
(lane 1), GST-IL-3r o PPIP (lane 2), and GST-IL-3r oo PPIA (lane 3) were blotted as above with the Lyn

SH3 domain.
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4.4. Discussion .

We have employed filter, solution, and BIAcore b?nding assays to identify an SH3
domain-binding motif in- the membrane¥proximal region of PTPo. This sequence showed
a préfercnce for the ‘SH3 domains of the Lyn and Fyn protein-tyrosinekinases, although
variable binding was observed to other SH3 domains. We also demonstrated that similar
polyproline sequences are present in specific murine retrOvifal plroteins and .-in the
membrane-proximal regions ‘of certain members -of the cytd’kine receptor fa;nily.
Moreover, peptides bearing these sequences are able to bind th:ia Lyn SH3 domain in
vitro. In addition, binding of the Lyn SH3 domain to fhé polypfbline regions of both
PTPo and the IL-3 recéptor alpha chain required an intact PXXP motif. Furthermore, Lyn’
SH3 domain binding to the PXXP motif of PTPo required basic amino acids N-terrhiﬂal
) to the proline-rich region, consistent with this being a class I binding site. Previous
studies have shown that the presence of such basic amino acids determine the orientation
+ of the peﬁtide ligand on the face of the SH3 domain (Feng et al., 1994; Lim et él., 1994).
| Class I SH3 ligands, with the notable exception of the 3BP1-Abl SH3 interabtion, usually

coﬁtain an arginine or lysine residue at the -3 position of the PXXP motif. This re'Sidue
forms a salt bridge with a cdnseryed acidic residue within the SH3 domain (D99 in the
Src SH3).'The binding of the PTPOL class I peptide, but not the class II peptide to the Lyn
SH3 do’fnain, suggests that the arginine and/or lysine residue at position -3 and/or -2 of
the PTPo.-PXXP motif may interact with the equivalent of Src aspartate 99 in the Lyn
SH3 domain. |

These studies were initiated to elucidate the nature of the association of PTPo
with Src kinase(s) within the human epidermoid cell line A431. We have been able to co-
immunoprecipitate PTPo with Src kinase(s) from A431 cells over-expressing PTPo using

the antibody SRC2 which recognizes Src, Yes, and Fyn. Thus far, howevér, we have.been

unable to show that binding of the PTPa-PXXP motif to Src kinasie SH3 Adomains' in vivo-
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is responsible for this association. Although the SH3 domain of Lyn formed tiie strongest
association with PTPo in vitro, these two molecules did not stably associate when co-
| expressed in 293 cells’(data not shown); We also ini/eetigated the Ipossibility that SH3
domain binding to this region may regulate the enzymatic activity of PTPo.. However, no
change in the in vitro_ cetelytic tlctivity of PTPa was observed in the presence ‘.of SH3
domains (daté not shown). It is pessible that the PTPa proline-rich region cdeperates
with another domain within PTPd, or an associated molecule, to énhance the association
of Src kinase(s) with PTPa. Alternatiyely, the proline‘-rich region of PTPo may associate
with higher affinity with an as yet untested or unidentified SH3 domain-containing
" molecule. It is also possible that this region of PTPa serves to position specific molecules
~ for dephosphorylation by PTPa, a process which may not require the formation of a
stable association. Further studies vt/ill be required to address these interesting
possibilities. | |
Others have had similar difficulty correlating the in vitro binding specificities of
SH3 domains iNitli binding to specific intracellular proteins. The Nef protein of HIV-1,
for example, has been shown to bind the SH3 domains of Hck and Lyn tyrosine kinases
».in vitro, however, stable association of cell-derived Nef protein with these i(inases could
not be demonstrated in vivo (Saksela et al., 1995). Similarly, the .proline-rich"region of
BTK bound the SH3 domains of Lyn, Fyn, and Hck in vitro, but was not stably associated
ivith these kinases in lysates obteined from cells expressing these molecules (Cheng et al.,
'1994; Yang et al., 1995). The herpesvirus Saimiri TIP protein essociates with Lck in
virus—infeeted T-lymphocytes by means of the binding of two disparate regions of the TIP .
protein with Lck. Although a proline-rich region within TIP bound to the Lck SH3
domain, this region alone was insufficient for strong binding tQ,Lck‘ (Jung et al., '1?95).
This suggests that some SH3—pdlyproiine interactions are of iriSuff{icient affinity to aillovtz

detection by standard co-immunoprecipitation techniques. Other interactions, such as

SH2—phosp_hotyrosine binding, may be required in combination with SH3-polyproline
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'

binding, to create a stable association between specific proteins. Indeed, Cowburn et al.-

(1995) have shown that the Abinding affinity of a GST fusion protein containing the Abl

SH3 and SH2 domains was significantly enhanced when both SH3 and SH2 demain 3

ligands were present within the same synthetic peptide target. Intriguingly, the C-terminal

'SH3 domain of Grb2 bound the proline-rich region of PTPa in vitro. This finding, and
4

the observation that the SH2 domain of Grb2 binds tyrosine phosphorylafed PTPo, may

suggest that Grb2 associates with PTPa in both an SH2 and  SH3 domai-n-dependent

manner. Although, den Hertog et al. (1996) found a binding site for the Grb2 C-terminel

SH3 domain in PTPo.-D1 1t is possible that the proline-rich region of PTPa contributes to

this association.

The difficulty in detecting what might be low affinity, yet physiologically relevant

SH3-polyproline interactions, led to the design of an in vivb sysfem which we thought

would allow detection of such assoc1at10ns However, co- expressmn of membrane lmked

chimeric molecules contamlng the Lyn SH3 domain and the FSV polyproline sequence
fused to the EPO receptor cytoplasmxc tall failed to prov1de factor—mdependent Baf cell
proliferation. Several possibilities exist to explaln this result. It is possible that the affinity
of SH3 domains for polyp_roline ligandé ‘was insufficient to maintain EPO-R cytoplasmic
nomain dimers long enough to induce_ cell proliferation. This interpretation is supported -

by the results of Spencer et al. (1993) who showed that a single FK506 immunophilin- )

_binding domain incorporated into the T-cell receptor {-chain was insufficient for reporter

gene induction in Jurkat T-cells. However, the use of three such domains in tandem
resulted in strong gene induction in the'presence of FK1012. These results suggest that
the use of two or more SH3 domains and pelyproline ligands in tandem may be reqnired

to provide Baf cell factof—_independent growth. It is also possibleéthat plac'ement of the

'SH3 and FSV sequences in the juxtamembrane region of the EPO-R interfered with the

assembly of signal transduction molecules required for proliferation or that these motifs

were unable to interact due to steric hindrance. To address these possibilities use of
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multiple copies of the SH3 and FSV regions or placement of these domains' at the C-
. terminus of the EPO receptor would be required.

'An important question raised by studies of SH3 domain polyproline- ligand
interactions is how specificity of SH3 domain binding is achieved Studies using phage-
dlsplayed or combinatorial library proline-rich peptides have defined an optimal peptide ‘
sequence for the binding of Src, Yes, Fyn Lyn, PIBK and Abl kinase SH3 domains
(Rickles et al., 1994; Ric‘l‘(les et al., 1995). We found that the GST-RPLPPLP Sr¢ family
kinase SH3 domain consensus peptide used in this study was bound by all but two of the
SH3 domains tested. In '(con“tras;t,‘ the 3BP1 and PTPa. sequences .were more
‘discriminating in terms of specific SH3 domain binding. lRickles et‘al (1995) have shown
that res1dues outs1de a preferred core RPLPPLP sequence can enhance the specrf1c1ty of
SH3 domain association. However, the pos31b111ty remains that residues other than those
selected by phage display and'combinatorial library analys1s w1th1n a shorter sub-optimal.‘
core sequence may be required for discrimination of 1nd1v1dual SH3 domains in vivo. In v
the case of Crk association with the guanine exchange factor C3G, both the Crk SH3
domain binding specrficny. and binding affinity wete found to be contained within a 9 |
residue peptide derived from C3G (Knudsen et al., 1595). In addition‘, the 10 amino acid
pOlyproline-rich region of Btk bound to the SH3 domains of Fyn, Lyn and Hck, but not toI
other structurally similar Src family kinase SH3 domains '(Cheng etral., 1994). Similarly,

- the Hck Sll3 : domain, but not other SH3 domains, bound with high affinity and
speci,ficity to the HlV-l Nef lprotein. Interestingly, high affinity binding was dependent:
- on a single residue within the RT loop of the I—lck SH3_ domain which when introduced
into the Fyn SH3 domain, supplanted high affinity Nef binding to the Fyn_SH3 domain
(Lee et al.,. 1995). We -have observed a preference of the PTPa poljproline seduence_ for’
the SH3 domains of Lyn,b Fynandtoa lesser extent Grb2 (C-term). These studies suggest |
thelt PTPa-, HIV-1 Nef-, and Btl(—like sequences which diverge from the optimal Src

family core PXXP motifs, may be able to provide the specificity required to distinguish
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sbecific SH3 domains in vivo.

