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Abstract 

Our search for protein tyrosine phosphatases (RPases) that are 
involved in murine development led to the isolation of a novel 
PTPase called MPTP-PEST. To elucidate the function of MPTP-PEST, 
several biological aspects of the protein were investigated. It was 
determined that the MPTP-PEST enzyme is a stable cytosolic protein 
tyrosine phosphatase of 112 kDa that is ubiquitously expressed both in 
the adult and in the embryo. MPTP-PEST is composed of a single 
amino-terminus catalytic domain which is active against 
phosphorylated substrates in vitro. The gene structure and 
chromosomal localization of MPTP-PEST were determined using a 
series of h phage clones isolated from a mouse genomic library. 
Analysis of the MPTP-PEST locus indicated that the gene spans over 90 
kb of the mouse genome and is composed of 18 exons, 10 of which 
constitute the catalytic phosphatase domain. Fluorescence in situ 
hybridization with MPTP-PEST genomic DNA defines the map 
position of MPTP-PEST to mouse chromosome 5 region A3-B. To gain 
mechanis tic insights into the function of MPTP-PEST, the assoaa tion 
of proteins with MPTP-PEST was investigated using several different 
in vitro and in vivo binding assays. It was shown that the proto- 
oncoprotein SHC and the adaptor protein Grb2 associate with MPTP- 
PEST through speâfic carboxy-terminus sequences. In addition, the 
SHC/MFïP-PEST association was shown to be mediated by a novel 
type of protein-protein interaction. Both ÇHC and Grb2 function 
downstream of receptor type and cytoplasmic protein tyrosine kinases 
and have been shown to mediate several signal transduction events. 
The association of MPTP-PEST with these signaling proteins may 
therefore represent a function for MPTP-PEST in signaling events. 



Résumé 

Durant le cours de nos recherches sur les tyrosine phosphatases 
qui sont exprimées durant le development mammif&re nous avons 
isolé une nouvelle tyrosine phosphatase qui fut nomée MPTP-PEST. 
En vue d'élucider la fonction de la MPTP-PEST, plusieurs aspects 
biologique de la protéine furent analys&. Tout d'abord, il fut déterminé 
que la protéine MPTP-PEST est une proteine cytoplasmic stable 
d'environ 112 kDa et qui est exprimée de façon ubiquiste autant chez 
l'adulte que chez l'embryon. La MPTP-PEST est composee d'un 
domaine catalytique actif simple qui est situé dans la région NH2- 
terminale de la protéine. L'analyse de la struture du @ne et de la 
localization chromosomique de la MPTP-PEST révele que le @ne est 
composé de 18 exons dont 10 fornant le domaine catalytique et que le 
g h e  se situe dans la région A3-B du chromosome 5 chez la souris. En 
vue d' obtenir de plus ample informations pouvant ainsi mener a la 
charaterization de  la (des) fonction(s) biologique(s) de la MPTP-PEST, 
une étude des protéines qui s'associent à MPTP-PEST fut menée. Il fut 
decouvert que les proteines SHC et Grb2, deux proteines de type 
adapteur qui agissent sous les tyrosine kinases, s'associent à la portion 
COOH-terminale de la MPTP-PEST. Ces associations, en vertu des 
fonctions signalétiques démontrées par SHC et Grb2, suggérent que la 
tyrosine phosphatase MPTP-PEST joue un role durant la transmission 
des signaÜx extracellulaires par les tyrosine kinases. 
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CHAPTER 1 

Introduction 



Protein phosphorylation 

Phosphate monoester formation (phosphorylation) and 

hydrolysis (dephosphorylation) of proteins are considered two of the 

most essential biochemical reactions camed out by cellular organisms 

(Stone and Dixon 1994). Reversible, enzyme-catalyzed protein 

phosphorylation and dephosphorylation are important post- 

translational regulatory modifications that cells use to regulate their 

response to extemal and intemal stimuli. In eukaryotic cells, two types 

of phosphoamino acids have been reported; the N-phosphoamino acids 

(e.g. phosphohistidine, phosphoarginine, and phospholysine) and the 

O-phosphoamino aads (e-g. phosphoserine, phosphothreonine, and 

phosphotyrosine). In mammals, the quantities of the N-phosphoamino 

auds in proteins are comparable to the amounts of O-phosphoamino 

acids (phosphoserine and phosphothreonine) and far exceed the levels 

of phosphotyrosine (Chen et al. 1977; Zetterqvist 1967a; Zetterqvist 

1%7b). 

The acid labile nature of the nitrogen-phosphoms (N-P) bond of 

the basic amino acid residues limits the use of conventional assays for 

protein kinases and phosphatases. Studies regarding the 

phosphorylation and dephosphorylation of basic amino acid residues 

are therefore scarce. 

Histidine phosphorylation has been shown to be involved in 

prokaryotic cellular processes such as chernotaxis (Hess et al. 1988) and 

porin expression (Stock et al. 1990). In eukaryotes, phosphohistidine has 

been observed in proteins such as histone H4 (Chen et al. 1977; Fujitaki 

et al. 1981; Walinder 1968) and G-protein B subunits (Wieland et al. 



1993). Eukaryotic histidine kinases and phosphatases have only been 

briefly characterized biochemically (Huang et al. 1991; Ohmori et al. 

1993; Wei and Matthews 1990). Therefore, the fundion of histidine 

phosphorylation in eukaryotes remains unclear. However, the recent 

discovery of transient and inducible histidine phosphorylation on 

P-selectin upon stimulation of platelets with thrombin or collagen 

(Crovello et al. 1995) provides direct evidence for the induction of 

histidine phosphorylation in mammalian ce11 activation. This 

phenomenon may underlie a role for phosphohistidine in mammalian 

cell signahg mechanisms. 

Much less is known regarding phospholysine and 

phosphoarginine. Various groups have reported the detection of lysine- 

(Smith et al. 1973; Smith et al. 1974) and arginine-specific (Levy-Favatier 

et al. 1987; Wakim et al. 1990) protein kinases and lysine- (Ohmon et al. 

1993; Ohmori et al. 1994; Wong et al. 1993) and arginine-specific (Kuba 

et al. 1992; Yokoyama et al. 1993) protein phosphataces in eukaryotic ceil 

extracts. However, the functions resulting from the phosphorylation of 

lysine and arginine residues in proteins remain largely unknown 

(Ohmori et al. 1993). 

Most of the O-phosphate monoesters on proteins occur on seryl 

and threonyl residues (Sefton et al. 1980; Taborsky 1974). The regulation 

of many metabolic processes by serine and threonine protein 

phosphorylation has been well documented (reviewed in (Roach 1991)) 

and represents material which is beyond the scope of this introduction. 

Tyrosine phosphorylation was discovered 16 years ago when the 

products of a unique catalytic activity were noticed while examining 



retrovims-mediated oncogenic transformation of eukaryotic c d s .  It 

was observed that the levels of phosphotyrosine, normaliy accounting 

for only 0.01-0.05% of the total phosphoamino acid content of the cell, 

rose to 1-3% upon retrovirus infection (Hunter et al. 1980; Martensen 

1982; Sefton et al. 1981; Sefton et al. 1980)- The correlation between the 

transfonning activities of oncogenic retroviruses and the increase in 

cellular levels of phosphotyrosine suggested that phosphorylation of 

proteins on tyrosyl residues constitutes an essential component of 

cellular transformation (Coliett and Erikson 1978; Cooper et al. 1983; 

Martensen 1982; Pawson et al. 1980; Sefton et al. 1981; Sefton et al. 1980; 

Witte et al. 1980). The potential role of tyrosine phosphorylation in  

cellular transformation ultimately led to intense research that focused 

around the tyrosyl phosphorylation of cellular proteins and the 

tyrosine kinases responsible for this phenornenon. Since then, the 

association of cellular activities such as proliferation, differentiation 

and transformation with phosphotyrosyl phosphorylation events has 

been well documented (Coughlin et al. 1988; Heldin and Westermark 

19û4; Sefton and Hunter 1984; Swarup et al. 19û4). The correlation 

between cellular proliferation and tyrosyl phosphoryla tion was further 

supported by studies which showed that polypeptide growth factor 

receptors such as the epidermal growth factor (EGF), platelet-derived 

growth factor (PDGF), insulin-like growth factor, and insulin display 

intrinsic tyrosine kinase activities (Cohen et al. 1980; Ek et al. 1982; 

Gammeltoft and Van Obberghen 1986; Jacobs et ai. 1983; Reynolds et al. 

1981; Sefton and Hunter 1984). 

In addition, several oncogene products possess intrinsic tyrosine 

kinase activiiy and share extensive sequence similarity with several 

growth factor receptors. Experiments aimed at inhibiüng the tyrosine 



kinase activity of several growth factor receptors and oncogenes 

demonstrated that their proliferative actions and their transforming 

capabilities are dependent on their kinase activity (Chou et al. 1987; 

Morgan et al. 1986; Morgan and Roth 1987). 

Pulse-chase experiments indicated that the turnover of 

phosphate on phosphotyrosine proteins is rapid (Beemon et al. 1982; 

Sefton et al. 1980), suggesting that phosphorylation on tyrosyl residues 

has a regdatory role. A dynamic balance exists therefore between 

phosphorylation and dephosphorylation processes. This balance is 

shifted by the introduction of oncogenes that code for tyrosine kinases, 

resulting in increased amounts of phosphotyrosine in cellular proteins. 

Protein phosphatases 

The levels of cellular protein phosphorylation are controlied by 

the activi ties of protein kinases and phosphatases. In eukaryo tic cells, 

O-phospho protein kinases and phosphatases are generally categorized 

according to their subs tra te specificity. This classification system defines 

hvo groups for the protein kinases: the serine/threonine kinases and 

the tyrosine kinases. Despite the differences in substrate specifiaty, both 

types of kinases share amino acid sequence identity and three- 

dimensional structure similarities (Hunter 1987; Knighton et al. 1991). 

For the purposes of this introduction, 1 will focus on protein 

phosphatases rather than on protein kinases. 

The protein phosphatases constitute a diverse family of 

biological catalysts. They can be typically categorized into three groups: 

nonspecific phosphatases, phosphoprotein (serine/threonine) 



phosphatases (PPases), and protein tyrosine phosphatases (PTPases). 

Each of these groups, unlike their kinase counterparts, la& sequence 

and structural similarities with each other (Walton and Dixon 1993)). 

The nonspecific phosphatases comprise enzymes such as the acid 

phosphatases and the alkaline phosphatases. These two groups are 

often capable of hydrolysing phosphate monoes ters from both pro teins 

and non proteinaceous material. The different members of the 

nonspecific phosphatases category do not share arnino acid sequence 

similarities among them. The catalytic mechanisms for both alkaline 

and acid phosphatases have been elucidated (Coleman 1992; Kim and 

Wyckoff 1991; Van Etten 1982). The mechanism of dephosphorylation 

portrayed by alkaline phosphatases proceeds through a phosphoserine 

intermediate whereas phosphate ester hydrolysis by some acid 

phosphatases occurs through phosphohistidine intermediates (Stone 

and Dixon 1994). 

Unlike the nonspecific phosphatases, the serine/ threonine 

phosphatases (PPases) share amino acid sequence similarity with one 

ano ther 

seem to 

1986). A 

Interestingly, the catalytic mechanism of the PPases does not 

involve a phosphoenzyme intermediate (Martin and Graves 

phosphoesterase signature motif found in al l  type 1, 2A and 2B 

PPases and in a variety of otherwise unrelated phosphoesterases has 

recently been desaibed (Zhuo et al. 1994). This signature motif sequence 

could underlie a common catalytic mechanism (Zhuo et al. 1994). 



Rotein Tyrosine Phosphatases 

Much of our understanding of tyrosine phosphorylation cornes 

from unilateral progress in tyrosine kinase research. Until recently, the 

existence of enzymes responsible for the catalysis of phosphotyrosine 

esters was based on in vitro studies using cell membrane preparations 

(Brautigan et al. 1981; Carpenter et al. 1979; Ushiro and Cohen 1980) and 

in vivo studies using temperature-sensitive oncogenic retroviruses 

(Barbacid et al. 1980; Blomberg et al. 1980; Friis et al. 1980; Lee et al. 1981; 

Witt and Gordon 1980; Ziemiecki and Friis 1980). Progress similar to 

that made with tyrosine kinases was restricted by the la& of availability 

of pure preparations of PTPases and their corresponding amino acid 

sequences. (for a detailed review of the enzymology of PTPases before 

the isolation of the first PTPase see (Brautigan 1992; Lau et al. 1989). 

The first purification of a PTPase (termed PTPIB) to homogeneity 

came in 1988 when Tonks et al., (1988) developed a procedure to isolate 

PTPases from human placenta. The key feature of this procedure was 

the use of non-hydrolysable substrate affiity columns allowing for a 

high specificity purification (Tonks et al. 1988b). The amino acid 

sequence of a short segment of PTPlB was determined and surprisingly 

revealed no sequence similarity to any other known phosphatases 

(Charbonneau et al. 1988). Thus, PTPlB immediately defined a new 

family of phosphatases. Intereçtingly, databank searches for amino acid 

sequence similarity using this segment sequence revealed a signihcant 

homology to the intracellular portion of a single protein, CD45 

(Charbonneau et al. 1988), suggesting a yet undesaibed catalytic activity 

for this transmembrane protein. It was immediately demonstrated that 



CD45 immunoprecipitates from human spleen had PTPase activity, 

indicating that indeed, CD45 functions as a PTPase (Tonks et al. 1988a). 