The membrane proximal region of PTPa contains at 1ea%t three sites of serine
phosphorylatlon raising the 1ntr1gu1ng poss1b111ty that serine phosphorylatlon is required
for, or, dlsrupts spe01flc SH3 domain association with PTPa. Tracey et al. (1995) have
shown that serine 180 and serine 204 of PTPa are phosphorylated by PKC in vitro and |
within phorbol-ester stimulated 293 cells over-expressing PTPa. The authors also
suggested that serine 202 of PTPo. may be phesphorylated By a proline-directed kinase
such as a MAP kinas_e. Serine 202 and 204 reside immediately N-terminal to the PTPo-
PXXP motif (ARS*PSV"‘TNRKYPPLP)‘. The presence of these phoSphorylation sites
supporfs the notion that this PTPo-sequence lies within an exposed region of the
molecule and a potenﬁal site of protein-protein interaction. In support of the possibility
that phosphorylation of PTPo. may regulate SH3 domain binding, serine 202 and 204 lie
at positioﬂs equivalent to valine 1 and qucine 3 within the -synthetic Src SH3 domein in
vitro ligands VSL12 (VSLARRPLPPLP) and VPL12 (V PLARRPLPPLP). NMR studies
of these peptides complexed with the Src SH3 domain revealed that valine 1 and leucine
3 formed specific contacts with the n-src and RT loops of the Src SH3 domain. In
particular, leucme 3 was found to interact with threonine 98 of the Src SH3 domain. The
authors suggested that the preference of the Lyn and PI3K SH3 domains for arginine
rather than leucine in the corresponding position of fheir ligands might be aécounted for
by the presence of acidic residues, rather than threonine in their respectlve SH3 domains
(Feng et al., 1995). Based on these predictions, phosphorylation of the PTPa sequence
might be expected to enhance binding of SH3 domains containing a basic residue at this
position (such as the'spe'ct'rir’l and Blk SH3 domains), éf, to inhib.it‘the binding of SH3
domains such as Lyn and Fyn, ’whieh contain a cofresponding acidic residue. We are -
' currently investigating the effects of serine phosphorylation on the PTPo.-SH3 domain
interaction. | o |

Finally, we have found that members of the cytokine receptor superfamily contain

\
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. a proline-rich region that is similar in sequence and location to the proline-ﬁch region in
PTPo. The PTPa sequence is similar to the IL-3, IL-5, and GM-CSF rleceptorva-lpha chain
- sequences in that each sequenée contains an arginine or lysine residue at the -3 position
of the PXXP motif, én aromatic residue flanking the ‘first proline residue, and a lysine or
arginine residue at the +6 position in addition to the core PXXP sequence (Fig. 4.13). The
similarityrofv these PXXP motifs suggests that these polyproline;containing peptides may
‘have é similar overall topology}. Proline-rich SH3 domain li.gands‘ form a left-hancied'type ’
IT helix that co'nipletes a helical turn every three residues (Williamson, 1994). Thpsz_ bofh
the amino- and carboxy—términa‘l basic residues present iﬁ thg PTPa and cytokine
receptor PXXl; motifs may be on the same face of the polyproli;ga helix and be able to
make specific contact with their respective SH3 ddmain partners. However, binding of
the Lyn SH3 domain to the growth hormone receptor polyproline sequence was observed
, déspité the fact that this sequence lacked a Basic residue at the -3 position of the PXXP
motif. Similari_y, the SH3 domains_of Src and Lyn bound the 3BP1 peptide used in this
study even though this peptide lacked ‘an appropriatc basic residue at the -3 position of
the PXXP motif. In contrast, the polyproline sequences of the erythropoietin receptor anci
LAR PTP, both of which contain PXXP mdtjfs and basic residues at the -3 position,
showed no detectable binding to the Lyn SH3. This observation iilustrates the ‘dif'fiﬁculty
in predicting SH3-binding motifs based on simple examination z)f primary amino acid
sequences., and suggests that a complex process of discrimination occurs betwegn a
prdspective SH3 domain and potential polyproline partner. This selectivity likely includes
both the fequirement for specific structural elements essential for binding and the absence
of amino acids which may hinder ‘biinding of specific SH3 domaiﬁs. |

| SH3 domain polybroline interactions may also be important in signal transduction
from cytokine recepfors. Diﬁerization of the growth hormone receptor, or the IL-3, IL-5,
or GM-CSF cytokine-specific receptor alpha chains with a common beta chain, initiates

, tyrosine phosphorylation and. the recruitment and activation of various signal transduction

3i
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molecules (Miyajima et al., 1993; Ihle, 1995; Ihle and Kerr, 1995). The éytoplasmic
domains of the IL-3, IL-5 and GM-CSF receptor alpha chains have little similarity with
each other except for a short i)roline-rich juxtamembiane, Sequeiice. Despite this limited
homology, the membrane—pioximal regions of various cytokine receptors are required for
iilitiation_ of tyrosirie pho-sphor.ylation and mitogenic signalirig in respénse to cytokine
binding (ihle, 19'95)‘. Indeed, disruption of these polypri)line sequences by mutagenesis
ablates the ability of specific cytokine receptors to transduce a mitogenic éignal
(Murakami ei al., 19’91; Polotskaya et al., 199'3; Takaki et al., 1994;:; Narazaki et al., 1994;
Cornelis et al., 1995; Wang and Wood, 1995; Avalos et al., 1995). We have now shown
that these proline-rich regions of the IL-3, IL—S and GM;CSF receptor Ialpha chains and
‘ the membrane-proximal region‘of the growth hormone receptor can bind to SH3 domains
in vitro. Although the Jak family kinases have biaen shown to be both aséociated with and
crucial for cytokine receptor—initia_ted sighal transduction (Thle and Kerr, 1995), other
tyrosine kinaises such as Hck, Lck, Lyn, Fyri, 'Ye’s, Btk and Tec have also been identified
~ as being activated and/or aissociated with spécifié cytokine receptors (Hatakeyama et al.,
1991; Schieven et al., 1992; Corey et al., 1993; Kobayashi et al., 1993; Ernst et al., 1994;
Seckinger and Fougereau, 1994; Machide et al., 1995; Sato et al., 1994; Mano vet al.,
1995; Pazdrak et al., 1995). An intriguing possibility is that one or moré of these
molecules may associate with the membrane-proximal region of cytbkine' receptors in an
SH3 domain-dependent manné‘r. Alterliatively, the SH3 doriiain-binding regions of these
receptors may be réquired for their association with specific cytosi<eletal structures that
are required for the localization and/i)r activation‘of Jak family kinases. The chservzition
of amino acids requiréd for SH3 domain association and the similarity of the cytokine
- receptor motifs to the PTP prolirie rich region réises' tlie possibility that these regions
répresent functionally homologous units within these distinct moleculés. The regulation

. and specificity of the protein interactions mediated by these proline-rich regions
. i

' represents a future challenge in the study of both PTPa and cytokine receptor signaling. -
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CHAPTER 5
General Discussion

The growth proliferation, metabolism, and differentiation of cells involves a wide

variety of molecules integrated into complex signal transduct1on pathways acting -to- -

- organize spec1f1c cellular responses to diverse stimuli. Many cellular act1v1t1es involve the

co-ordinated activities of both protein kinases and phosphatases. Tyrosine
phosphorylation may act to regulate the activity of specific enzymes and/or the assembly
of various signal transduction complexes In this role, revers1ble phosphorylatlon may-

induce changes in gene transcription, cellular metabohsm and alter cellular architecture |

" during cell migration, cell-substratum adhesmn, and cytokmes1s.