CD45 had been known to be a major lymphocyte transmembrane 

glycoprotein involved in early T- and Bcell activation (for a review see 

(Thomas 1989). Until this homology had been discovered, the 

mechanism of action of CD45 was unknown. The similarity between 

PTPlB and CD45 not only suggested a function for the cytoplasmic 

domain of CD45, but also implied that PTPases can possess a s ignahg 

function. 

Eventually, the full amino acid sequence of PTPlB was 

determined (Charbonneau et al. 1989). Cornparison of this amino acid 

sequence to those of the intracellular portions of CD45, LAR (a protein 

with sequence homology to PTPlB and CD45) and the T-cell-PTPase (a 

cDNA isolated from a human T-ceii library using oligonucleotides 

encoding regions of PTPlB (Cool et al. 1989) defined a conserved region 

of -250 amino acids displaying a high degree of homology 

(Charbonneau et al. 1989). Because of the full conservation of several 

residues, this region was postulated to act as a catalytic domain (a.k.a. 

the PTPase domain) (Charbonneau et al. 1989). 

This initial identification of three members of the PTPase family 

led to the isolation of numerous other PTPases from many different 

sources. Using low stringency screening of cDNA libraries and RT-PCR 

with oligonudeotide primers corresponding to conserved amino aâd 

sequences within the FTPase domain of several PTPases, a considerable 

number of novel PTPases were obtained by several groups. To this &y, 

over 40 known PTPases have been isolated out of an estimated 500 

different individual enzymes (Hunter 1995). Structural cornparison 



between the protein tyrosine phosphatase and tyrosine kinase families 

reveals an interesting similarity. Both types of enzymes parallel each 

other in that members of each farnily can be classified under the 

categories of either transrnembrane/receptor-like or intracelluiar 

enzymes. The latter is further subdivided into two categories according 

to the nature of the substrates. Intraceilular PTPases are classified as 

being tyrosine-specific or dual-specific (i.e. will dephosphorylate 

phosphoserine, phosphothreonine and phosphotyrosine). 

Members of the transmembrane receptor-like PTPase subfamily 

share several structural features such as an extracellular domain of 

variable length and composition, a single membrane-spanning region, 

and one or two intracellular catalytic domains and various amino- and 

carboxyl-terminal extensions (see figure 1). These PTPases can be 

subdivided into 5 types on the basis of their extracellular structures (for 

a recent review, see (Brady-Kalnay and Tonks 1995; Mourey and Dixon 

19%). 

The haematopoietic-specific M'Pase 0 4 5 ,  defines a unique class 

of receptor-like enzymes (type 1). The extracellular portion of the 

protein consists of an amino-terminal region enriched in O-linked 

carbohydrates and a 300 amino acid cysteine-rich domain with multiple 

N-linked glycosylation sites. The length of the 0-linked carbohydrate 

region varies due to alternative splicing of 3 exons. Alternative exon 

usage is regulated in both lymphocyte differentiation and activation. 

The CD45 isofoms may associate with different cell surface proteins 

and therefore modulate the signaling properties of these complexes (for 



detailed reviews of CD45 structure-function relatîonship see 

(McFarland et al. 1994; Trowbridge 1991; Trowbridge et al. 1991). l t  has 

been demonstrated that CD45 is an essential component of antigen- 

induced signaling events in lymphocytes. It acts as a positive regulator 

of signal transduction through T- and B-cell receptors (for a review on 

CD45 function see (Trowbridge and Thomas 1994). 

Type II PTPases have extracellular sequence motifs that resemble 

those that define the ce11 adhesion molecules (CAMs). These 

transmembrane receptor-like PTPases possess a combination of 

extracellular immunoglobulin (1g)-like domains and/or fibronectin 

type III repeats (FN III) as well as MAM (meprin, A5, and p) motifs in 

certain members (PT' p and PTP K). 

Ig domains are disulfide-bonded stmctures that are found in a 

variety of proteins sudi as ceil surface receptors. These motifs contain a 

peptide sequence which is involved in homophilic binding in the 

neuronal ce11 adhesion molecule N-CAM (Rao et al. 1992). FN III 

motifs, originally observed in the extracellular matrix protein 

fibronectin, have been detected in more than 50 eukaryotic proteins. FN 

III motifs are made of -100 amino acids and are characterized by highly 

conserved hydrophobic residues (for a review of fibronectin structure 

and assembly see (Potts and Campbell 1994). A specific arnino acid 

sequence within one FN III repeat in fibronectin has been shown to 

mediate the binding of the latter to integrins, resulting in cell-ce11 

interactions (Sastry and Horwitz 1993). MAM motifs have been recently 

identified in the extracellular portion of five proteins: PTP p and PTP K, 

meprin A and B, and the A5 glycoprotein (Beckmann and Bork 1993). 

The MAM domain is composed of -170 amino aads containing four 



conserved Cys residues and 2 specific structural and sequence motifs 

(Beckmann and Bork 1993). The role(s) that MAM motifs play in these 

proteins is not well established. However, Zondag et al., (1995) have 

recently demonshated that MAM motifs are involved in the PTP p 

homophilic-mediated aggregation of insect cells (Zondag et al. 1995). 

Ig-like, FN III, and MAM motifs have ail been shown to mediate 

adherence among certain PTPases, resulting in cell-ce11 interactions 

(Brady-Kalnay et al. 1993; Eijgenraam 1993; Gebbink et al. 1991; Gebbink 

et al. 1993; Jiang et al. 1993). Cell-ce11 contact is intirnately associated 

with cellular migration, cellular growth and cellular differentiation. 

The elucidation of the role(s) that CAM-like PTPases play in these 

cellular processes is dearly of importance. 

The type IIi receptor-like PTPases are characterized by the unique 

presence of FN III motifs in their extracellular portion and harbour no 

other known structural feahres. In Drosophiln, this dass of PTPase is 

involved in the processes by which growing axons arbonfy throughout 

their appropriate nervous ira& (for a review of PTPases in Drosophila, 

see (Zinn 1993). The signaling pathways mediating this axonal guidance 

phenornenon await characterization. However, this dass of PTPases 

may provide valuable information regarding the mechanisms behind 

the transduction of these signals. 



Table 1. Structural organization of receptor-like m a s e s .  
................................................. 
Type Members Structural features of 

extracellular portion 

V PTPyX and lTPC2l/ 

Heavily glycosylated, cys tein- 
rich segment 

Ig-like domains and FN IIX 
motifs 

FN In motifs alone 

Short highly glycosylated 
extracellular segments 

Amino-terminal CAH-like 
motifs 

i(Trowbridge and Thomas 1994) z(Streu1i et al. 1989), 3(Krueger et al. 
IWO), 4(Desai et al. 1994), s(Stoker 1994), 6(Yan et al. 1993), 7(Wagner et 
al. 1994),a(Gebbink et al. 1991),9(Jiang et al. 1993), lo(Krueger et al. 1990), 
ll(Ostman et al. 1994), 12(Matozaki et al. 1994), 13(Thornas et al. 1994)) 
14(Seimiya et ai. 1995), ls(Yang et al. 1991), 16(Oon et al. 1993), i7(Tian et 
al. 199l), 18(Daum et al. 1991), lg(Knieger et al. 1990), 2Waplan et al. 
1990), 2i(Krueger et al. 1990), z(Lmy et al. 1993). 



Figure 1. Graphical representation of members of the receptor-like 

family of PTPases. Members of this family of PTPases are characterized 

by the presence of one or two catalytic domains, a single 

transmembrane domain and an extracellular portion of variable length 

and composition. These MPases can be subdivided into five types on 

the basis of their extracellular structure. Prototype PTPases are 

represented for each type of enzyme. 





Only two 

PTPa and PTPE 

domain with no 

shown to cause 

members define the type IV receptor-iike PTPases. 

both have a short highly glycosylated extracellular 

known function. Overexpression of PTPa has been 

oncogenic transformation of fibroblasts through its 

action on the downregulatory phosphorylated tyrosine residue of Src 

(Y5271 (Zheng et al. 1992). Like most PTPases, the role(s) that the 

members of this famiiy perform on cellular function is largely 

Llnknown. 

The enzymes RPTPB (also known as RPTPC) and RPTPy 

represent another class of transmembrane PTPases (type V). The 

extracellular domain of these PTPases is characterized by the presence of 

an amino-terminal carbonic anhydrase (CAH)-like domain, a 

fibronectin type III repeat and a long cysteine-fiee (spacer) region 

(Barnea et al. 1993; Krueger and Saito 1992; Levy et al. 1993). The 

expression of WTPP/RPTPC is restricted to the central and peripheral 

nervous systems (Krueger and Saito 1.992; Levy et al. 19931, whereas 

RPTPy is expressed both in the developing nervous system and in a 

variety of other tissues in the adult murine animal (Bamea et al. 1993; 

Canoll et al. 1993). Structural modelling of the CAH-like domain of 

RPTPy based on the aystal structure of CAH suggests that the CAH-like 

domain of RPrPy may have a function other than catalysis of hydration 

of metabolic CO2 (Barnea et al. 1993). Recently, functional cloning 

experiments designed towards the identification and purification of 

proteins interacting with the CM-like domain of RPTPf3 resulted in 

the isolation of the protein contactin (Peles et ai. 1995). It was shown 

that the CAH-like domain of RPTPB act as a ligand for contactin. 



Contactin is a GPI-anchored c d  recognition glycoprotein expressed in a 

restricted manner on specific axons during development (Peles et al. 

1995). The spatial and temporal expression patterns of both contactin 

and RPTP$ suggest that this kind of interaction may play an important 

role during development of the nervous system. 

The dual specific PTPases are members of the intraceiiular family 

of m a s e s .  The first member of this dass (tenned VHI) was identified 

in vaccinia virus (Guan et al. 1991). VHl was shown to be a small 

soluble phosphatase capable of dephosphorylating both 

phosphotyrosine- and phosphoserine-containing substrates. VH1-like 

phosphatases have also been identified in various vimses (Hakes et al. 

1993) in yeast (Guan et al. 1992), and in mammals (Alessi et al. 1993; 

Charles et al. 1993; Rohan et al. 1993a). In mammals, the VH1-like 

phosphatase M m - 1  (also known as 3CH134) has been s h o w  to 

dephosphorylate activated (i.e. phosphorylated on Th183 and Tyr185 

residues) mitogen-activated protein kinase ( M M  kinase) resultir~g in a 

loss of MAI? kinase activity (Sun et al. 1993a). MAP kinase has been 

shown to be a major component of the signaling pathway involved in 

transducing signal from activated protein tyrosine kinases to 

downstream signal-regulated gene expression (for reviews see (Crews 

and Erikson 1993; Pelech and Sanghera 1992). Modulation of these 

signal transduction events via the dephosphorylation of MAP kinase 

represents a potential function for MKP-1. 



Members Comments Structural features 

MPTP/ T-cell 
PTPase 3 

PEP family of Contains PEST 
PTPases sequences 

Nuclear PrPase 

SH2-con taining 
M'Pases 

Stria tum-enriched 
PTPase 

Band 4.1-related Cytoskeletal-asso- 
family of PTPases aated protein 

band 4.1 homology 

Endoplasmic 
reticulum-associa- 
ted PTPase 

Dual-speoficity Dephosphoryla te 
family of R'Pases phospho-serine, 

threonine, and 
tyrosine 

_------------------------------------------------ 
l(Charest et al. 1995a; Moriyarna et al. 1994; Takekawa et al. 1992), 
z(Matthews et al. 1992),3(Cool et al. 1989; Tillmann et al. 1994), %ben et 
al. 1991),5(Freeman et al. 1992), 6(Li et al. 1995), 7(Yang and Tonks 1991), 
 GU et al. 1991), g(Maekawa et al. 1994), lo(Higashitsuji et al. 19951, 
il(MoUer et al. 1994), lz(Sawada et al. 1994), 13(Chernoff et al. 1990), 
14(McLaughlin and Dixon 1993),1s(Guan and Dixon 1990a), 16(Guan et 
al. 1991), lg(Rohan et al. 1993b), 20(Sun et al. 1993a), 2l(Chu et al. 19961, 
22(Muda et al. 1996). 



Figure 2. Graphical representation of members of the intracellular 

family of PTPases. Members of this family of PTPases possess a single 

catalytic domain with flanking regions composed of vanous structural 

features. Carboxy-terminal domains can target PTPases to subcellular 

compartments such as the endoplasmic reticulum (PTPIB) or the 

nucleus (DPTP6lF and MFïP). Amino-terminal domains may direct 

PTPases to interact with cytoskeletal proteins (PTP-Hl) or with 

phosphotyrosine-containing proteins via SH2 domains (SHP-1 and 

SHP-2). Prototype PTPases are represented for each type of enzyme. 



MPTP-PEST, PTP-PEP 

Nudear targefing 
= PEST sequences 



The intracellular PTPases usually contain a single catalytic 

domain and various amino- and carboxyl-terminal extensions (see 

figure 2). Several lines of evidence suggest that the substrate specifiâty 

of PTPases is not solely govemed by the primary amino a a d  sequence 

surrounding the target phosphotyrosine residue (Stone and Dixon 

1994). An additional factor regulaüng the m a s e  substrate specificity is 

localization of the catalyst by virtue of various amino- and carboxyl- 

terminal extensions. These flanking motifs are thought to confer 

regdatory information in the control of PTPase activity (Mourey and 

Dixon 1994). 

Subcellular localization experiments performed on PTPIB, T-ce11 

PTPase, and Drosophila DPTP61F, demonstrate that the carboxyl- 

termini of these PTPases are involved in subcellular localization of the 

enzymes. PTPlB localizes to the cytoplasmic face of the endoplasmic 

reticulum via its terminal 35 amino a a d  residues (Frangioni et al. 

1992). The T-ce11 PTPase and DPTP6lF are both targeted to the nucleus 

by carboxyl-terminal sequences which dosely resemble bipartite nuclear 

targeting sequences (McLaughün and Dixon 1993; Tillmann et al. 1994). 

Interestingly, alternative splicing at the 3' end of the DPTP61F message 

alters the carboxyl terminus of the protein and result in the relocation 

of the PTPase to the cytoplasmic portion of the ce11 (McLaughlin and 

Dixon 1993). This phenomenon underlies the potential for subcellular 

localiza tion to restrict and par tially define the substra te specificity of 

PTPases within the cell. 

Several PTPases contain previousl y identified functional motifs 

that suggest localization to specific regions or subcellular compartrnents 

of the cell. For example, members of the band 4.1 subfamily of PTPases 



induding PTPMEGI, PTPHI, PTPBAS, PTP-RLIO, PTP36, and FTPDl all 

contain at their amino-terminus a region that is homologous to the 

cytoskeletal-associated band 4.1 protein (Gu et al. 1991; Higashitsuji et 

al. 1995; Maekawa et al. 1994; MoUer et al. 1994; Sawada et al. 1994; Yang 

and Tonks 1991). The presence of such domains suggests that these 

PTPases may function in cytoskeletal rearrangement and/or  

reorganization by modulating cytoskeletal associated tyrosine 

phosphorylation (Yang and Tonks 1991). 

Two PTPases have been shown to be targeted to tyrosine 

phosphorylated proteins. SHP-1 (also known as PTPlC (Shen et al. 

1991), SH-PTPI (Plutzky et al. 1992), HCP (Yi et al. 1992), and SHP 

(Matthews et al. 1992) and SHP-2 (also referred to SYP (Feng et al. 

1993b), SH-PTP2 (Freernan et al. 1992), PTPZC (Ahmad et al. 1993), 

FTHD (Vogel et al. 1993), and SH-PTP3 (Adachi et al. 1992) contain a 

tandem repeat of SH2 domains located at the amino terminal end of 

the proteins. SH2 domains are conserved modular domains of 

approximately 100 amino acids that recognize and bind in a sequence 

specific manner to tyrosine phosphorylated proteins. SH2 domains 

thus promote interactions between SH2-containing proteins, specific 

activated growth factor receptors and other tyrosine phosphorylated 

signaling molecules. The presence of such modular binding domains 

capable of targeting these PTPases to tyrosine phosphorylated proteins 

underlies a direct role for these PTPases in the regulation of signaling 

events. 



Figure 3. Mechanism of action of PTPases. The protonated form of the 

enzyme (E-SH) becomes reduced to the thiol anion reactive form of the 

enzyme which attacks the phosphate of the phosphotyrosine substrate. 

This releases the dephosphorylated protein substrate and creates a 

thiolphosphate intermediate. In the second step of the reaction, a 

molecule of water attacks this intermediate, regenerating active 

enzyme and releasing inorganic phosphate. 





Detailed structural and functional descriptions of every member 

of the PTPase subfamilies are beyond the scope of this introduction. 

However, PTPases relevant to the work reported herein will be 

described in the appropnate sections below. 

PTPase structure and mechanism of action 

A common feature exhibited by al l  m a s e s  is their sensitivity to 

sulfhydryl reacting compounds. PTPases are irreversibly inhibited by 

akylating compounds such as iodoacetate suggesting the presence of a 

reactive sulfhydryl residue essential for catalysis (Tonks et al. 1988b; 

Tonks et al. 1990). [W]-iodoacetate trapping experiments (Pot and 

Dixon 1992) and site-directed mutagenesis (Guan et al. 1990b; Streuli et 

al. 1989) experirnents on various PTPases demonstrated that a single 

conserved cysteine residue is essential for PTPase activity. This cysteine 

residue is part of a PTPase active site signature sequence 

((I/V)HCXAGXGR(S/T)G) which is cowemed among al l  PTPases. 

Using 32P-labelled substrates and a technique of rapid 

denaturation, Dixon and coworkers were able to trap radioactively 

labelled phosphocysteine intermediates of PTPases (Guan and Dixon 

1991; Pot et al. 1991). The formation of these intermediates was 

transient and was dependent on the presence of the catalytically 

essential cysteine residue. Together with kinetic data (Zhang and 

VanEtten 1991), these analyses have allowed for the definition of an 

enzymatic mechanism of dephosphorylation for PTPases (see figure 3). 

Briefly, ionic interactions provided from adjacent residues stabilize the 



thiolate anion of the essential cysteine in its reduced state. This 

nucleophilic cysteine then attacks the phosphate group of the 

phosphotyrosine protein substrate, releasing the dephosphorylated 

substrate and forming a phosphothio-enzyme intermediate. Finally, 

water molecules hydrolyse this intermediate thereby releasing 

inorganic phosphate and the enzyme. The latter step appears to be the 

rate limiting step of the entire reaction (Pot and Dixon 1992). 

Several eiements of this catalytic mechanism c m  be explained 

by structural analysis of the catalytic domain of m a s e s .  Recently, the 

structures of the catalytic domains of two PTPases, P'ïPIB (Barford et al. 

1994) and Yersinia Yop51 (Stuckey et al. 1994), were eluadated by X-ray 

crystallography using tungstate as a non-hydrolysable binding substrate. 

Even though both PTPases share only 20% sequence identity, 

cornparison of their three-dimensional structure demonstrates striking 

similarities. 

Both catalytic domains are composed of a twisted and mixed 

structure of P-sheets flanked by a-helices. The structural features 

within the molecular crevice that makes up the active site of each 

PrPase are remarkably simiiar. The base of the catalytic site is formed by 

the amino aads  comprised between the His and Arg residues of the 

PrPase signature motif (I/V)HCXAGXGR(S/T)G. A phosphate binding 

site situated in the catalytic crevice occurs within a GxGxxG sequence 

motif. This motif is also found in many phosphate binding proteins 

(Barford et al. 1994). In PTPIB, the thiol anion of the invariant Cys 

residue is stabilized by a salt bridge to the Arg residue of the signature 

motif and by the helix dipole of an adjacent a-helix (Barford et al. 1994). 

In Yop51 PTPase, the invariable Cysa3 residue seems to be stabilized by 



an intricate and extensive network of hydrogen-bonds. This stability is 

considered to be responsible for the low pK, (4.7) of this catalytically 

essential Cys residue (Zhang and Dixon 1993). The structure of the 

PTPIB-tungstate complex reveals that the Sy of the Cys residue is 

ideally positioned to act as a nudeophile on a bound phosphotyrosine 

subshate. The Histidine residue that invariably precedes the essential 

Cys does not interad directly with either the phosphate ion or the side 

diain of the Cys residue. A direct role for this consemed His residue in 

catalysis is unlikely as it appears to play a structural function in 

defining the conformation of Cys and the phosphate binding loop 

(Barford et al. 1994). The sides of the catalytic deft are lined with the 

side chains of several amino acids that form interactions with the 

tyrosine moiety of the substrate. These interactions are reminiscent of 

the mechanistic mode1 of binding to phosphotyrosine peptides 

displayed by SH2 domains (Barford et al. 1994). Based on the 

conservation of amino acid sequence between the catalytic domains of 

PTPlB and Yop51 and those of other PTPaçes, the structures reported 

for PTPlB and Yop51 are most likely very similar to that of other 

PTPases. 

Molecular signaling 

The transduction of an extracellular signal into specific 

physiological intracellular responses usuaily involves the transmission 

of a complex series of controlled and amplified signals to specific 

targets. Growth factors that elicit their signaling through tyrosine 

kinases, can trigger a wide range of biochemical responses, ultimately 

leading to changes in the proliferation, architecture, differentiation, 

and metabolism of their target cells. The molecular basis underlying 



specific signal transduction events remains largely unknown. With 

many transduction pathways known o d y  in outline, finding the 

relevant units and understanding their role in the many specific 

pathways represents an exciting richness yet to be elucidated. 

Protein-protein interactions have long been studied, but the 

recent identification of defined binding modules illuminated the 

means by which receptor tyrosine kinases select their targets and 

thereby stimulate specific intracellular signaling pathways. The src 

oncogene from the Rous sarcoma virus, possesses, in addition to a 

tyrosine kinase catalytic domain, two domains that are also found in a 

remarkably diverse group of cytoplasmic proteins. The Src homology 2 

(SH2) domain is a protein module of approximately 100 amino acids 

which directly recognizes and binds tightly to phosphotyrosine. The Src 

homology 3 (SH3) domain is a protein module of approximately 50 

amino acids that has been recently shown to bind to proline-rich amino 

acid sequences. The discovery of these protein-binding modules 

represents a major breakthrough in 

various signaling pathways. 

SH2 and SH3 domains are true 

the molecular elucidation of 

protein domains as they form 

compact units that maintain their structure in isolation. They are not 

restricted to certain type of proteins involved in signal transduction 

since they are found in numerous protein kinases, protein 

phosphatases, lipid kinases, phospholipases, proteins controlling RAS 

activity, and transcription factors. They are also found in adaptor 

proteins which are molecules devoid of enzymatic function that 



mediates the aggregation of other proteins. SH3 domains are found in 

aii eukaryotic organisms, induding yeast, while SH2 domains are not 

found in yeast. Neither of these two domains has been obsemed in 

prokaryotes. 

The transduction of extracellular signals into intracellular 

molecular changes using phosphotyrosine as a medium can be 

accomplished by two methods. For example, members of the cytokine 

receptor superfamily (which includes the receptors for 

granulocyte/maaophage colony-stimulating factor, the interleukins L- 

2, IL-3, IL-4, IL-5, IL-6, IL-7, and erythropoietin (EPO)) la& intrinsic 

protein tyrosine kinase activity. However, activation of these receptors 

has been shown to result in a rapid and transient tyrosine 

phosphorylation of a number of cellular proteins, including the 

receptors themselves. Generally, cytokine binding causes the receptor to 

dimerize which results in the recruitrnent and activation of the 

cytoplasmic Janus kinases (JAKs) that will interact noncovalently with 

the intracellular portion of the receptors (for reviews on cytokine 

signaling see (nile 1995; Ihle et al. 1994). Simiiarly, the engagement of 

the non-tyrosine kinase T ce11 receptor (TCR) by major 

histocompatibility complex-bound peptides leads to tyrosyl 

phosphorylation of various cellular proteins including several 

components of the receptor. The T ce11 receptor signals through 

cytoplasmic tyrosine kinases of the Src family that noncovalently 

associate to various receptor componenû (for a detailed review of 

lymphocyte signaling see (Perlmutter et al. 1993; Weiss and Littman 

1994). 

On the other hand, many growth factors mediate their biological 



responses by binding to and activating ceil-surface receptors with 

intrinsic tyrosine kinase activity. Here, binding of the growth factor 

causes a receptor dimerization which leads to the activation of their 

intrinsic kinase activity resulting in receptor autophosphorylation and 

phosphorylation of several cellular proteins (for review see (Lemmon 

and Schlessinger 1994). In both systems, receptor phosphorylation acts 

as a molecular switch to create high affinity binding sites for SH2 

domains of various cytoplasmic signaling proteins. Binding of these 

SHZ-containing signaling molecules to the phosphorylated receptors 

targets them for activation. 

High affinity binding of an SH2 domain to a tyrosine 

phosphorylated residue requires the presence of speafic amho acid 

sequences surroundhg the phosphotyrosine. Mapping of SH2 binding 

sites revealed that the specifiaty is largely determined by the three 

residues immediately carboxyl to the pTyr (for a detailed review see 

(Cohen et al. 1995). In prinaple then, the ability of a given receptor to 

bind specific SH2-containing proteins and thereby activate the 

corresponding pathways, will depend on the sequence context of its 

phosphorylation sites. 

The transmission of signals via SH2 domains can be described by 

the following molecular medianisms. Fust, binding of an S H 2  domain- 

containing protein to the appropnate pTyr binding site can alter the 

subcellular localization of the protein in question thereby relocating it 

doser to substrate(s) and/or effedor protein(s). Secondly, binding of the 

SH2 domain to its pTyr target sequence can induce conformational 

changes that alter the catalytic activity of the interacting proteins. 

Numerous examples for both mechanisms have been documented 



over the years and are well reviewed in Cohen et al., (1995). 

While the knowledge concerning the biological function of S H 2  

domains has evolved quite rapidly, understanding the biology of SH3 

domains has lagged behind until recently. Partial elucidation of the 

biological functions of SH3 domains arose when two proteins, temed 

3BF1 and 3BP-2, were shown to speafically interact with the SH3 

domain of the tyrosine kinase Ab1 (Cicchetti et al. 1992). Detailed 

mapping of the SH3 binding sites on 3BP-1 and 3BP-2 revealed a 

sequence of -10 amino aads unusually rich in proline residues (Ren et 

al. 1994). Since then, several other in vivo SH3 ligands have been 

identified. As well, all of the SH3 bhding sites characterized so far are 

composed of similar Pro-rich sequences. 

The biological relevance of the SH3 domain:proline-rich 

interaction was demonstrated when the SH3-SH2-SH3 adaptor protein 

Grb2 (also known as Sem5 in Caenorhabditis elegans, and drk in 

Drosophila) was shown to mediate the activation of p2lras protein by 

receptor tyrosine kinases in mammals, flies and Worms (Clark et al. 