This theéishas focused on the analysis of PTPa, a member of the PTP family
isolated in this lab in 1990. Although this thesis was aimed at determining the role of
PTPa in cell physiology, in more general terms’ the aim was also to investigate the
activvity of thio class of enzyme in terms of both catalytic activity and substrate
specificity. This involved the production of recombinant enzymes and required the
development of methods to characterize these molecules. PTPa analysis also necessitated

expression of this enzyme within mammalian cells and required the development of

reagents such as antibodies and mutant forms of the enzyme to assess in vivo function.-

5.1.  Bacterial expression, purtﬁcatton, and characterization of PTPx and PTPﬂ At 4

the onset of these enzyme/substrate specificity studies it was unclear as to whether PTPs

_ would display substrate specificity. In fact, PTPs were generally regarded as house-
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 keeping enzymes, unlikely to discriminate between phosphotyrosine—eontaining
substrates. However, therapid identification of additional members of the family with
diverse structurul characteristics and-expression patterns, suggested that like PTKSs, PTPs
might be highly regulated and exnibit substrate preferences. In studies aimed at assessing
thispossibility, PTPoc and PTPP were expressed in bacteria using either the pGex system
or a modification of the pET b’acterial expression system developed by Studier e_t'al.
(1990). PTPs were purifiedvby epitope tagging immuno—affinity chromatography and
charaeterized using a vuriety'of phosphotyrosine-containing synthetic peptides and a
modified malaehite' green assay. This assay provided sensitive, colormetric deteetion of
PTP activity. Peptide substrates were chosen. to maximizeth'e variability of residues '
surrounding a centrally located phosphotj}rosine residue and represented in vivo sites of
" tyrosine phosphorylation. For exampie, a peptide b_glsed' on the autophosphorylation site
of the CSF-1 receptor, CSF-1-R Y708, was selected because of its high basic residue
content surrounding the phosphotyrosine residue (CSF-1-R Y708,
IHLEKKpYVRRDS_G). These studies demonstrated -the substrate specificity of PTP,
which favored substrates lacking basic residues neighboring the phosphotyrosine residue.
This preference was reflected by a Km of ~140 MM for Src Y527, a peptide comprised of
.largely neutral and acidic residues (Src Y527, TSTEPQpYQPGENL), while the Km of
PTPP for peptide C'SF->1 -R Y708 was greater than 10 mM. Sub'sequent studies nave
suggested that other PTPs such as SHP-2 may shatre this selectivity (Dechert et al., 1994).
However, this may not be a general characteristic of PTPs as the Km of PTPou with the
CSF-1-R Y708 peptide was similar to tnat observed with peptide Src Y527. Thus-,v
although these studies demonstrated that certain PTPs do displayvsp'ecific peptide
substrate preferences, the eontribution of substrate or PTP cellular compartr'nentalizvation
and protein substrate seco_ndary structure need to be investigated to fully define the

~ selectivity of this enzyme family.

Bacterial expression of the cytoplasmic domains of PTPo. either alone or in
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combination was -alsoi'uSeful in demonstrating the.activity intririsic to the second catalytic
domain of PTPo. Intriguingly, this domain was the most aetive on Ii—NPP as opposed fo

| phosphopeptide based substrates. Although dephosphorylatlon of the Src Y527
phosphopeptlde was observed, these assays required large quantities of recombinant
domain—2. To date, PTPo. domain-2 is the only C-terminal PTP domain which has
displayed catalytic activity in vitro. Thus, the role of these domains in catalytic function
is as yet unclear. It has been suggested that these domams may act to regulate the activity
of the N- termmal PTP domain (Strueh et al., 1990) or become active in vivo in response
to spe01f10 stimuh or covalent modification.

PTPa.- transfected A431 cells were useful in demonstrating that mutants of the
enzyme, containing an inactive N-terminal catalytic domain but retaining the C-terminal
domain, were inactivé in immunoprecipitation PTP assays This result supported those of
the recombinant enzyme assays Wthh demonstrated that the majority of PTP activity
‘ res1ded in the N-terminal domain of PTPa.. Thus, it is unlikely that the low act1v1ty of

recombinant C-terminal phosphatase domains reflects problems‘ associated with bacterial
expression of these enzymes. HoWeVer, we found that A431 cells transfected with .a
mutant form of PTPa, containing a cysteine-to-alanine mutation in the C-terminal
~ catalytic domain, either did not express the enzyme or quickly lost expression (data not
| shown).suggesting a critical function for this domain. Further studies with these mutants
in combination with either transient or inducible expression systems in mammalian cells
may aid in th'e determination of PTPa domain-é function. ﬂ
' ‘Interestingly, the C—terminal domain of PTPa was tyrosine phosphorylat_ed by
kinases such as Csk and Lck in vitro and by an unidentified tyrosine kinase in vivo. We
-have mapped the in vitro sites of phosphorylation to Y579 and Y789 within P,TPOL
domain-2 by phosphopeptide mapping an_d mass snectrophotometry analysis (Amankwa,

L., Harder, K., and Jirik, F., unpublished observations)..Other studies have determined '

~ that tyrosine phosphorylation at Y789 results in Grb2 association with PTPa. (den Hertog
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et al., 1994; Su et al., 1994), however the consequence of this association in terms of
regulation of domain-2 activity or signal transduction complex assembly are unclear.
PTPo. was also inducibly tyrosine phoephorylated in EGF-stimulated A431 cells. -
However, due to autofdephosphorylation of PTPo, we were unable to determine the
effec'ts of phosphorylation on PTP activity. Regardless, these results suggest that PTPa Ny

may be involved in some aspect of growth factor receptor PTK slgnaling.

5.2.  Expression of PTPain mammalian cells. We overexpressed PTPa in A431 cells
to assess the potential of PTPa to antagonize PTK—dependent cell growth. 'A431 cells .
overexpress the EGF receptor and are dependent on autocrine productron of TGFo (Van
de Vijer et al., 1991). Paradoxically, these cells are growth 1nh1b1ted by high
eoncentrations of EGF. Thus, these cells prov1ded a model system in whrch ‘the
eonsequences of PTPa expression on both autocrine TGFa-EGF-R—dependent eell
growth, and EGF-induced growth inhibition could be examined. High level expression of ,

PTPo in A431 cells was achieved using the CMV promoter based episomal plasmid
| pBCMGsNeo (Karasuyama and Melchers, 1988). Antibodies_produced against either
synthetie peptides based on PTPa sequences, or bacterially e)I(:pr_essed PTPa, detected a
dominant immunoreactive protein of 130-150 kDa in _tranlsfecte'd cells. Moreover,
antibodies directed against the extracellular region of .PTPOLI stained the surface of
transfected cells, confirming the expected pla_sma—membrane localization of this PTP.
However, the expression of PTPOL in A431 cells was unable to protect these eells from -
EGFfindueed growth inhibition. Moreover, control and transfected cel‘ls‘ grew at similar
rates, suggesting that PTPa was.unable to regulate EGF-R-dependent'grthh or
drfferentratron Consistent with th1s observatron EGF-R obtamed from PTPo expressrng
cells contained 51m11ar levels of phosphotyrosrne as control A431 cell-derived receptor

Furthermore nude mice injected with either control- transfected or PTPo overexpressmg

A431 cells developed tumors of similar size and with a s1m1lar latency period (data not
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shown).

5.3. PTPo expression results in Src kinase regulation and alters cell-substratum
adhesion. Although PTPo was unable to disrupt EGF-R growth or differentiation signals,
we did observe a dramatic increase in cell-substratum adhesion of PTPOL overexpressmg
cells. This characteristic appeared to be dependent on the catalytlc activity of PTPOL as
cells containing an inactive mutant form of PTPoc with a cysteme -to-alanine mutation in
domain-1, appeared less adherent than control cells. Furtherrrlore treatment of A431 cells
with EGF typrcally results in the rounding and 11ft1ng -off of these cells from the
substratum However, we found that cells expressmg PTPa remamed adherent and spread
in the presence of EGF. Thus, cells expressing PTPa displayed increased cell-substratum
adhesion in the absence of EGF, and were resistant to the morphological changes and
adhesion disruptirrg effects that normally follow EGF st'irrrulation of A431 cells.