1992; Lowenstein et al. 1992; Olivier et al. 1993). The involvement of 

Ras in propagating signals downstream of tyrosine kinases was 

originally suggested by anti-Ras antibody microinjection studies which 

showed that by neutralizing Ras, one can block the ability of both 

normal growth factor receptors and oncogenic tyrosine kinases to 

induce DNA synthesis in fibroblasts and neurite outgrowth in PC12 

cells (de Vries-Smits et al. 1992; Mulcahy et al. 1985; Smith et al. 1986; 

Thomas et al. 1992; Wood et al. 1992). 



The role of Grb2 in recruiting a Ras activator to receptor tyrosine 

kinases to form stable complexes at the plasma membrane where Ras 

activation is taking place has been described by several groups (Buday 

and Downward 1993; Chardin et al. 1993; Egan et al. 1993; Gale et al. 

1993; Li et al. 1993; Olivier et al. 1993; Skolnik et al. 1993). The Ras 

activator, known as SOS (Son of sevenless) in Drosophila and mSosl in 

mammals, functions as a guanine-nucleotide-releasing protein 

converting inactive RasGDP to the active GTP-bound form of the 

protein by nucleotide exchange (Buday and Downward 1993; Chardin et 

al. 1993; Egan et al. 1993). The interaction between Grb2 and mÇosl was 

found to be mediated by the constitutive binding of the SH3 domains of 

Grb2 to several prolinench sequences located at the COOH-terminus of 

mSosl (Chardin et al. 1993; Egan et al. 1993; Li et al. 1993; Rozakis- 

Adcock et al. 1993). Upon growth factor stimulation, the Grb2:mSosl 

complex is recruited to the tyrosine phosphorylated receptors via the 

SH2 domain of Grb2. Binding of the Grb2:mSosl complex to 

autophosphorylated receptors relocates the guanine-nucleotide 

exchange activity from the cytoplasm to the plasma membrane where 

Ras protein is located. 

The importance of the SH3 domain:proline-ri& motif-mediated 

Grb2:mSosl interaction in the activation of p2lras by growth factor 

receptors led to the discovery of several additional SH3 binding sites 

(for review see (Mayer and Eck 1995). As proline-rich regions are 

relatively common in proteins (for a review see (Williamson 1994), the 

establishment of specific rules defining what constitutes a high-affinity 

SH3 binding site and the structural requirements determining the 

speaficity of binding among different SH3 domains was needed. To 



address these issues, studies involving the selection of peptide ligands 

from random phage display libraries (Cheadie et al. 1994; Sparks et ai. 

1994) or biased combinatorial peptide library ('Yu et al. 1994) in addition 

to the structural analysis of over 10 different SH3 domains by X-ray 

aystallography or NMR spectroscopy (Feng et al. 1994b; Goudreau et al. 

1994; Lim et al. 1994; Musacchio et al. 1994; Wittekind et al. 1994; W u  et 

al. 1995) were perfomed. 

The results of these studies demonstrated that proline-rich 

ligands, adopting a left-handed polyprolineII helix (PPII) conformation 

and fitting snugly in a set of shallow hydrophobic binding pockets on 

the surface of SH3 domains, can be classified into two classes. Class 1 

proline-rich ligands foiiow the consensus binding sequence ~ ~ 2 h g - X -  

X-Pro-X-X-Procoo~ (where X represents any arnino acid), whereas dass 

II SH3 ligands display a Mi2Pro-X-X-Pr0-X-Argcoo~ consensus sequence 

and bind with opposite polarity to that seen for class 1 ligands. The left- 

handed polyproiine-II helix nature of SH3 ligands entai1 that the two 

proline residues of the Pro-X-X-Pro core motif be on the same face of 

the helix. The proiine residues at the base of the triangle intercalate 

with conserved hydrophobic residues of two binding sites on the 

surface of the SH3 domain. The terminal charged residue, usually an 

arginine, binds to an acidic residue on a third binding site. Because the 

amino acid side chahs at the apex of the triangle extend away from the 

domain, any amino aad  can be found at these positions. However, 

proline is commonly found as it probably stabilizes the PPII 

conformation (Mayer and Eck 1995). The selection for class I or dass II 

binding modes lies in the amino- or carboxyl-terminal position of the 

arginine residue in addition to the subtie differences in van der Waal's 

bonding within binding sites Mayer and Eck 1995). 



Our present knowledge of the structures of several SH3 domains 

and the mechanism of binding of SH3 domains to proline-rich 

sequences will faalitate the search for new SH3 domain ligands. 

Finding novel proteins that interact with the SH3 domains of proteins 

involved in signal transduction will solidify the function of SH3 

domains in signaling events and wili deepen Our understanding of 

signal transduction at the moledar level. 

PTB domains 

Shc was identified in a sueen for human cDNAs encoding novel 

SH2-containing proteins using a cDNA fragment corresponding to the 

SH2 domain of c-fes as a probe (Pelicci et al. 1992). Shc proteins contain 

a carboxyl-terminal SH2 domain, an amino-terminal PTB domain and 

a central proline- and glycine-rich domain with some homology to al 

collagen (Kavanaugh and Williams 1994; Pelicci et al. 1992). Anti-Shc 

antisera specifically recognize three proteins of apparent molecular 

weight 46, 52 and 66 kDa from ce11 lysates. These three ubiquitously 

expressed proteins are generated from the same Shc mRNA by 

al ternative splicing and al tema tive initiation of tramla tion (OtBryan et 

al. 1996; Pelicci et al. 1992) which make them different from each other 

only by their amino-terminal sequences. 

Shc proteins are constitutively phosphorylated on serine 

residues in resting cells and become phosphorylated on tyrosine 

residues upon stimulation with a large number of growth factors and 

cytokines (Burw et al. 1993; Cutler et al. 1993; Kovacina and Roth 1993; 

Pronk et al. 1993; Rozakis-Adcock et al. 1992; Ruff-Jamison et al. 1993; 



Segatto et al. 1993) as well as G-protein coupled receptors (Lev et al. 

1995; van Biesen et al. 1995)). Shc proteins are also phosphorylated on 

tyrosine residues in cells transformed by oncogenic proteins such as v- 

Src, v-Fps, v-Sea and Bcr-Ab1 (Crowe et al. 1994; McGlade et al. 1992; 

Puil et al. 1994) and it has been proposed that this phosphorylation 

event was necessary for mediating the oncogenic properties of these 

proteins (Crowe et al. 1994; McGlade et al. 1992). The major site of 

tyrosine phosphorylation on Shc proteins is the tyrosine residue, Y317 

which conçtitutes a high-affinity binding site for the SH2 domain of 

Grb2 (Mffilade et al. 1992; Rozakis-Adcock et al. 1992; Sa1cin.i et al. 1994). 

Tyrosine phosphorylation of Shc mediates the activation of Ras 

signaling pathways following stimulation by growth factors (Crowe et 

al. 1994; Rozakis-Adcock et al. 1992; Salcini et al. 1994) and G-protein- 

coupled receptors (Lev et al. 1995; van Biesen et ai. 1995) by its ability to 

bind to Grb2:Sos complexes. Consistent with this scenario, 

overexpression of Shc proteins induces transformation of rodent 

fibroblasts in a fashion that is dependent on Y317 (Salcini et al. 1994). 

Similarly, overexpression of Shc promotes neurite-outgrowth in PC12 

cells in a Ras-dependent fashion (Rozakis-Adcodc et al. 1992). 

Investigation of proteins that coimmunopreupitate with Shc in 

growth factor-stimulated cells revealed the presence of a tyrosine 

phosphorylated protein of -145 kDa (Kavanaugh and Williams 1994). 

In vitro mapping experiments demonstrated that the amino-terminal 

region of Shc is responsible for this interaction and that tyrosine 

phosphorylation of the pp145 was required for binding (Kavanaugh 

and Williams 1994). These results led to the definition of a novel 

phosphotyrosine binding domain (designated PTB domain) and 

assigned a function to the amino-terminal region of Shc. Subsequent 



work by several other groups corroborated the identity of the PTB 

domain in Shc (Blaikie et al. 1994; van der Geer et al. 1995). cDNA 

library saeening using the amino-terminal PTB domain of Shc as a 

probe resulted in the isolation of a novel Shc-related protein called Sck 

(Kavanaugh and Williams 1994). Recently, low s t ~ g e n c y  saeenings of 

mouse cDNA libraries using Shc cDNAs as probes resulted in the 

isolation of an additional member of the Shc family of proteins called 

Shc C (O'Bryan et al. 1996). Interestingly, Shc C is specifically expressed 

in brain tissues (O'Bryan et al. 1996). Both Sck and Shc C contain an 

amino-terminal FTB domain (Kavanaugh and Williams 1994; O'Bryan 

et al. 1996). The Shc C PTB domain has been shown to specifically 

associate in vitro with the autophosphorylated receptors for NGF and 

EGF (O'Bryan et al. 1996). These results indicate that the PTB domain 

represent a novel phosphotyrosine recognition module. 

The P'ïB domain was defined as the region between amino acids 

46209 of the Shc protein. This region is structurally unrelated to S H 2  

domains and was shown to bind with high affinity to phosphotyrosine 

residues found on several growth factor receptors. Searches of vanous 

sequence data bases geared towards the identification of proteins with 

sequences analogous to the PTB domain of Shc revealed several 

putative PTB domain-containing proteins (Bork and Margolis 1995; 

Yajnik et al. 1996). These proteins are unrelated to each other, 

suggesting a general role for the PTB domain in protein-protein 

interactions (Bork and Margolis 1995; Yajnik et al. 1996). In addition, 

this demonstrates that the PTE? domain is not unique to Shc proteins 

but rather represents a modular domain that can be found in vanous 

proteins and is somewhat analogous to SH2 and SH3 domains. 



The PTB domain of Shc has been shown to bind to the 

autophosphorylation sites of TrkA Tyr490 (Blaikie et al. 1994; Dikic et al. 

1995; van der Geer et al. 1995), c-Erb B2 Tyr1222 (Kavanaugh et al. 1995; 

Kavanaugh and Williams 1994), EGF receptor Tyr1148 (Batzer et al. 1995; 

Blaikie et al. 1994; Prigent et al. 1995; van der Geer et al. 19951, c-Erb B3 

Tyr1309 (Prigent et al. 1995), insulin-like growth factor 1 receptor Tyr950 

(Craparo et al. 1995), insulin receptor Tyrw (He et al. 1995; Isakoff et al. 

1996), and the phosphorylated Tyr250 residue of polyoma middle T 

antigen (Trub et al. 1995). Sequence analysis of the growth factor 

receptors binding sites, peptide competition assays, phosphotyrosine 

peptide library screenings and isothennal titration calorimetric studies 

have demonstrated that the PTB domain 

the sequence motif QXNPXpY with high 

aad code, pY represents phosphotyrosine, 

of Shc preferentially binds to 

affinity (single letter amino 

X represents any amino aad 

and O represents a hydrophobie residue) (Batzer et al. 1995; Kavanaugh 

et al. 1995; Mandiyan et al. 1996; Prigent et al. 1995; van der Geer and 

Pawson 1995). It is proposed that the PIa domain recognizes the p-turn 

that is found in NPXpY-containing peptides and that this P-tum may be 

required for the simultaneous interaction of the PTB domain with both 

the amino-terminal residues of the peptide and the phosphotyrosine 

residue (Trub et al. 1995; Zhou et al. 1995a; Zhou et al. 1995b). 

Independent work in the insulin receptor signaling field has 

revealed the presence of PTB domains in the insulin receptor substrate- 

1 and -2 (IRSI and IRS-2) proteins (He et al. 1995; Sun et al. 1995; Wolf 

et al. 1995). IRS proteins are cytoplasmic docking proteins that serve as a 

link between various activated receptors (such as insulin receptor, 

insulin-like growth factor receptor, IL-4, -9 and -13 and O ther cytokine 



receptors) and ÇH2-containing effector proteins (Sun et al. 1995). The 

PTB dornain of IRS-1 has been shown to rnediate the recruitment of the 

latter to the insulin receptor by binding to an autophosphorylated 

juxtamembrane NPXpY sequence motif found in the insulin receptor 

B-subunit (O'Neill et al. 1994; White et al. 1988). This recruitment 

facilitates the phosphorylation of IRSl on several tyrosine residues by 

activated insulin receptors. These tyrosine phosphorylation sites on 

IRSl now serve as binding sites for SHZcontaining proteins such as 

SHP-2, p85 subunit of PI3-K and Grb2. Binding of these effector proteins 

mediates the activation of the corresponding second messenger 

pathways (for reviews on insulin signaling see (Myers and White 1993; 

White and Kahn 1994). 

Interestingly, the PTB domains of Shc and 1-1 and -2 share no 

sequence similarity except for three fully conserved amino acid 

residues (G58, Sisi, and Hi87 of p52shc). The PTB domains of I R S l  and 

Shc demonstrate distinct but overlapping interactions with OXNPXpY 

containing sequence motifs (Wolf et al. 1995). Despite the lack of 

sequence similarity, the PTB domain of IRS-1 and Shc perform 

analogous functions. This contradictory relationship has recently been 

resolved by studies of the bdimensional structures of both IRSl (Eck et 

al. 1996) and Shc (Zhou et al. 1995a) PTB domains by X-ray 

crystallography and NMR spectroscopy analyses respectively. Both M'B 

domains share a core pleckstrin homology domain (PH) fold and a 

common overall mode of NDXpY peptide binding (Eck et al. 1996; Zhou 

et al. 1995a). 

The PH domain was originally identified as a region of 

homology (-120 amino acids) duplicated in the protein pleckstrin. 



Sequence analysis has allowed the identification of over 90 different 

putative PH domains in proteins involved in cellular signaling or 

cytoskeletal functions (for a review on PH domains see (Gibson et al. 

1994; Lemmon et al. 1996). PH domains have been suggested to mediate 

protein-protein interactions in signahg processes. 

The mechanism of phosphotyrosine recognition displayed by 

both IRS-1 and Shc PTB domains diverge quite considerably. The 

residues that coordinate the phosphotyrosine do not appear to be 

conserved between the two PTB domains (Eck et al. 1996). 

Nevertheless, the PTB domains of IRS-1 and Shc bind similar ligands 

in a dosely related general mode. Both PTB domains use divergent sets 

of residues to accomplish this act. 

The PTB domain represents an additional mechanism whereby 

signaling proteins can interact with tyrosine-phosphorylated protein 

targets. The identification and characterization of this novel 

phosphotyrosine binding domain furthers Our understanding of the 

mechanistic details en taiied to signaling events. 

PTPases in signal transduction events 

Signaling events mediated by tyrosine phosphorylation 

necessitate the actions of tyrosine kinases and tyrosine phosphatases. 

The role of tyrosine phosphatases as regulators of phosphotyrosine- 

dependent signaling processes is readily apparent. However, there are 

only a few examples of the involvement of PTPases in signaling 

events. 



The function of CD45 in signal transduction has been studied by 

the generation of CD45 defiaent ceii lines. CD45-deficient mouse T cell 

dones fail to proliferate or produce cytokines in response to TCR 

stimuli such as antigen or antiCD3 crosslinking (Pingel and Thomas 

1989; Weaver et al. 1991). The absence of CD45 appears to uncouple the 

TCR from the intracellular signal transduction machinery. Several 

reports demonstrated that the engagement of TCR on different 

CD45-deficient ceil lines is blodced at initial signaling events such as 

the induction of protein tyrosine kinase activity (Koretzky et al. 1991; 

Koretzky et al. 1990). These data suggested that CD45 may regulate the 

Src family member tyrosine kinases p5Wk and p59M (Mustelin et al. 

1989; Ostergaard et al. 1989). The regulation of the activity of Lck and 

Fyn tyrosine kinases by CD45 has been weli documented (for review see 

(McFarland et al. 1994). CD45 modulates the acüvities of Lck and Fyn by 

specifically dephosphorylating the COOH-terminal inhibitory 

phosphotyrosine residues of Lck and Fyn (Y505 in Ldc and Y531 in Fyn) 

(McFarland et al. 1993; Musteiin and Altman 1990; MusteIin et al. 1992). 

This dephosphorylation event represents a mechanism by which a 

tyrosine phosphatase indirectly regulates signaiing events. Coverage of 

the signaling processes ensuing from the activities of Lck and Fyn in 

lymphoid cells (reviewed in (McFarland et al. 1994) is beyond the scope 

of the present introduction and therefore wiU not be discussed. 

SH2-containing PTPases 

signal 

Perhaps the strongest example of the involvement of PTPases in 

transduction cornes from the SH2-containing PTPases SHP-1 and 



Sm-2.  The first evidence of these two PTPases playing a role in signal 

transduction came from the molecu~ar characterization of two 

developmentally affected animal mutants: motheaten in mice and 

corkscrew in Drosophila. 

The motheaten (me) mouse corne from a spontaneous mutation 

in a C57BL/6J production colony at Jackson Laboratones in 1965 (Green 

and Shultz 1975). Its rnilder allele, viable motheaten (mev), also arose 

spontaneously in the same genetic background in 1980 (Shultz et al. 

1984). Mice homozygous for the autosomal recessive allelic mutation 

m e  or m e v  on chromosome 6 develop severe combined 

immunodeficiency and systemic autoimmunity and die at the age of 3 

and 9 weeks, respectively. Motheaten mice express multiple 

haematopoietic abnormalities induding developmental or functional 

defects in macrophages, granulocytes, T and B cells, and natural killer 

cells (Clark et al. 1981; Davidson et al. 1979; Shultz 1988; Shultz 1991; 

Shultz et al. 1984; Shultz and Green 1976; Sidman et al. 1978). Focal 

abscesses in the skin of these mice result in patchy alopecia which gives 

the mutant mice a motheaten appearance. For a detailed review of the 

haematopoietic defects associated with the me mutation consult 

McFarland et al ., (1  994). 

The motheaten mutations were recently localized to the S m - 1  

gene, which is expressed almost exclusively in al1 haematopoietic 

lineages (Shultz et al. 1993; Tsui et al. 1993). The me0 mutation consists 

of a single base pair change in the SHP-1 gene resulting in aberrant 

RNA splichg (Shultz et al. 1993; Tsui et al. 1993). This mutation affects 

the catalytic domain of the enzyme which results in a substantial 

decrease in PTPase activity (Kozlowski et al. 1993). The more drastic m e 



mutation consists of a single base pair deietion which creates an 

abnormal splice site resulting in prematurely tmcated S m - 1  proteins 

(Shultz et al. 1993; Tsui et al. 1993). In order to understand the 

molecular mechanisms underlying the Catastrophic effects imparted on 

haematopoiesis and immune effector function by the loss of SHP-1, 

signaling pathways involving SHP-1 need to be characterized. The 

presence of SH2 domains in SHP-1 suggests that SHP-1 might function 

by associaüng with and/or modulating the adivities of haematopoietic 

growth factor receptors. 

Few haematopoietic growth factor receptors (c-Kit and c-Fms) are 

receptor tyrosine kinases. The majority of the haematopoietic growth 

factor receptors belong to a large superfamiiy of cytokine receptors that 

do  not have intrinsic tyrosine kinase activity. Nevertheless, 

stimulation of cytokine receptors induces rapid tyrosine 

phosphorylation of cellular substrates as well as portions of the 

receptors (for a review on cytokine signaling see (Ihle 1995). The JAK 

family of protein tyrosine kinases (Jakl, Jak2, Jak3, Tyk2) have been 

strongly implicated in signal transduction by a number of cytokine 

receptors (Argetsinger et al. 1993; lhle and Kerr 1995; Witthuhn et al. 

1993). Members of the JAK family of PTKs are composed of a carboxyl- 

terminal kinase domain, a kinase-like domain of unknown function, 

and an amino-terminal portion of -60 kDa (Firmbach-Kraft et al. 1990; 

Takahashi and Shirasawa 1994; Wilks et al. 1991). With the exception of 

JaW, which is primarily expressed in haematopoietic cells, JAKs are 

ubiquitously expressed. There are several patterns by which JAK 

kinases associate with receptors (reviewed in (Ihle 1995). In al1 cases, 

ligand-mediated activation will trigger receptor aggregation and a 

concomitant homo- or heterotypic dimerization of JAKs. This leads to 



the activation of JAK kinases by auto- or trans-phosphorylation which 

results in phosphorylation of tyrosine residues of several cellular 

proteins and receptor components. 

Like the receptor tyrosine kinases, cytokine receptors activate 

many signaiing pathways. Most cytokines activate Ras by triggering the 

phosphorylation of the adaptor protein Shc (Schlessinger 1993). This 

creates a Grb2 SH2 binding site and leads to the recnlltment of Grb2:Sos 

complexes to the plasma membrane. Other common targets of cytokine 

activation indude the p85 subunit of PI34 and pLC-y1 which are both 

reavited (like Shc) to the tyrosine phosphorylated receptors by virtue 

of their SH2 domains. 

Molecular characterization of SHP-1 function in different 

signaling pathways has revealed that SHP-1 is an important negative 

regdator of cytokine signaling (Klingmuller et al. 1995; Yi and Ihle 

1993; Yi et al. 1993). Binding of SHP-1 via its SH2 domains to 

phosphorylated cytokine receptors such as c-Kit, IL-3, Erythropoietin 

and Interferon-a/P complex has been reported (Klingmuller et al. 1995; 

Yi and Ihle 1993; Yi et al. 1993). For example, reauitment and binding 

of SHP-1 to the tyrosine phosphorylated erythropoietin receptor via its 

SH2 domains allows for the specific dephosphorylation of 

EPO-R-bound Jak2 tyrosine kinase resulting in the termination of its 

signaling capability (Klingmuller et al. 1995). It has been suggested that 

binding of SHP-1 to other cytokine receptors would have similar 

consequences (Klingmuller et al. 1995). Additional characterization of 

similar SHP-1-mediated molecular interactions and their resulting 

functions in haematopoietic signaling will Iead to a better 

understanding of the motheaten phenotype. 



The participation of SHP-2 in signaling processes was 

demonstrated by genetic studies in Drosophila. The gene corkscrew 

(CSW) which encodes a homolog of the ubiquitously expressed SHP-2, 

has been shown to function in signal transduction pathways essential 

for normal development of anterior and posterior segments of the 

Drosophi la  embryo (Perkins et al. 1992). Csw acts positively in 

conjunction with D-Raf to transduce signals from the torso receptor 

tyrosine kinase (a PDGF receptor homolog) (Perkins et al. 1992). 

Biochemical evidence for the involvement of SHP-2 in signal 

transduction events cornes from studies showing that SHP-2 binds 

through its SH2 domains to phosphorylated sites in PDGF, EGF, and 

insulin receptors as well as to IRS-1 (Bennett et al. 1994; Feng et al. 

1993b; Kuhne et al. 1993; Ledileider et al. 1993b; Sugimoto et al. 1993; 

Vogel et al. 1993). Specific binding sequences for SHP-2 SH2 domains 

have been found in the PDGF receptor (Feng et al. 1994a; W a u s k a s  et 

al. 1993; Lechleider et al. 1993a) and IRSl (Case et al. 1994; Sun et al. 

1993b), and a consensus binding sequence has k e n  elucidated (Case et 

al. 1994; Songyang et al. 1993). In addition, SHP-2 becomes tyrosine 

phosphorylated within its carboxyl-terminus upon PDGF and EGF 

treatment of cells (Feng et al. 1993b; Lechleider et al. 1993b; Vogel et ai. 

1993). These phosphorylation sites represent SH2 domain binding sites 

for the adaptor protein Grb2. It has been demonstrated that tyrosine 

phosphorylated SHP-2, bound to activated PDGF receptors through its 

SH2 domains, recruits Grb2:Sos complexes to the receptor thereby 

activating Ras (Bennett et al. 1994; Li et al. 1994). 

SHP-2 is considered to be a positive regulator of growth factor 



signaiing. Neutralîzing the action of SHP-2 by miaoinjecting anti-SHP- 

2 antibodies or a recombinant SH2 domain alone blocked insulin- and 

EGF-induced mitogenesis in cells (Xiao et al. 1994). Expression of a 

dominant-negative catalyticaiiy inactive SHP-2 in cells also diminished 

mitogenic signaling in response to insulin (Milarski and Saltiel 1994). 

In addition, expression of a dominant negative SHP-2 mutant in 

Xenopus embryos caused severe posterior truncations and impaired 

mesodemal induction upon FGF and activin treatment (Tang et al. 

1995). These phenotypes resemble those aeated by the expression of 

dominant negative mutants of the FGF receptor (Tang et al. 19951, 

suggesting that SHP-2 a b  as a positive component in FGF signahg. 

It has been demonstrated that SHP-2 can be activated by removal 

of its SH2 domains or by occupying the SH2 domains with specific 

phosphopeptides (Dechert et al. 1994; Lechleider et al. 1993a). This 

suggests that binding of SHP-2 to activated growth factor receptors 

through its SH2 domains stimulates its phosphatase activity and thus 

promotes signaling. However, the positive signaling regulation 

displayed by SHP-2 remains to be assessed mechanistically. Specifically, 

the effects of SHP-2 enzymatic activity on relevant substrates and the 

signaling ensuing from such modulation in phosphorylation are yet to 

be determined. 

HPTPa is a transmembrane receptor-iike PTPase that exhibits a 

widespread pattern of expression suggesting an important role in 

cellular physiology (Jirik et al. 1990; Kaplan et al. 1990; Krueger et al. 

1990; Matthews et al. 1990; Sap et al. 1990). It is composed of a short, 



heavily glycosylated, extracellular domain of 142 amino acids, a single 

transmembrane domain, and two intracellular catalytic domains. La& 

of enzymatic activity in the second catalytic domain is common to ail 

dual-domain receptor PTPases with the exception of CD45 (Tan et al. 

1993) and HPTPa (Wang and Pallen 1991). Both catalytic domains of 

HPTPa are active but display distinct substrate specificities (Wang and 

Pallen 1991). However, the functional and physiological significance of 

this difference has not been determined. 

The evidence for the involvement of HPTPa in signal 

transduction events is not as direct as that described for CD45 and the 

SH2-containing PTPases. For example, overexpression of H P T P a  in 

Fisher rat embryo fibroblasts (REF) causes cellular transformation and 

tumorigenesis (Zheng et al. 1992) whereas in the pluripotent Pl9 

embryonic carcinoma ce11 line, overexpression of HPTPa facilitates 

neuronal differentiation (den Hertog et al. 1993). It has been suggested 

Chat these phenornenon are the result of the activity of HPTPa on an 

inhibitory phosphotyrosine residue (Y5271 of the tyrosine kinase pp60f- 

src (den Hertog et al. 1993; Zheng et al. 1992). This dephosphorylation 

event which is similar to the activation of Ldc and Fyn tyrosine kinases 

by CD45 in lymphocytes, results in the persistent activation of pp60c-src. 

pp6Oc-src kinase activity is normally regulated in a cell cycle-dependent 

fashion by the phosphorylation of the regulatory tyrosine residue (Y5271 

(Bagrodia et al. 1991; Cartwright et al. 1987; Cooper et al. 1986; Kaech et 

al. 1991; Kmiecik and Shalloway 1987; Piwnica-Worms et al. 1987) and 

has been shown to be enhanced in a number of ceil lines during 

neuronal differentiation (Bjelfman et al. 1990; Boulter and Wagner 

1988; Lynch et al. 1986). Deregulation of pp60c-src activity by 



overexpression of HPTPa in different cellular backgrounds results in 

different phenotypes suggesting that HMPa actions are mediated by 

speafic sets of proteins. 