To investigate the underlying mechanism for thi's effect on adhesion, dv.ve
: examined potential substrates of PTPO, catalytie activity. PTPa vovlerexpressio'n. led to the
activation and/or dephosphorylation of the tyrosine kinases Src and Yes. Intriguingly,
 these molecules appeared to be the only proteins which displayed reduced levels of
phosphotyrosine detectable in total cell lysates. Indeed, other proteins such as Fak and
paxillin contained increased bboSphotyrosine levels. These results and those suggesting
that the EGF—R.was unaffected by PTPo expression, suggest tbat certain PTPs may
possess restrieted substrate specific activities. 'Thus, in contrast to tbe results of the
recontbinant enzyme/phosphopeptide assays which suggested that PTPa pbssessed little
substrate specificity, these resuits demonstrate that PTPo. may select a narrow subset of
- substrates within cells. Results demonstrating elevated levels of phosphotyrosine in the
Src kinase substrates Fak and. paxillin are barticularly irttri_guing. PTPa. may either
dephbsphorylate and activate Src kinases within a _cellular compwartment, Which lacks other -

potential substrates, or, PTPo. may be complexed with Src kinases in a way which -
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precludes its accessibility to kinase substrates such as Fak and paxillin which are
substrates of Src kinases. Alternatively, dephbéphorylatioﬁ of Src kinases may be
separated temporally vfrom the tyrosine phosphorylation of specific Src kinase substrates, |
with PTP activity being inhibited following Src activation. Specific SH2 domain
assbciatioh with phosphotyrosine residues may also protect these sites from the activity
of PTPa.. The activation of Src kinases by PTPa. js reminiscent of the roie of CD45 in thé '
activation of Lck and Fyn in lymphocytes. These PTPs appear td be sbecific for Src
family kinéses which they regﬁlate by dephoSphorylation of negative regulatory tyrosine
residues. | |
The relationship between Src kinase activation and cell-sub'stratum adhesion is
un(;lear. Although we observed an increase in the association of Src kinases with Fak and
an increase in paxillin tyrosiﬁe phosphorylatipn it is not known how such changes act to
alter cell-substratum adhesion. It is clear, however, that paxillin and Fak are involved in
focal adhesion struc\turel or assembly (Fig. 5.1). Furthern}oré, data demonstrating
localization éf Src kinases to focal adhesions and results correlating Src kinase activation
with cell-adhesion point to these kinases being involved in either the formation of
adhesion étructures or sig.nal transduction in fesponse to adhesibn Our results
demonstratmg 1ncreased cell-substratum adhesion of A431 cells, suggest that PTPo may
act to regulate Src kinases involved in focal adhesions (Fig. 5. 1) In addition, an'increase
in Csk association with paxillin may provide a'mechani§m for the negative regulation of
Src kinases in PTPo. expressing ccils. However, if will be important to assess thé effects
of PTPo. overexpﬁression on the adhesion of other cell types. The possibility that the cell-

substratum adhesion effects of PTPo are a consequences of unphysiological PTPa

overexpression must also be considered.
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Integrins

EGF- Receptor

FIG. 5.1. Illustration of potential PTPo/integrin/EGF receptor interactions. The binding of integrin
receptor extracellular domains to ECM-ligands such as fibronectin leads to the activation of FAK and the
tyrosine phosphorylation of paxillin. We have shown that PTPa expression in A431 cells results in Src
kinase activation, enhances Src/FAK association, and increases cell-substratum adhesion. Moreover, the v-
Src and FAK substrate paxillin is hyperphosphorylated in PTPa expressing cells. Arrows indicate potential
interactions between molecules in terms of either association, phosphorylation, or activation. The EGF-R is
included in this figure as PTPa was a target of EGF-induced tyrosine phosphorylation in A431 cells. In
addition PTPa. expression appeared to modulate cell-substratum adhesion and cell-shape changes induced

by EGF.

5.4  PTPa, various retroviral oncoproteins, and specific cytokine receptors contain
an SH3 domain-binding motif. Investigations into the nature of the interaction between
PTPo and Src family kinases led to studies of a proline-rich region in the membrane-

proximal region of PTPa. However, although PTPa and Src kinases co-

immunoprecipitated from A431 cells, we were unable to demonstrate involvement of Src

kinase SH3 domains with the proline-rich region of PTPa in the association of these
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molecules A variety of in vztro studies demonstrated the ab1lity of this region to bind
SH3 domains Thus it is likely that thlS region is at least partlally responsible for e1ther
the association of an SH3 domain-containing substrate with PTPo_L or for SH3 domain-
dependent PTPo subcellular localization. It is also possible that this region functions
within a specific cell type which expresses a specific SH3 domain—containing molecule.
Alternatively, this region may be involved in the regulation of PTPo activity by
associatiOn with a protein su_ch as Grb2 (den Hertog and Hunter, 1996)i A mutant form of
PTPo containing proline-to-alanine substitutions within this putative SH3 domain
~ binding site have been constructed. This mutant has been transfected into. A431 cells and
analysrs of both Src kinase association and activatlon by PTPoc are being explored
Studies of this proline-rich SH3 domain binding region in PTPa. led to the
identification of other similar proline-rich putatiVe SH3 domain ligands in other proteins.
For example, proline-rich sequences within oncogenic retroviral proteins derived from
FSV and AMLV bound SH3 domains in vitro. One of these regions within p70-gag-fgr
has been shown previously to facilitate transformation of 3T3 cells (Sugita et al., 1989).
We also identified proline-rich sequences in various cytokine receptors whichv wereiable
to.bind SH‘3 domains in v'itrol However, like those PTPa and retroviral sequences,
additional\studies will be required- to confirm SH3 domain ‘association with these regions
in vivo. It’s likely that these proline-rich sequences may provide critical sites for
association for SH3 dornain containing molecules involved; in signaling from these

molecules.
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CHAPTER 6

Materials and Methods

6.1. For Chapter2

6.1.1.- General. A human placenta A Zap cDNA library was obtained from Stratagene
(catalogue #936203). Vent DNA Polymerase was purchased from New England Biolabs.
‘R.estrict'ion enzymes and protease inhibitors were purchased from Boehringer Mannheim. -
~The pET 1la bacterral expression vector and the E. coli strain BL21 (DE3) were from
Novagen (Stud1er et al., 1990). Mouse ascites ﬂu1d containing the monoclonal antibody
12CAS was obtarned from BAbCO (Field et al., 1988) Prestained. molecular weight
markers were from Amersham The DNA sequencing k1t MonoQ column, protem A and
| cyanogen bromide Sepharose were from Pharmacia LKB Biotechnology Inc. B
Radlorsotopes were from ICN and Amersham A Biotec model 309 microtiter plate.
reader was used Half-volume microtiter plates - were from Canlab (Costar catalogue
#3690) Malachrte green (1% w/v solution) was from BDH. Ammonium molybdate was |
from " Sigma and Tween 20, EIA grade, was purchased from Bro-Rad. p-
nitrophenylphosphate (p-NPP) was :obtained from Sigma. t-Butyl oxy carbonyl tyrosine‘

(o) phosphate dibenzyl was obtained from Peninsula Laboratories. All other reagents and |

chemicals were from BDH or Sigrna.
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6.1.2. Cloning of PTP(x.and PTPJ intracelluiar domains.. The .sequences of the PTPJ
5 and 3 primers:, CTCTCGCTAGCAGACAGAAAGTGAGCCA TGGTCGAG and
CTCAGATCTCTCAATGCCTTGAATAGACTGGATC, respecti_vely, were derived
from the published sequence of human PTPJ (Krueger et al;, 1990), and were synthesized
on an Applied Biosystems DNA Synthesizer (;nodel 391). .The 5' and 3’ i)rimers
correspond to nucleotides 1594 through 1619 and 1900 through 1926, rcspeétively, of
. human PTPB. The 5' primef contains additional nucleotides 'enc"'oding aﬁ Nhe 1 réstriction
eﬁdonuclease Site, while the 3' oligonucleotide contains a Bgl 1l site. 15 pl of the human
placental A-Zap cDNA library was combinéd with an equal volume of dH,O and heated
at 70°C for 10 min fdllowéd by chilling on ice. To this reaction 200 pM dNTPs,. 5 ul 10x
Vent buffer, 5 pl 10x bovine serum albﬁmin (10 rﬁg/ml), and 3 Units of Vent DNA
polymerase were added to a final volume of 50 pl. Poiymérase chain reaction (PCR)
" amplification (30 cycles of 94°C for 1.5 min, 50°C for 1.75 min, and 72°C extension for
2 min) produced a>1.07 kilobase fragment. This fragment wés gel-purified and ligated
into EcoR'V restriction‘ endancléase digested Bluescript plasmid .(Stratagene;) tQ; give the
plasmid pPTPp. Similarly, oligonucléotides corresponding to sgeciﬁc sequences of PTPo
were used to PCR the entire cytoplasmic domain of PTPo (PTPa-D1+D2, a.a. 167-793),
the first catalytic domain (PTPOL-.D;I'," a.a. 167¥555), and the C—terminal phosphatase '
domain (PTPo-D2, a.é. 510—793). Each PCR fragment was verified by DNA sequencing
using the chain termination method (Sanger et zﬁ., 1977), dig_e;sted with Nhe 1 and Bgl 11,
and subcloned into Nhe 1.and BamH 1/ Bgl II digested pET-1 la-tag and/or bGex-2T—tag

plasmids. |

6.1.3. Modification of pET-11a and pGex-2T bacterial expression vectors. To facilitate

4

both the detection and purification of recombinant proteins expressed in bacteria, the