It has recently been demonstrated that overexpression of HPTPa 

in REFs result in the activation of c-Jun and MAP kinase concomitant 

with an elevation in the phosphotyrosine levels of c-Jun. In addition, 

overexpression studies in transformed cell lines (U-937 and Jurkat) and 

primary fibroblasts ( M C - 5  and REFs) reveals that HPTPa is involved 

in the activation of NF-kappa B by tumor necrosis factor (Menon et al. 

1995). These results indirectly suggest that HPTPa is involved in the 

regulation of ceIl proliferation and differentiation, exerüng some of its 

effeds through pp60c-src, c-Jun and MAP kinase. 

The participation of HPTPa in signal transduction events has 

been recently strengthened by the description of a molecular interaction 

between the adaptor molecule Grb2 and HPTPa (den Hertog et al. 1994; 

Su et al. 1994). It was demonstrated that HPTPa is constitutively 

phosphorylated in oioo on tyrosine 789, and that this phosphotyrosine 

residue constitutes a binding site for the SH2 domain of Grb2 (den 

Hertog et al. 1994). Binding of Grb2 to HPTPa is not o d y  dependent on 

the SH2 domain of Grb2, but aiso on the carboxyl-terminal SH3 domain 

of Grb2 (den Hertog 1996). Binding of the carboxyl-terminal SH3 

domain of Grb2 to HPTPa was rnapped to an 18 residue portion which 

is located in the carboxyl-terminal region of the amino-terminal PTPase 

domain (or Dl) (den Hertog 1996). Interestingly, this potential SH3 

recognition binding site does not conform to either class 1 or II SH3 



domain binding consensus motifs. In fact, it lacks proline residues 

altogether (den Hertog 1996). This suggests the existence of an 

intermediary protein between the carboxyl-terminal SH3 domain of 

Grb2 and HPTPa. The physiological significance of this interaction 

remains to be determined but certainly represents a link between a 

receptor-like tyrosine phosphatase and a key component of a central 

cellular signaling pathway. 

Using the polymerase chah reaction to amplify PTPase-related 

cDNAs from different sources, six groups independently isolated 

portions of the MPTP-PEST message from human and murine origins 

(Charest et al. 1995a; den Hertog et al. 1992; Moriyama et al. 1994; 

Takekawa et al. 1992; Yang et al. 1993; Yi et al. 1991) (ChapterZ). Using 

these fragments as probes, full length cDNAs were obtained from 

various cDNA libraries and analyzed (Charest et al. 1995a; den Hertog et 

al. 1992; Moriyama et al. 1994; Takekawa et al. 1992; Yang et al. 1993) 

(Chap ter2). 

MPTP-PEST is also known as PTPTy43 (Yi et al. 1991) and 

P19-PTP (den Hertog et al. 1992) in mouse, RKPTP in rat (Moriyama et 

al. 1994) and PTPGl (Takekawa et al. 1992) and PTP-PEST (Yang et al. 

1993) in human. Several structural and functional aspects of this 

enzyme have been charaderized and are desaibed in this section. 

The MPTP-PEST cDNA was isolated from differentiated Pl9 

embryonal carcinoma (EC) cells under the name of PIS-PTP (den 

Hertog et al. 1992). Pl9 EC cells are pluripotent cells resembling the 



totipotent stem cells of the inner cell mass of a blastocyst (Jones- 

Villeneuve et al. 1982; McBumey et al. 1982). Pl9 EC ceils can be 

induced to differentiate in vitra into representatives of the three germ 

layers (Jones-Villeneuve et ai. 1982; McBurney et al. 1982). Analysis of 

the expression of MPTP-PEST (PIS-PTP) during in vitro differentiation 

of Pl9 cells demonstrated that MPTP-PEST (PIS-PTP) transaipts were 

only detected in embryoid bodies, (which contain mesodermal-like 

tissues) suggesting that MPTP-PEST (PIS-PTP) is expressed upon 

mesodermal induction (den Hertog et al. 1992). In addition, Northern 

blot analysis of murine adult tissues as well as human and murine celI 

lines revealed that MPTP-PEST is expressed ubiquitously . Moreover, in 

situ hybridization performed on 17 day p.-c. rat embryos using MPTP- 

PESï specific probes suggests that MPTP-PEST is expressed throughout 

the embryo at this stage of development (Sahin et al. 1995; Sahin and 

Hockfield 1993). 

Sequence analysis of both the human and murine enzymes 

revealed that MPTP-PEST is composed of a single amino-terminal 

catalytic domain of -244 amino acids and a long carboxyl-terminal tail 

of -475 residues rich in proline, serine, threonine and aspartate 

residues otherwise known as PEST sequences. The catalytic domain of 

human PTP-PEST, when expressed as a GST fusion protein in E. coli., 

was shown to readily dephosphorylate phosphotyrosine-containhg 

proteinaceous substrates but not serine-phosphorylated proteins (Yang 

et al. 19931, thus demonstrating that PTP-PEST is a genuine protein 

tyrosine phosphatase. 

Certain features of the amino acid primary sequence of proteins 

play important roles in determinhg the half life of a protein. For 



example, the presence of arginine, lysine and several other amino acids 

bearing diarged or bulky side-chahs at the amino-terminus of a 

protein has been shown to promote a rapid ubiquitin-dependent 

degradation of certain proteins (Bachmair et al. 1986; Dice 1987; 

Rechs teiner 1991 ). In addition, lysosornal targetùig of cytoplasmic 

proteins via specific peptide sequences has been reported to lead to their 

destruction (Chiang and Dice 1988; Dice 1987). PEST sequences have 

also been proposed to act as a signal for rapid intraceliular breakdown 

of proteins (Olson and Dice 1989; Rechsteiner 1987; Rogers et al. 1986). 

The PEST domain hypothesis arose from the observation that several 

proteins displaying short intracellular half lives have stretches of 

sequence unusually rich in proline, glutamate, serine and threonine 

(Rogers et al. 1986). This observation ied to the development of an 

algorithm (called PEST-FIND) which allows for the automatic search of 

PEST regions in any given protein (Rogers et al. 1986). The strength of 

this correlation is mostly limited to nudear proteins. In addition, only 

two reports demonstrated the biochemical effects of PEST sequences on 

protein stability (Loetscher et al. 1991; Salama et al. 1994). The 

mechanism by which PEST sequences convey instability to the proteins 

that harbour them has yet to be determined. 

Because of the potentiai role that protein tyrosine phosphatases 

may play in carcinogenesis, Takekawa et al., (1994) saeened by RT-PCR 

several human cancer ce11 lines for the integrity of the PTP-PEST 

message. In the human DLD-1 colon cancer cell line, two aberrant PTP- 

PEST transcripts were detected. DNA sequence analysis of these atypical 

transcripts revealed that the two messages correspond to deletions 

within the catalytic domain of PTP-PEST (Takekawa et al. 1994). These 

deletions would result in shifts of the reading frame which would 



ultimately lead to premature tennination of tramlation giving rise to 

truncated PTP-PEST proteins. It has been postulated that these 

alterations might lead to the observed phenotype of the ce11 line 

(Takekawa et al. 1994). 

Several PTPases induding PTPlB (Flint et al. 1993; Schievella et 

al. 1993), cdc25 (Moreno et al. 1990; Strausfeld et al. 1994), CD45 (Autero 

et al. 1994; Ostergaard and Trowbridge 1991; Valentine et al. 19911, 

HPTPa (Tracy et al. 1995), and both SH2 domain-containing enzymes 

(Feng et al. 1993a) are phosphoproteins in vivo, suggesting that the 

activities of these enzymes c m  be potentially modulated by reversible 

phosphorylation. The possibility of modulating the function of PTP- 

PEST by phosphorylation was investigated by Garton and Tonks (1994). 

Human PTP-PEST was shown to be serine-phosphorylated in oitro and 

in vivo on Ser39 and Ser435 residues by CAMP-dependent protein 

kinase (PKA) and protein kinase C (PKC). Phosphorylation of Sers9 i n  

vitro decreased the activity of PTP-PEST by reduung its affinity for 

substrate. In addition, phosphorylated PTP-PEST immunoprecipitated 

from cells that had been treated with PKC activators displayed 

decreased acüvity when compared to FTP-PEST enzymes obtained from 

untreated cells. These observations offered a mechanism whereby 

signal transduction pathways acting through PKA or PKC may directly 

influence the activity of PTP-PEST resulting in modulation of cellular 

processes involving reversible tyrosine phosphoryla tion. 

Finally, it has recently been demons trated that the adaptor onco- 

protein p52shc interacts with human PTP-PEST in vivo and in oitro 

(Habib et al. 1994). This interaction was discovered using a yeast two- 

hybrid screen for proteins that interact with p52Sk Partial in oitro 



mapping of the sites of interaction between these two proteins revealed 

that the amino-terminal portion of p52Shc binds to the carboxyl- 

terminal half of PTP-PEST. Interesüngly, stimulation of cells with PKC 

activators induced a 6-8 fold increase in complex formation of 

p52sWPTP-PEST (Habib et al. 1994). However, the molecular 

mechanisms underlying this phenornenon are still uncharacterized. 

This interaction suggests that PTP-PEST, by Wtue of ik catalytic activity 

and its ability to interact with signal transduction molecules, is 

involved in the regulation of signaling events where tyrosine 

phosphorylation is a key mediator. 

The characterization of the PTP-PEST enzyme is still in its 

infancy. Little is known about the fundion(s) that PTP-PEST imparts on 

cellular processes such as proliferation and differentiation. This Ph. D. 

thesis partly addresses these questions. It describes the isolation and 

initial characterization of the murine homologue of PTP-PEST. It also 

analyxs the details of several MPTP-PEST interactions with proteins 

involved in signaling events. These results constitute an underlying 

foundation upon which theories regarding the cellular function(s) of 

MPTP-PEST can be built. 



CHAPTER 2 

Murine Protein Tyrosine Phosphatase-PEST, a Stable Cytosolic Protein 
Tyrosine Phosphatase. 
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Murine protein tyrosine phosphatase-PEST, a stable cytosolic protein 
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Ws have isolrited the murine cDX.4 homologue of the human 
protein tyrosine phosphatase PITP-PEST (MPTP-PEST) from an 
18.5-day mouse embryonic kidney library. The cDN.4 isolated 
has a single open readins frrirne prcdicting a protein of 775 
amino acids. When cxprrssed 111 t-irro as a glutathione S- 
transferasr fusion protein. the cataly tic domain ( resiciues 14531 
shows intrinsic phosphatase activity. Reverse transcriptase 
PCR and Northern-blot analysis show that MPTP-PEST mRN.4 
1s expresscd throughout murinc development. Indirect imrnuno- 
tiuoresccncc in COS-1 cslls vgziinst a heterolorous tpitope tag 

attriched to the X-terminus of MPTP-PEST. together with 
cellular tirtctionation and Western-blo t experiments from dif- 
krcnt murine cell lines. indicate chat MPTP-PEST is a free 
cytosolic protein of 1 12 kDa. Finally. sequencc anrrlysis indicaies 
that the C-tcrminal portion of the protein contains four rcgions 
rich in proline. giutamats. serine and threonine. othenvise known 
ris PEST sequences. These are characteristic of proteins that 
display vcry short in tracellular half-lives. Despire t h r  prcsrnce of 
these motifs. pulse-chase Iriklling experiments demonstrrite that 
bfPTP-PEST has a half-life of more than 1 h. 

Protcin tyrosine phosphorylrition is an important phrnomenon 
by which ;t widc vanety of environmental signals modulate 
cellular homoeostasis. Phosphorylation on tyrosine residues 1s 
the result of ri highly reyulatcd balance of activity between two 
antithctic enzymes. protsin cyrosine kinases and protcin tyrosine 
phosphatascs (PTPliscs). The latter can bs categorized into two 
Jitfrrent groups on the basis of their substrats specificity [ I l .  The 
tirst group is known as thc V H I  subhnilg.  Members of this 
dual-spscificity sub~amily are capable of removing phosphate 
rnoieties from phosphoserine. phosphothreoninr and phospho- 
tyrosine residues. The second group comprises PTPrrscs that 
display a unique speciîicity toward phosphotyrosine residues. 
PTPases ofthis group show a broaci structural clivrrsity and have 
been subelassificd into eithrr intrricellular or transmernbrane 
subfamilies (reviewed in [ 2 ] ) .  

Our seïrch for PTPüses ~nvolved in murine cmbryopenesis I d  
us to the isolation of a member of the intracelIular subt'rimily of 
PTPascs. This snzyrnc. which we nrtmed MPTP-PEST. has brcn 
reportcd by srveral groups during the course of our investigation. 
I t  hris b e n  isolated from murinz tissue under the narnc of P19- 
PTP (31 or  PTPTYJ3 [4] and from hurnan sources as PTPG 1 151 
or PTP-PEST [fi]. This enzyme displays a ubiquitous pattern ot' 
cnpression in both human and murine tissues and cc11 lines [3-61. 
It is ch;iractcrized by the prcsence of a sin_rle critalytic domain 
linked to several PEST motifs. These motifs reprcssnt clusters of 
sequence rich in prolinc. glutamate. senne and threonine residues 
(PEST1 and were tirst identifed in rripidly degraded proteins [7]. 

The cellular function of MPTP-PEST has yet to be identificd. 
However. several lines of  evidence suegest that it may play an 
important role in cell erowth and difirentiation. First. the 
human gene has recencly been mapped to chromosome 7q11.23 
which is a cornmon site ofchromosomal rearringcment in some 
maligniint melanomas [SI .  Second. aberrant trrinscripts of PTPG1 
have bccn isolated from a human colon cancer ceil linc 181. Third. 
its broad range of expression is also indicative of ri fundamental 

role in cellular processes. Finally. PTP-PEST was recentiy shown 
to be associatcd with the multifaceted adaptor molecules SUC [9] 
(.A. Charest and M. L. Trembla-. unpublished work). The SHC 
protrins perform an important function in signalling from various 
receptor tyrosine kinases ro the Ras pathway. Aiso. SHC has 
recently been shown to contain a phosphotyrosine-binding 
domain. t emed  PTB domain [IO/. chat is ditferent from the 
conventional SH2 domain. These results drmonstrrite that PTP- 
PEST molecules are direttly associated with ri ciass of molecules 
that employ tyrosine phosphorylation as a rneans of  transducing 
signais and thcrrfore emphasize the possible role of PTP-PEST 
in signal trrinsduction. To gain tùrthsr insighr into the function 
and resuiation of MPTP-PEST. we have characterized various 
i i t u r e s  of this enzyme. We show that i t  is an active PTPase that 
is expresscd throughout embryonic development. We also dem- 
onstrrttc that i t  is a stable protein and that most of i t  is locatcd 
in the soluble liriction of the egoplasm. 

MATERIALS AND METHODS 

CeIl culture and transient transfection 

COS- 1. Ltk -. NIH jT3. NIH 3T6 and Pl 9 cells werc maintriined 
in Dulbrcco's modified Eaglc's medium supplemented with 10 ",, 
( V / V )  herrt-inactivated fetal criif serum at 37 'C in 5 ",, CO,. COS- 
1 cells (betwçen IO" and 10') wzre clcctroporated in cold PBS 
with 20 pgjml plrisrnid DN.4 cit 1.1 kV and 25 !tF using a Bio- 
Rad gene pulser. 

Oligonucfeotides, reverse transcription and PCR 

First-strand synthcsis reverse transcription of total RN.4 frorn 
whole mouse embryo was performed using Superscript RNase 
H(-) reverse transcriptase (RT;  Gibco-BRL) and random 
oligornsrs p(dN), (Pharmacia) o r  oIigod(T),, (Gibco-BRL) as 
drscribed by the manuhcturcr. Subsequent amplification was 
performed usin3 Vent DXA polymerrise (NEB) on a Perkin- 

Abbreviations s e d  PTPase. protein tyrosine phosphatase. DNPP. p-nitrophenoi phosphate. AT-PCR. reverse iranscriptase PCR. RCM-iys02yme. 
reduced. cartIoxyamidomerhylated and maleylated lysozyme. UfR, unrranslated regian. €CL. enhanced criemtlumioescence. GST glutathione S- 
iransferase PDGF. platelet-derived growtn tacror 
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Elmer Cetus thermal cycler. Oiigonucleotides PEST-575s ( 5 ' -  
( GCAGTACA.4ACA.4AGG.AGC.4-3) and PEST- I MO as (Y- 

AGTGTGT'TCCC.4TCA.4.4.4C-3') werc derived from the 
human PTP-PEST scquence (S.-H. Shen. unpublished work). 
Oligonucleotides PEST-3 ( j'-.AGGATGGAGCA.4GTGG.c\G- 
A-3' ) and PEST4 ( 5'-TGTCCrITC.ACTCCCTGC.J,T-3' t were 
Jerived tiom the PI Li PTPase sequsnce [ j j .  Oligonucleotides 
PEST- I ( 5'-.4CTGCChTTTG.4TC.ACC4GCC-3') and PEST-708 
(5'GGC.ACATCTTTCATGTmGG-3') werr derived [rom the 
bI PTP-PEST sequence. 

Molecular cloning and cONA sequencing 

The 18.5-day murine embryontc kidney librrtry was generously 
providrd by Dr. G. Dresslsr (Howard Hughes Medical Instrtute. 
Cniversity of Michigan bfedicaI Center. Xnn Xrbor. MI. 
C.S..+.).  Two partial cDN.As (clones 1.2 and 2.3) were isolared 
using an RT-PCR-generated probe from whole mousc embryo 
RN.4. Full-lengh cD.i.4~ were reconstituted using RT-PCR 
rnethodology as describrd above. DN.4 sequencing of both 
jtrands was performed with Sequenase (CSB) as described by 
the manufacturer. 

Glutathione S-ttansferase (GSf) fusion protein 

The phosphatasr dornain was amplifird by Vent DNA po14- 
mcrisc using the cDNA as a ternplate and oli_ronucleotidrs 
PEST-3 and PEST- IJOOas. The resulting fragment (correspond- 
mg to amino acids 1-453) was then subcloncd into Snicrl- 
digested pGEX-RC (provided by Dr. P. EA Brrinton. bIcGill 
Cniversity 1. In-frrtrne ligations were venfied by sequencing. 
GST fusion proteins wcre extracted and affinity-purified on 
glutathione-Sepharose beads (Pharmacia) according to the 
manufacturer's protocol. 

Enzyme assays 

For p-nitrophen01 phosphate (piVPP)-dephosphorylation assays 
the hsion proteins werc incubated in P bufier (25 mb1 Hepes. 
pH 7 .3 .3  mM EDT.4. 10 mM 2-mercaptocthanol) in the presence 
of 10 rnM pNPP at 37 OC. Reactions were terminatzd at the 
indicated rime points by the addition of an rqual volume of 2 M 
Na2CO:,; the mixtures were then diluted j-fold with water. and 
absorbante was measured at 4 10 nm. For tyrosine-dephosphory 1- 
lttion expcrirnents. reduced. crirboaprimidomethy1ated and 
mairylatrd Iysozymt: i RCM-lysozynie: provided by Dr. P. E. 
Brmton) was phosphorylaccd on tyrosine residues as follows: 
I O  / t g  of RCM-lysozyme was labelled with 150 IlCi of[;/-.'"P]ATP 
(Dupont -N E N )  by recombinant Lck tyrosine kinase ( provided 
by Dr. J .  Bolcn. Bristol-Myers Squibb. Princeton. W. U.S.A.) in 
buîïer (50 mM Hepes. pH 7.3. 0.1 mM EDT.4. 10 mM MgCl,. 
0.06",, 2-mercaptoethanol and 30 pg,iml BSA) at 30 "C ovcr- 
night. The phosphorylated RCM-lysozyme was separritcd tiom 
unincorporatcd b/-"PIATP by trichloroacctate precipitation 
(finai concentration 3 ",, ) in the prcsence of 0.2 ",, BSA and 
5 mM NaH2P0,. Attcr centrifugation ( 16000 a).  the pellet was 
washed severil timrs with cold 201', trichlororicetatcjl0 miM 
NaH,PO, and resuspended in ri PTPase assay butTer (25 mM 
Hepes. pH 7.3. 5 m M  EDT.4. 10 mb1 dithiothreitol). Dephos- 
pho~ta t ion  was assayed by mixing a given amount of radio- 
Iabelled substraie with the recombinant MPTP-PEST in the 
PTPase assay buffer. incubated at 25 OC for the indicated tirne 
periods and stopped by trichloroacetate precipitation (as 
descrtbed above). and thc supernatant (containing released 
["PIP,) was assayed for radioactivity by liquid-scintillation 
counting. 

HA tag plasmid construct 

Plasmid pSh.1491 (provided by Dr. N. Sonsnberg. b1cGill Uni- 
versity) consists of a Y-amino acid triplet reperit HA epitope 
( Y  PY DVPDY.4) derived from the influenza virus haemrigglu- 
tinin protein [Il-131 insertrd into the .VotI site ofpBluescript1lSK 
(Stritagene). The three H.4 tags were amplifird by PCR with 
Vent DS.4 polyrnerase using pSM49l as templatc and oligo- 
nucleotidrs H3-.\TG ( 5'-T.4TCXC.k4GmCC.4CCATGGAT- 
C-IITT.ACCC.4T.lCG.4TGTTCCT-3') and the T7 sequencing 
pnmer. The resulting fragment &as then digestrd wtth HitrdIII 
and ligated into HUidilI-digestrd pRC,'CMV (Invitro~en). giving 
risc to pACT.4G-1. pACT.r\G-2 \vas derived (rom the latter 
simply by digestin- with .Ybd and religating the plrisrnid on to 
itselt'. 1 nscrting thc full-length hf PTP-PEST cDN.4 into 
pACT.AG-2 was achieved using recombinant DNA technology. 
Ali products were vrrified by restriction dizest pattern andior 
DN.4 sequrncing. 

Indirect immunofluorescence 

pACT.L\G-2-MPTP-PEST plasmid was transfected by electro- 
poration and transicntly expressrd in COS-! cclls as descnbed 
above. At 48 h after trrinsfection. crlls werr subjected to imrnuno- 
Huorescence rnicroscopy as dcscrikd rlsrwhere [14] using the 
monoclonal antibody llCAS as a primary antibody and 
rhodamine-conjugatsd goat anti-mouse IgG antibody (Pierce) 
as a secondriry rintibody. 

Generation of MPTP-PEST antibodies 

Polyclonal antibodizs were generited in New Zwland White 
rabbits by the rnethod of Harlow and Lane [15] using MPTP- 
PEST residues 27W53 fused ro GST as the antigen. Thc bleeding 
regimen and antrbody purification werc as described by Harlow 
and Lane IlSI. immune serum no. 1075 contained a high titre of 
anti-MPTP-PEST antibodies and was used throughout the 
experiments. 

Total RNA was isolrited from different embryonic stages and 
Yorrhern-blot analyses was performed as described previousiy 
[16]. RT-PCR protocols rire described above. 3'P-Iabelled DNA 
fragments were preparrd using a T7 DNA polyrnerise randorn- 
primed Iaklling kit (T7 Quick Prime: Pharmaciri) according to 
the instructions of the manufàcturrr. 

Immunoprecipitation of MPTP-PEST 

Cells (trinsfected and non-transfectcdj were wrished sevcral 
times with PBS and harvested in PBS. centrifuged at 2000g for 
5 min at J 'C and lysed by resuspension in I O  ml of RIPA buHér 
[50 m M  Tris/HCI. pH 7.2. 150 mM NaCl. 0.1 ",, (w/v) SDS. 
O.ji', (w/v) sodium deoxycholate. I ",, (v/v) Nonidet PM). In 
addition. phosphatase and protease inhibitors ( 5  mM EDT.4. 
I mM NaF. 2 mM sodium orthovrinadate. 2 mM PMSF. 
20 pg/ml aprotinin and 20 pg/ml leupeptin) were added to the 
RIPA buffer. The lysates were incubated for I O  min on icc and 
the ceIl debns was pelletzd by centrifugation at 12500g for 
20 min at 4 OC. To the supernatants were added lZCA5 mono- 
clonal antibody and protcin G-agarose beads (Gibc-BRL). and 
binding was allowed to proceed for 16 h at 1 OC. The irnrnuno- 
precipitated protein cornpIexes were washed three times with 
RIPA buffer and three times in 100 m M  Tris/HCl. pH 7.0. 
containing 200 m M  LiCl and 0.1 ", (v/v) 2-mercaptoethanol. 
Samples were subsequently s u b j ~ t e d  to SDSIPAGE. 
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TTK:ACCACjiCgC~g~CcccagCcgat~tg cccgcccgccccgcagcaggggaaagcgac ~ C ~ ~ C C ~ C C ~ ~ ~ G T K ; C G C G G G C A C C C C G C  
CCGCTCCCGCCGCAGCCGCAGCCGC~CG CGGCCGCGACGGAGGGCGGGCCXGAGCGAC CrC;GGGAAGACGGAGCGCCCG~CGGCGC 
i3ÇCGCCGGGCGGCGGGCGGGACGCGÛGACG An;GAGCAAG'K;GACATîCK;AGGAGGTTC AXCAGAGGGTCCAGGCCATGAAGAGTC(=C; 

M E Q V E I L R R F  I Q R V Q A M R S P  
G ATCACAA'IGGGGAGGACAACITCGCCCGG G A C T K 1 A T G C S A T G A G A A G A ~ T t T A C C  AAATATACAACAGAAAAC ATITATCCCACA 

D H N G E D N F A R  O F M R L n R L S T  K Y R T E K I Y P T  
SCCACTGGAGAAAAAGAACAAAAXTTAAA AAC;AACAGATATAACGACATACK;CCAmT C;ATCACAGCCGAGTTAAGTK;ACTITGAAG 

A T G E K E E N V K  K N R Y K D I L P F  D H S R V K L T L K  
ACrCCATCCCAACATTCACATPATATAXMT G C A A A T T I T A T I I A A ~ T G ' l ' G T A ~ C C A  

T P S Q D S D Y r N  A N F I K G V Y G P  K A Y V A T Q G P F  
CZuGAATACAGTCATAGAClTtTGGAGGA'TG ATATGGGACTATAATGTTGTGATCATCCTG ATGGCeK;TCC;AGAAT'MGACATGGGAACC 

a - N T V I D F W R M  I W E Y N V V I I V  M A C R E F E M G R  
HG'I'GTGAGCCCTAc%ûcc?TTGTAT GGAGAAGATCffATAACAmcACCATTT A A A A m ' K ; m T G A A C A A G C A A G A  