- pET-11a vector, and more recently the pGex-2T vector, were modified by the addition of

a nucleic acid sequence encoding a 10-residue segment located at the N-terminus of the
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expressed protein. This se(juence corresponds to a peptide derived frbm the-influenza
virus hemagglutinin protein fhat is recognized by the monoclonal antibody 12CA5 (Fiéld
etal, 1988). PCR was uéed to incorporate this ‘decapeptide 'HA tag' sequence along with
two flankmg glycine spacers into the pET-11a plasmid (Fig. 1). 50 pmols each of primer-
A (GGATCGAGATCTCGATCCCGCGAAATT) and - prxmer -B (CTCGCTAG -
CACCGCCAGATGCGTAGTCCGGAACGTCGTACGGGTAACCGCCGCGGCCCAT
TTGCTGTCCACCAGTCATGCTAGTCATATG), containing the fusion sequence, were
- added to 100 ng"pET-l la template DNA, 10x PCR buffer, 200 uM dNTPs and 2.5 Units
of Tag DNA polymerase in a vélum_e of 100 ul. The fragment resulti:'ng ffom P_CR
amplification (30 cyc‘les of 96° C for 45 sec, 50° C for 90 sec, 72° C for 120 sec) was
subcloned into Bluescript plasmid, the DNA sequence determinéd, and then directionally
Subclo'ne‘d into Bgl Il and Nhe 1 digested pET-11a. |

The pGex-2T plasmid was al‘so modified by incorporation of sequences encodiﬁg
the 'HA tag'. Two overlapping oligonucleotides were synthesized: A -5'-
GATCCCCCGGGTACCCGTACGACGTTCCGGACTACGCATCCCCCGGGGCTAG
| CGTCGACAGATCTG-3' and B-5'-AATTCAGATCTGTCGACGCTAGCCCCGGGG
ATGCGTAGTCCGGAACGTCGTACGGGTACCCGGGG-3'. Each oligo was diluted to |
25 pmoles/pl in dH20 and heated to 956C for 5 min, the oligos were combined and
shifted to 700C for 5 min, 450C for 5 min, and then to 37°C for 20 min. The anncaled
oligos' were diluted 1/50 in dH20 (250 fmoles/ul) and ligated into BaiﬁHI, EcoR1
digested pGex-ZT. Thrombin cleavage of Glutathione-S-Transferase (GST) fusion
proteins expressed with this plasmid result in proteins containing the HA epitope at the
g N-termiﬁus. ‘ |
6.14. ‘Immunologicai methods. Monqclonal antibody 12CAS was purified from ascites

fluid by passage over a sheep aﬁti-mouse IgG cyanogen bromide-linked _S‘epharose‘ '

column. 12CAS was used for immunological detection 6f bacterially-expressed protein in
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conjunction with alkaline phosphatase-linked goat anti-mouse IgG heavy and light chain
specific antisera (Calbiochem). A 12CA5 affinity column was prepared"by cross-linking 4
mg of the mAb (IgG2b isotype) to 2 ml protem A Sepharose (50% slurry) usmg the

cross-linking agent dimethylpimelimidate (Harlow and Lane, 1988)

6.1.5. Buffers. Buffer A: 25 mM Tris-HCI pH 7.5, 50 mM NaCl, 5 mM 2- .
mercaptoethanol. Buffer B: sarﬁe as buffer A except that soybean trypsin inhibitof (0.6
wg/ml), leupeptin (0.5 ﬂg/ml) phenylmethylsulfonylfiuoride (1 rhg/ml), and pépsfatin
0.7 ug/ml) were added. Buffer C: 25 mM Tris-HCI pH 7.5, 250 mM NaCl, 5 mM 2-
mercaptoethanol 0.5% (v/v) Tween-20. Buffer D 25 mM Tris-HCl pH 7.5, 50 mM
NaCl, 5 mM dithiothreitol (DTT), 1 mg/ml decapeptidc: (YPYDVPDYAS). Buffer E 100
mM Tris-HCI pH 8.0, 5 mM DTT. .

6.1.6. Small-scale expression of 358 labeled PTPs. 15ml BL%I(DE3) bacterial éultu:res
| containing plasmids pET-11a-tag PTPo or PTP were grown in minimal-9 (M9) media
cdntaining MgSO4 and 25 ug/ml ampicillin (émp) ovefnight to an optical density at 600
nM of ~0.9. Cultureé were divided in half and (1 mM) iso‘propy'l-l-thio-B-_D-
galactopyranoside (IPTG) was added to half of the cultureS. The cells were induced for 1
hour before pellétiﬁg and resuspending in M9 media (without MgSO4) cohtéining 25ul
358 labeled H2S0O4 (ICN, 1383 mCi/ml). Ce_lls were grown for an additional 20 min

before lysis and analysis.

6.1.7. Bacterial expression of pET-11a-tag PTPo. and PTPB. The pET-11a-tag-PTPB
and pET-11a-tag-PTPo. plasmids was transformed into cbmpetént BL21 (DE3) bacteria.
This strain contains an integrated copy of the T7 RNA polymerase gene carried by the

bacteriophage DE3, and is under the control of the IPTG inducible Lac UV5 promoter

(Studier et al., 1990)., 20 ml overnight cultures of BL21 (DE3) bacteria grown in 100
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pg/ml .ampi_cillin/Luria broth were added to 2x1 litre of this same medium and grown
with shaking to an OD 600 of ~0.7 at 370 C in the absence o§ IPTG. Recombinant PTP
~production Was stimulated-by the additiop of IPTG (1 mM). After 4-5 hours of indﬁced
growth the bacterial cells were pelléted by centrifugation/ at 3,500 rpm for 15 min at 4°C
(Beckman ] -6B). >The cells were washed in buffer A, sedimented and then resuspended in
5 ml buffer B. 550 pl of 10 mg/ml lysozyme was added and the mixturé was incubated on
ice for 15 min. To ensure bacterial lysis, 3 éycles of alternating freeze-thaws on dry
ice/ethanoi were performed, followed by addition of 55 pl of IM MgCl, and 25 ul DNase
1 (10 mg/ml) to the lysate. This mixture Qvas incubated at 25°C for 20 min, 100 pl of 500
- mM EDTA and 600 pl of 10% T_riton X-100 were then'added, and the lysate was
incubated for a further 30 min at 250C. The extract was subjected to ultra—céntrifugatioh

~ (Sorvall RC 80, SW55Ti rofor) at 35,000 rpm at 4°C for 45 min and the pellet discafded.

6.1.8. PTP purification. The bacteriai e;(tract supematénvt's were .added to protein A-
12CAS afflmty columns (prepared as prev1ously descrlbed) and rotated at 49C overnight.
Each protein- bead matrix was washed with 50 ml of buffer C at 4°C. Elution of PTPa
. and PTP@ bound to the columns was achieved by resuspendmg the beads in each column
with 1.5 ml buffer D warmed to 30°C contamlng 1 mg/ml of the decapeptide
(YPYDVPDYAS) (Field et al., 1988). The C(;IUmn mixtures were iﬂcubated‘ for 15 min at
300.(.3 before collection of the eluate. This elution procedure was repeated and .the two
elutions were combined and concentrated to-a volume of ~500 pl with a Centricon 30 ,' :
m.icroconcentratori (Amicdn). The concentrated eluate was thef; loaded onto a MonoQ
anion exchange column (for PTPB) (1 ml bed Vqume) equiiibrated with 25 mM Tris-HCl
‘pPH75,5mM DTT The colilmﬂ was eluted with a 0.1-0.5 M NaCl gradient using- a
‘Pharmacia Fast Protein Liquid Chromatography system. PTP activity in 250 pl colurﬁn
fractio_hs, was as_ses§ed as described belbw. Peak fractions ‘\‘Ncbre pooled, glycerol was '

added to 20% (v/v), and then aliquots were frozen in liquid nitfogen before storage at
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-80°C. The 12CA5 affinity column was regenerated for repeated use by eluting the
decapeptide with 10 column volumes of 100 mM triethylamine pH 11.5, followed by
' equlhbratlon in 50 mM Tris-HCl pH 7.5, 150 mM NaCl.

: 6.1 .9.' Bacterial ekpression and purification of pGex expressed PTPa and PTPp. Luria
broth cultures (500 m'l)-of UT5600 bacteria (New England Bielebs) "centaining_ the
various pGex plaspiids were grown to O.D. 600 ~0.6-0.9 at 370C. Cells were then shifted
to 26°C and induced overnight with 100 uM IPTG. Bacteria were sedimenfed and lysed ..
- by sonication in buffer cemp()sed of»50 'mM Tris pH 7.5, .}’50 mM NaCl, 5” mM B-
mercaptoetheinol and 1 mM PMSEF. Triton X-100 was added ?Eo 1% final conceptretion
and cellular debris was removed by ultra-eentrifugation at 30;000 X g 'The‘supern,atant
was removed. and incubated with 1 ml of a}50% slurfy of glﬁtathione Sepharose
(Pharmacia Bietech) for 1 hour. The beads Were"thoroughly washed before cleavage in 1
ml of buffer co_ntaining 50 mM Tris pH 8.0; 2.5 mM CaiClz, 150 mM NaCl, 10 mM J-
mercaptoethanol and SO pl thrombin (400 pg/ml). Glycerol was added to 15% .final

concentration before storage at -80°C.

6.1.1 0.. Lck tyrosine-phosphorylated é’-chaén PTP asisay. Preparation of PTP substrate; |
100 ug of {-chain peptide was tyrosine-phosphorylated with 10 pl (2‘5 ug) of Lck
(supplied by Julian Wetts) in buffer (25 mM Tris pH,7.5, 10 mM MgCl2, 1.0 mM DTT)
containing 50 uCi 32P-y-ATP, and 250 UM unlabeled ATP for 1.5 hours at 30°C. The
_reaction mixture was HPLC purified, dried down to remove the acetonifrile; resuSpended
in 500 ul dH20, and again dried (iown to remove remaining_acetonitfile. The :C-chain
~ peptide was again respspended in dH20 for use as a PTP, substrate. For the PTP assay
150, 000 CPM of 32P‘labeled {-chain was combined with the ‘appropriate dilution of PTP

“in buffer- contalmng 25 mM Tris pH 8.0 (PTPB) or 25 mM MES (2 [N-

Morpholmo]ethanesulfomc acid) pH 6.0 (PTP), in a final volume of 50 pl Reactlons
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were carried out for 15-30 min at 309C. 50 ul of 25 mg/ml bovine serum albumin (BSA)
and 350 pl of 30% trichloroacetic -acid were then added and reactions were_ chilled- onice
‘for 15 min to precipitate the Z;-chain peptide Precipitated protein was pelleted in a
microfuge and 300 pl of supernate was scrntillation counted to determme the amount of

32p liberated from the - charn peptrde by phosphatase treatment.

6.1.11; Malachite green solution preparation. One volume of 4.2% (w/v) ammonium
molybdate in 4 .N HCI was added to 3 volumes of 0. 045% (W/v) malachite green. This
solution was stirred for a minimum of 30 min before flltering through a 0.22 uM filter
(Millipore). The filtered solution was stored for up to 6 months at 4° C. Tween 20 (0.01%

v/v) was added to an allquot of filtered malachite green solution prior to use.

6.1.12. Generation of inorganic pliosphate stdndiu:d curve. Standards ‘Were;p'repared _
from KH,PO4 that had been desiccated at 80° C for Svhours. Appropriately diluted |
inorganic phosphate (Pj)-standards in:a volume of 25 1l were delivered to half-volume
wells of a 96-well microtiter plate,‘\followed by the addition of 50 pl of the malachite
' green-Tween 20 solution.. After 15 min of color 'developlment; at room temperature the
optical density of each well was measured in an ELISA plate reader fitted with a 620 nm-

filter.

6 1. 13 Syntheszs of phosphotyrosine contammg pepttdes Pept1des were synthes1zed _
using sol1d phase methods with t-butyloxy carbonyl (t-boc) and alpha—protected amino

acids, with appropriate side chain protection, as described (Clark-Lewis et al., 1991).
. Phosphopeptides were synthesrzed W1th t-boc Tyr PO4 (Bzl1)20H. After chain assembly,
the peptides were de protected via triﬂuoromethane sulfonic acid (TFMSA). Each 100
mg of peptide resin was strlpped with 100 pl thioamsole 50 p,tl ethanedrth1ol and 1 ml of

trifluoroacetrc acid. 100 pl of TEMSA was added and -allowed to react for 2 hours at
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room temperature'. The peptide was precipitated with diethyl ether, washed, and then
dissolved in 6 M gnanidine HCI, pH 8.5. For purification this mixture was loaded directly‘
onto reverse phase HPLC (Clark-Lewis et al., 199l). The.massof each peptide was
confirmed using ionspray mass spectrometry on a model AP1 I triple quadrapole mass
spectrometer (SCIEX Thomhrll Ont) w1th a liquid delivery interface. The amino ac1d

composition was confirmed by amino acid analy51s [

6.1.14. Quantitation of phosphotyrosine containing peptides. Phosphopeptides were
.weighed on an analytical balance and‘ dissolved in the appropriate volume_o’f. dH,0.
Peptides r’vith lower solubility were diesolved in dH7O to saturation and centrifuged at
14,000 rpm and‘ the supernatants saved. The conc.e'ntration of each phosphopeptide
solution was determined by measuring Pj release by acid hydrolysis (Hasegawa et al.
1982) using the malachite green microtiter plate assay. Brieﬂy; the phosphopeptides were
-completely hydrolyzed by acid cleavage in 50% (v/v) perchloric acid and 50% (v/v)

sulfuric acid at lSOoC for 16 hr. Liberated Pj was then detected usmg the malachite green
assay. Values for Pj.release were then obtained by comparison with the malachite green
standard curve. This allowed equimolar concentrations of each peptide to be determined,

and was particularly useful with peptides that demonstrated incomplete solubility.

'6.1.15. Measurement of PTP.activity. Enzymatic activity of PTPa and PTPJ on various ,
| phosphotyro_sine containing substrates were determined using the malachite green
microtiter plate assay. En_zyme reactions were carried out' on half-volume 96-well plates
in .a final volume of 25 pl. Appropriately diluted enzymes, substrate ‘pe'ptides,' and
potential modifiers of enzyme activity (for PTPp), were incubated for 5-15 min at 25°C
in buffer E at pH 8.0 (PTPB) or buffer E containing 25 mM MES pH 6.0 (PTPw).

Reactions were terminated by the addition of 50 ul of malachite green solution and then

incubated for 15 min at room temperature before optical density measurement at 620 nm.
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The detection of MonoQ Sepharoée column fractions containing PTPB was achieved by
aSsajing for PTP activity essentially as abdve except that 5 mM p-Nl’P was used as
substrate. Reactions were carried out for 15 min before addition of 50 pil of malachite

green solution and optical density determination.

6.2. For Chapter 3

6.2.1. Cells and plasmids. NIH 3T3,, 293_'and A431 cells were obtained from the
American Type Cult‘ure"Collection and were gfown in Dulbecco’s modified Eagle's
médium containing 10% fetal éalf serum (FCS),'. antibiotics and 50 },LM B-
.mercaptoethanol. The PTPo. cDNA was obtainecl from a human HepG?2 cell line cDNA
library (Stratagehe) by low »stringenéy screening wifh a cDNA probe encofnpassing a
region of the first catalytic domain of CD45 as previously described (Jirik et all, 1_?90).
The wild 'type and éatalytically inactive form of PTPo. (contallling a cys‘teine-to—alan.ine'
mutation at residue 433 within the first catalytic clomain, D1 C433A) were subcloned into
the eukaryotic expressibn vector pPBCMGsNeo. This vector contains the cytomegalovirus '
promoter and 79% of the bovine papilloma virus genome which allows episomal'pla'smid
replication (Karasuyama and Melchers, 1988). Plasmids were electfoporated into A431

cells and G418 resistant clones were selected.

6.2.2_. Antibodies. PTPo. specific ahtiquies were produced by repeated imrﬁunization of
New Zealahd white rabbits with recombinant PTPo .cytoplasmié domain containing
residues 167-793 (PTPd-Z), or N,—ter.rhinal cysleine-linked keyhole limpet hemocyanin
conjugated synthetic' peptides (Zillner et al., 1987), corresponding to amino acids 20-60
within the extracellular domain of PTPa (PTPol—ext), or amino acids 512—558,

corresponding to the region between the two PTP domains (PTPa-1). All antibodies were

affinity purified on thiol Sépharose-peptide or CnBr Sepharose-recombinant PTPo
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specific affinity columns. The anti-Sr¢ mAb 327 (provided by J. Brugge,‘ARIAD
Pharmaceuticals), lanti-Fyn mAb (provided by R. Perlmutter, University of Wasflington),
anti-Yes antiserum (from J. Bolen, Bristol-Myers ‘Squibb ':Pharmaceutical Research
: Institute), and anti-Csk antisera (from J. Cooper and B. Ijiowel, Fred Hutehinson Cancer
Research Centre) were used to specifically immunoprecipitate each kinase. The antiserum
SRC2 (Santa Cruz Biotechnology), which is specific for C—terrpinal peptide sequence
509-533 of Src and the conserved sequences of Fyﬁ and. Yes, was also used .to
immunoprecipitate and 1mmunoblot Src, Fyn and Yes. Antibodies against
phosphotyrosme (4G10), paxillin, FAK, and src (GD11) were obtained from Upstate

Biotechnology Inc. and Transduction Laboratories.

' 6.2.3. Cell lysis, immunoblotting, and kinase assays. A431 >cells were lysed on ice fof
' 30 min in buffer containing 1% Nonidet P-40, 10% glycerol 50 mM NaCl, 50 mM Tris |
pH 7.5, 2 mM EDTA, 1 mM sodium orthovanadate 10 mM sodlum fluorlde 1 mM
phenylmethylsulfonyl fluoride, 1 mM soybean trypsin inhibitor, and 100 uM leupeptin.
Insoluble cellular debris was removed by ultracentrlfugatlon at 30,000 x g for 30 min
Protein concentratlon was estimated with the blcmchomm_c amd (BCA) assay (Pierce).
PTPa. expressing clones were then selected based on western blot analysis of total cell

lysates of G418 resistant A431 cells.

6.2.4. Kinase Assays. Stc kinase.activity from the various A431 clones was assessed by
autokinase and enolase assay. Src kitlase was immunoprecipitated from 500 pg of cell
lysate with 1 pig of mAb 327. Immune-complexes were colleeted with 75 ul'of a 30%
slurry of rabbit anti-mouse IgG preabsorbed protein A Sepharose. Beacts Were washed in

cell lysis buffer, RIPA buffer (lysis buffer containing 1% NP-40, 0.5% deoxycholic acid
and 0.1% SDS) and then kinase buffer (100 mM PIPES [piperazine-N, N'-bis 2-

ethanesulfonic acid] pH 7.0, 5 mM MnClp, and 10 uM‘ vanadate) before resuspension in
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kinase buffer containing 10 uCi [y32P] ATP (3000 Ci/mmole) with or without 10.pg of
~ acid denatured enolase. Kinase assays were performed at 25°C for 15 min before
termination by addition of 2 x Laemmli buffer. 50% of each immunoprecipitation wns
immunoblotted with anti-Src antisern to ensure equal quzintities of Src were used for each

assay.

6.2.5. Flow cytometry. A431 cel!s transfected with vector alone, vector containing
PTPa, or catalytically inactive PTPa. (D1 C433A) were lightly trypsinized in 0.05%
trypsin containing 1 mM EDTA. Cells were then thoroughly washed in cell culture media
and approximately 100 cells were incubated with anti'-PTPoc—eggt‘ant.ibody (5 pg/ml) in 1
" ml of phbsphate buffered saline (PBS) containing 2% FCS vfo'r' 1 hour. Cells were then
washed in PBS/FCS and incubated with a 1/200 dilution of FITC-conjugated goat-anti-
rabbit FAb2 béfore analysis by FACScan Flow Cytometry with FACScan Researéh

Software (Becton Dickinson, Mountain Vie_:w,- CA).

6.2.6. Mqlachite green phosphatase assaj. Phosphatase activity waé determined using
the malachite green microtiter-plate phosphataSe.(MGMP) assay to detect the release of
'phosphate from phosphotyrosine-nontaining synthetic peptides as p'reviously do?scribed
(Harder et al., 1994# Ng et al., 1995). Briefly, PTPo immunoprecipitated directly from
. A431 cell lysate, was incubated with phospnopeptides in buffe; containing 25 mM MES .
pH 6.0 and 0.1 mM B-mercaptogthanol. Enzyme reactions were carried Qnt on half-‘
volume microtiter plates ina final volume of 25 pl for the indicated times. Phoéphatase
reactions were terminéted and free phosphate was ‘detected by the addition of 100 pl of
malachite green solution to ench well. The change in absorbance at 620 nM of each well
was measu;ed in an ELISA plate reader 'and the amount of phosphate released was

determined by comparison to an inorganic phosphate standard curve (Harder et al., 1994).

Peptides used in this study corresponded to the C-terminal regulatory phosphorylation
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* site of Src (Y527-TSTEPQYQPGENL) or to an autophospholylation site of the CSF-1
- receptor (Y708—IHLEKKYVRRDSG). Tl1e activity of PTPa domain-2 towards para- ‘

nitrophenylphosphate (p-NPP) was detected using the MGMP assay as above.

6.2.7. A431/EGF growth inhibition assay. Control transfected A431 and PTPa. over-
expressing 'A431 cells were plated at 104 cells/\-)vell‘in quadruplicate in 96 well plates.
EGF was added at the specified concentrations and cell growth was determined 4 deys
later by MTT (3-_(4;5-dimetllylthiazol-Z-yl)-2,5—diphenyl tetrozolium bromide) assay

(Boehringer Mannheim Inc.). 3

6.2.8. Cell-substratum adhesicn assay. Durihg the .routine passaging of A431 clones -
expressmg PTPo we observed that these cells were resistant to the low concentrat1ons of
trypsm used to remove cells from the substratum. To quantitate this characteristic anv
adhesion assay was developed to asse_ss cell adhesion to the substratum. Cells containing
- vector alone, or cells expressing PTPa. or PTPa. (D1 C433A) were plated in 96 well flat-
| bettom‘ pletes in quadruplicate at 104 cells/well. Cells were allowed to adhere' and spread
in serum containing medie to 75-85% confluency (1-2 days).‘ The medium Wasther‘l
carefully removed so as not to d1sturb the cell monolayer and the cells were gently
washed 3-5 times W1th lOO pl of PBS/Well/wash over a per1od of 20 30 min. During this
- treatment control cells rounded and lifted off the substratum in a manner dependent on
the number and duration of washes in PBS. To distinguish t‘he.lower adhesive properties
of control transfected A431 cells and those expressing PTPa (D1 C433A) the number and
: durétion‘ of PBS washes was reduced. The wash solutions were then discarded and 100 pl
of culture medium was added to each well. One hour later 25 ul of MTT (5 mg/ml) 'was
added and the cells remaining in each well were incubated for 2.5 hours. The medium
was then carefully removed, 100 ul of DMSO was added to each well to dissolve the

precipitated MTT crystals, and the optical density at 550 nl\d was determined in an
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ELISA plate reader The' 0pt1cal den51ty of each well was compared to untreated wells to -
determlne the percentage of cells removed by each treatment To analyze. changes in cell
. adhesion in the presence of agents known to alter cell-substratum adhesion, EGF (100-

ng/ml) pervanadate (100 pM Vanadate 2 mM H202) or EDTA (10 mM) were added to

the PBS and the cells were treated as above

6t2;9._ Peptirlc binding assay. Lysate from A431 cells contaihing vector alone or from
PTPa, or PTPo (D1 C433A) expressing cells was incubated for l'hour with Src Y527
phosphoneptide immobilized on CnBr 'ac'tivated. S_epharose.l'Beadsgwere thoroughly
washed in celt lysis huffer before reSuspension in Laernmli buffer. Precipitated Src family
kinases were separated by 10% - SDS PAGE transferred to Durolose membrane
(Stratagene) and 1mmunoblotted w1th SRC2 antisera or the Src specrflc antibody (GD11).
Immobilized non-phosphorylated Src Y527 peptide were used as a control. Blots were
developed using horseradish peroXidase-linked goat-a‘nti-rabbit antiserurn and the

enhanced chemiluminescence (ECL) system (Amersham).
- 6.3.  For Chapter 4

| A6 3.1 Westem blotting and tmmunoprecrpttatlon A431 cells were grown and lysed as
outlrned above The Src family krnases Src, Yes, and Fyn were specrfrcally'
1mmunopre01p1tated from approxrmately_ 500 pg of A431 total cell lysate with the Src-
specific rnAb 327 (provided'by Joan Brugge, ARIAD Pharmaceuticals), an anti-Fyn mAb
(provided by Roger Perlmutter Unrversny of Washington) or an anti- Yes antiserum
(provrded by Joseph Bolen Bristol- Myers Squibb Pharmaceutical Research Instrtute)

Immunoprecrprtated Src famrly kinases were then 1mmunoblotted wrth the antrbody '

SRC2 (Santa Cruz Blotechnology) This polyclonal antlbody was raised agalnst the C-

terminal residues 509-533 of Src but also recognlzes conserved sequences in Fyn and Yes
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kinases. SRC2 antibody was used for Src kinase-PTPo. co-immunoprecipitations due to
its superior immunoprecipitating ability.‘Src kinases were immunoprecipitated with

anproximately 2 ug of SRC2 antiserum from 1-2 mg nf A431 lysate. PTPo, was then

detected by immunoblotting with anti-PTPa-specific antibodies and developéd nsing a

horseradish peroxidase-linked goat anti-rabbit antiserum and the. enhanced

chemiluminescence (ECL) system (Amersham).

6.3.2. Bactérial expression. Proteins were expressed and purified from bacteria with tne
pGex system (Pharmacia Biotech) as outlined above. The niembrane-proximal 70.amino
acid region, between the transmembrane domain and the first PTP. domain (amino acids
167-237), was subcloned into ‘[.)Gex—ZT-tag. pGex expression' plasmids for the SH3

domains of p21 Ras GTPase activating protein (GAP), PI3K, and Src were kindly

provided by Megan Brown (Fred Hutchinson Cancer Research' Centre). The pGex Lyn

SH3 domain construct was provided by Zhigang Weng (ARI/,??D Pharmaéeuticals). The
Fyn, Yes and Abl. SH3 domains were PCR amplified fro“m cDNA templates and
subcloned into pGex 2T. Luria broth cultnres (.500 ml) of UTSGOO bacteria‘(New England
Biolabsv) containing the varAiou‘s‘ pGex plasmids were grown to OD 0.6-0.9 at 370C. Cells

were then shifted to 26°0C and induced overnight with 100 uM IPTG. Bacteria were

sedimented and lysed by sonication in phosphate buffered saline (PBS) containing 1 mM

PMSF. Triton X-100 was then added to 1% final concentration. Cellular debris was
removed by ultra—centri_fugation at 30,000 X g The'snpernatant was removed and
incubated with 1 ml of a 50% sfurry of glutathione Sepharose (Pharmacia Biotecn) for 1
hour. The beads were then extensively washed in PBS nontaining 1% Triton X—iiOO. The

GST-SH3 domain fusions were eluted from the beads with 5x1?‘ml aliquots of dH20. The

various short polyproline-containing peptide fragments were produced by synthesizing |

complementary oligonucleotides with appropriate‘ restriction enzyme site overhangs.

These fragments were then subcloned into pGex 2T. All GST-peptide fusions contain the
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amino acids ASPGAS amino terminal to the introduced peptide sequence and the amiho ,
acids EFIVSD at the carboxy terminus. Small-scale cultures containing these peptide

fusions were produced and lysates were prepared as above.

6.3.3. Protein Biotinyfation. Biotinylation of GST-SH3 domain fusion proteins was
carried 9ut as previously described (Mayer et al., 1991). Briefly, bet;Neen 1-2 mg of GST-
SH3 domain was incubated with 50 pg of N-hydroxysuccinimide biotin/mg SH3 domain
in 100 mM borate bhffer pH 8.8. Fusion proteins wefe biotinyléted for ~.3.5. hours before
addition of NH4CI? to 10 mM final concentration‘..'Biotinylation reactions were loaded

onto PBS washed PD10 columns (Pharmacia) and eluted in 3.5 mls PBS.

6.3;4. Filter binding assay of polyproline peptides using biotinylated S‘H3. domains.
Whole bacterial cell lysateé containing the various GST—peptidé‘ fusions were fractionated
by SDS polyacrylamide gel (15%) electrophoresis (SDS-PAGE). Protéins were
transferred to Duralose membrane (Stratagene) and‘reversibl}; stained with Ponceau-S to
cbnfirm equal loading of fusioﬁ protein between lanes. Filters were blocked in 5% bovine
serum albumin (BSA) in Tris pH‘7'.5, 150 mM NaCl, 0.05 % Tween 20 (TBST). B.lo_cke'd
membranes were incubated with biotinylated SH3 domains at a concentration of 3 pg/ml
i.n TBST containing 0.5% BSA for 2 hours.at 40C. Blots Were thoroughly washed in
TBST, incubated with streptavidin horseradish peroxidase conjugate (1:3000), again

7

washed in TBST and then developed with the ECL system. . e

6.3.5. Solution binding assay. (1). Pinpoint polyproline peptides: To assess conditions
favorable to SH3-polyproline interactions we expressed various polyproline sequences in
the bacterial expression vector Pinpoint (Promega). Bacterial expression using this vector-

results in the biotinylation of bacterially expressed fusion proteins at a single site at the

N-terminus . Recombinant expression and cell lysis was carried out as above. Briefly ~3 .
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ml cultures of IPTG induced UT5600 bacteria expressing the polyproline sequerices were

lysed in 1 ml of lysis buffer. Approximately 900 pl of TBST containing 2 pg of GST-Lyn

- SH3 domain was added to 100 ul of lysate and incubated for 2 hours at 4°C. 20 pl of

washed glutathione Sepharose was then added, lysafes were incubated for 1 hour, and
then beads were washed 4 times in TBST before elution in Laemmli buffer. SH3 domain-
associated biotinylated fusion proteins were detected with horseradish per_oxiciase—linkcd

s'treptavidin. (2) Biotinylated synthetic proline-rich peptides: SH3 domains (1 pg) were

incubated for 2 hours with 1-5 ng of the biotinylated peptides: 3BP1,

GTSLRAPTMPPPLPPVPPQPARRQS; PTPa (PPLP), ARSPSTN'RKY_PPLPVD
KLEEEINRR; or PTPo. (PPLA), ARSPSTNRKY_PPLAVDKLEEEINRR in TAST buffer

(Tris pH 8.0, 750 mM ammonium sulfate, 0.05% Tween 20). R@ptides were recovered by .

the addition of 30 ul of a 50% slurry of Ultra-Link streptavidin beaﬂs (Pierce). Beads
were incubated for 1-2 hours and then washed 4 times.in TAST buffervand then once 1n

TBST before resuspension in Laemmli buffer. Peptide-bound GST-SH3 fusion protein

~ was fractionated by SDS-PAGE and transferred to Durolose membrane. SH3 domains

were detected by immunoblotting with anti-GST antibodies (Molecular Probes, Inc.) at a

dilution of 1:30 000.

6.3.6. Surface plasmon resonance. Binding assays were conducted using th_e BlAcore ‘

‘Biosensor (Pharmacia Biosensor). Biotihylated polyproline containing-peptides were

i

- coupled to SA 5 biosensor chip‘s containing approximately 4000 Response Units (RU) of

pr_e-immbbilized streptavidin. Immobilization was carried out in ’ph‘osphate buffered

saline (10 mM NaPO4, 150 mM NaCl, 0.1 mM EDTA, pH 7.4, containing 0.005% P20)

~ at 250C with a flow rate of 5 wl/min. Approximately 715 RU of peptide was bound to ,
~each chip. GST-SH3 domains were diluted in PBS (50-100 pg/ml) and applied td the

biosensor chip (30 pl) at a flow rate of 5 ul/min. The biosensor chip peptide surface was

‘regenerated with a 10 pl pulse of 60 mM NaOH.
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6.3.7. Transient tranSfection of HEK 293 cells. 293 cells were transiently transf_éctedb .

by lipofection (Gibco, BRL). Cells were plated at 1.5 x 106 cells/well in 6-well plates the.

day before transfection. The following day 2.5 pg of DNA in 100 pl serum free media |
(SFM) (Optimém, Gibco BRL) was combined with 12 ul of lipofectdmine in 100 pl of
SFM. This mixture (200 pl) was incubaied for 45 rﬁin. During this incubation the 293
cells were gently Washed' (2x1 le) in SFM media to remove any serum. Thé _above
~ mixture (200 pl) was then layer onto the cells and 800 ml of SFM was added to each
Wéll. T;ansfeétion probeeded for 5-7 hours before terminationﬁby the addition c;f lrrﬂ' of

20% serum containing media to each well. The cells were growh for 1-2 days before lysis

and analysis.
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