K K C E R Y W P L Y  G E D P I T F A P F  ~ I S C F N E Q A R  
ACCCACTACTTCATCCGN4CACITlTACTï GAATZTCAAAATCAATCCCGTCGGCTCTAT CAGTTTCATTACG'XAACK;ÇCCACACCAT 

T D Y F I R T L L L  E F Q N E S R R L Y  Q F H Y V N W P D H  
S A ~ T T C C T T C C T C A T T ? ' c A Z T C T A ~  GACATGATAAGC"AATGAM;AAATACtAA CAACA'PGAAGATGTGCCI7ATTK;TA'iTîAT 

D V P S S F D S ~ L  D M I S L M R K Y Q  E H E D V P I C I H  
TGCAG%CAC;GCTCTCçACGAACAGCTGCII A'ITK;TGCCATAGATTACACGn;GAAC?TA CK;AAAGCAGGGAAAAITCCAGAGC;AAm 

C Ç A G C G R T G A  I C A I D Y T W N L  L K A G K I P E E F  
AATCTA?"AAmAATACAAGAAATGAGA ACACAGAGGCACTCGGCAGTACAAACAAAC GAGCAGTAEAACTK;'ITCATAGGGCTAIT 

N V F N L I Q E M R  T Q R H S A V Q T K  E 9 - Y Z L V H R A I  
GCTCAAL~TITGAAAAACAGCTACAAC% TA'K;AAATTCATGGACCACAGAACATCGtT G A T G G T A A T G A A A - A C C A C ~ A A ~ A ~  

A Q L F E K Q L O L  
CTCAGTTCCA'ITGATACCGAGAAGCAAGAC 

V S S I D S E K Q D  
SAAATACTACACCCACCACAACCCACCCG 

E ~ L G P P E P H P  
CAGGACAG'XACAGCTACCACCCAAAGCC A  

Q D S O R Y L I P K P  
TCAGCGGACCAATCCGGAAAAAGTC A A T t A  

S A D Q W C K S E S  
2CTfTCCAAGAACGGCCCAAAAGTITTC;AT 

P L Q E C ? K S F C  
GTK;ACAGAACCTCTAAACCACACGACTIIA 

V D R T S K P Q E L  
GC?'CATTCACACACAGCK;C~AGTCGTCA 

A H Ç E K A A C S S  
AAAGCACAcTTAACG-CGTtAC'ITCATGCA 

K G H V T W S L H C  

Y E I H C A Q K I A  
TCTCCCCGCCAAACCCACCGCGCACPCGA 

S P P P K P P R T R  
GTGCCACCCATCCIIY;AcGCCATCACcK:CT 

V P P I L T P S P P  
GTGCKCACATCGCCTCACCAGAGCAACAC 

V L H M A S P E Q H  
GCTATCCAGCACATAGATAAGAAGTTACAG 

A I E H I D R K L E  
GGGAACACA-AATAGGGGACAECG 

G N T L L N R S H A  
AGTGCAGGTCCCtTAAAGGTK;ATGATGTA 

S A G A L K V D D V  
GAGGAGTCCCAGAGCAACTCACACACACCT 

E E S Q S N S H T P  
CCTGAAAATGCCACACC'ETACCCGACXA 

D G N E I T T G T ' I  
AG?TGCCTII=TACAAGCGGAmCCAAC;GAA 

S C L V E G D A K S  
TCAGCCIxrCCCAACCG'ITACCAm?Y;TCG 

S A F P T ' I T T V W  
CCAGCCCACCTCAACAGAACCTATGATAAA 

P A D L N R S Y D K  
CGCAAmAAGmAGATTAAGAAAGTC 

R N L S F E I K K V  
A T T I W A A ' I T A A A T C X C T T C A ~ T A  

r K f t i s A s s s v  
TCTCAG A A ' L T m  CGCGG A C X T A C E C G  

S Q N S C A D C S A  
CCACCGCCAGACTGmCCTfTCGATAAG 

? R ? D C I ? L D K  
CC?ICACCGCAAATCCCCAGATMTCAm - - - 

- P E N A T P V P D S  P D C K S ? D N H S  
C A C A C T C U K ; A A A A C C G ' K ; A G ~ C A ~ A C C C ~ C A C C A ~ A A C A G ~ T ~ ~ C C T C T C  

Q T L K T V S S T P  N S T A E E E A K O  L T E H H N S S P L  
~AAAGCTCCCCGACGGA GGCAGCTCK;A'IY;CTCC~'~TGAC~AGGAAC 

L K A P L S F T N ?  L H S D D W H S D G  G S S D G A V T f l N  
AARACTAGCATTTCAACAGCAAGTGCCACA GETCTCCmC;CCAGTAGTCCK;AGAGECT TGCCATAGGAGAGTATK;CCGATGTCCATT 

K T S I S T A S A T  V S P A S S A E S A  C H ~ R V L P M S I  
GCCAGACAGGAAGTAGCACGCACGCCGCAT TCAGGTCCrCAGAAAGATGCKIATGTTAGT C A C G A G T ~ G C C T C ~ L W A C C ? T ; A A C C A  

A R Q E V A G T P H  S G A Z K D A D V S  E E S P P P L P E R  
AC~CC~(=ACTCTITIY;TATTAGCACATATG C~TAAGACCTGAG-AA~T~;LA A A - C  

T P E S F ' J L A C I M  P V R P E W i f E L P  N Q E W S Z Q R E S  
GUGGCTTGACAACCTCTGGMTCAAAAA CATGATGCAGGGGGCATCCACACAGAGGCT ~ C A G A C T C T C C A C c ~ ~ A G T G A C  

E S L T T S G N E K  H D A C G I H T E A  S A D S P P A F S D  
AAGAAAGATCAAATAACAAAAAGKCAGCA G A A G T ~ A C A G A T A ~ G ~ A A A A ~ G ~ L A G A F C L ~  

K K O Q I T K S A  E V T û L G F G N R  C G K P K G P R E P  
CCTTCAGAA'ICGACA'KA TGCAGGGAGTG AAACGACA 

P S E W T *  

Figure 1 MPTP-PEST cDNA and amino acid sequence 

h e  wieot iae ana ~reuiciec a r ino  acid sequence ot MPTP.PEST are snown The m!eriinw sequence :euresenls lhe oriasgnamse Oornain Dolirile-unaeriinea sauences represeni PE:T ~ a i ~ f s  

Pulse-chase labelling of MPTP-PEST 

Crll monolayers (either Ltk or trrinsftxted COS-1 cells) were 
washed severri1 tirncs with PBS and starved in methionine/ 
cysteine-frrt: medium (ICN) for 2 h. The cetls were then labelled 
for an addicional 3 h with ["S)methionine and [3SS]cysteinc 
(TrzinJSS-label; ICN). Lribelied ceIls were then washrd severaI 
rimes with PBS and chased with normal medium for the indicated 
times aftrr which they were lysed. and MPTP-PEST was imrnuno- 
precipitrited as described above. MPTP-PEST irnrnunoprecipi- 
tatrs were subjectcd to SDS/P.4GE and transfened to nitro- 
cellulose membranes. Bcfore exposure of the blot to X-ny film 
to visualize thc metabolicrilly IabslIed MPTP-PEST proteins. the 
amount of MPTP-PEST was quantified by Western blotting 

using the 1075 polyclonal antibody at a dilution of 1 :500. 
followcd by enhanced cherniluminescence (ECL) detection 
(.Arnersham 1. 

Subcellular fractionation 

L t k .  NIH 3T3 and pACT.4G2-MPTP-PEST-transfected COS- 
1 cells were fractionated as dcscribed previously [17], and P19. 
Ltk- and NIH 3T6 cells were subjected to Triton X- 100 extraction 
[IS]. Equat amounts of protein from each fraction were subjected 
to SDS/PAGE and immunoblotted with the 1075 polyclonal 
antibody. Anti-lplatelet-derived growth hctor (PDGF) r ~ c p t o r ]  
antibody was obtained from UBI. 
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RESULTS 

Isolatfan and structure of the MPTP-PEST 

PTP-PEST-specific oligonucIcotidcs. dcrivrd from ihc human 
PTP-PEST cDNA sequence (S.-H. Shen. unpublished work). 
were used in an RT-PCR-bassd approach to isolate ri cDNA 
fragment from 14-5- and 15.5-day mouse rmbryo mRN.4. This 
512 bp frrigmrnt was then used to probe an 18.5-day embryonic 
kidncy librriry. Two overlappins clones. coding for the cniirc 
cDY.4. wcrc isolatttd. The complrte nucleotide and predicted 
rirnino acid sequence of MPTP-PEST is dcpicted in Figure 1. The 
full MPTP-PEST cDNA sequence contains ri single open reriding 

Figure 2 Dernonstratlon of the intrinsic enzyme activity of the phosphatase 
domaln of MPTP-PEST 

Oeonospnoryiation curies 01 tno suostrates. pNP? ana RCM-lysozyme. oy GST a. SI. and 
SST-MPTP.PEST (A, are snown A. @. A,,,. a, 3 3 .  ;"PIP ,eleasea Inset 
C~omassie~~iue~srainea gels atter S O S  PAGE ot me proreins usea in !17e wwiment. Lane 1. 
~oiecuiar-mass stanaaras iane 2. GST ;are 3. GST-MPWPEST The resulls are representative 
a l  al ieast rnree ditferenl ?xDe!irnenls 

Rgure 3 Onset of MPTP-PEST gens expression durtng murins devalopment 

cal RT-PCR of total RNA isalaled Irom emoryonic stages (6.5-10.5 dayz posr wrlum) using 
oligonucieclides PEST.1 and PEST-708 9NA from eacn embryonic stage was reverse- 
iranscribed wth eilher sndom p(dN), olig0nucleolidw (first lane) or oligo d(T),, primer (second 
lane). A conlrol imthoul AT was in the third lane. The arrow indicam lhe expected sa af the 
PCR product. Ibl Narthern-blol anaiysis ol MPTP-PEST from later stages of ernbryonic 
development (1 T 5-18.5 days post cu~hrm). The arrow indicates the MPTP-PEST message. 
which 1s 3.8 kb. 

Flgurs 4 Cellular localizaîion of MPTP-PEST by Indirect Immuno- 
Ruonseance 

(a) Çchefnatic reprweniatlon 01 the triple HA-tagged MPTP-PEST cONA used to direct transient 
expression ol the MPTP-PEST proiein in COS1 cells. (b) P~tornicropraphs of COS-1 œlls 
IranslecIeQ and ireated as described in the Maler~als and rnethods section A. C and E. 
lrnmunolluoresceiice microscaily: B. D and F. phase-contrast mKroscopy Arrowheads rndicate 
cells that lluorexe in correspondmg A. C and E. Photarnicrographs in (b) are representative 
Of thxe diiierent expenments 
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(bl P l 9  Ltk- NIH 3T6 
S C S C S C: +un 

(CI Lrk- NIH 3T3 
P l  s100 Pl00 P l  s100 Pl00 

kOa I 1 

frarne (frorn nucleotide 330 to 2699) that cncodes a protcin or775 
rimino acids of prediçted molecular mass 57 kDa. One of the 
cDNA clones isolatrd contains 3 15 bp of 5'-untnnslated region 
(LTR).  This sequencr is rich in guanine and cytosine nucleotides 
and can potentially form  seconda^ structures known to be 
involved in translational control [19.20]. The 5'-UTR also 
contains a small open reading fmme of 60 nucleotides (Fisure 1 ; 
lower-case i talicized sequence). The Y-terminal region of the 
deduced MPTP-PEST amino acid sequence (from amino acid 55 
ru 299) contains the catrtlytic domain. MPTP-PEST catalytic 
domain contains al1 of the conserved arnino actds founci arnong 
al1 tyrosine phosphatases. Ovrrdl. the homolory betwtxn the 
phosphatase domain of MPTP-PEST and that of othsr PTPrises 
varies between 30 and Ca',,. 

Activity of the MPTP-PEST phosp hatase domain 

To evaiuate whethrr !hr region detined as the phosphatase 
ciornain was capable of intrinsic critaiytic activity. a GST fusion 
protein containing residuss 1-453 of the IMPTP-PEST protein 
was constructed ( s e  the Mriterials and methods section). GST 
and the GST-hl PTP-PEST fusion proteins were affinit y-puriikd 
on a glutsthionr-Sepharosr mrttrix. quantitied and equal 
rimounts subjxtcd io SDS/PAGE and assayed for enzyme 
rictivity ( Figure 2 ) .  The GST-bl PTP-PEST fusion protein rradily 
dephosphorylated ~ h e  generril substrates pNPP anci tyrosine Y- 
labelled RCM-lysozyme. .As expected. thç GST protein was 
completrly devoid of PTPrise activity. Howevsr. the samc fusion 
protein was not able to cfephosphorylatt: a synthetic tyrosine- 
phosphorylated peptide derived from an Y-terminal region of 
P N'-Jc;r [21.721 (results not shown). (dl Ltk- NIH 3T3 

P l  s100 Pl00 Pt SI00 Pl00 
1 

Expression of MPtP-PEST throufihout developrnent 

COS- 1 expressing 
HA-MPTP-PEST 

Figure 5 Locallzatioa of MPTP-PEST by subcelldar fractfonation studles 

(a) ImmunoDlot analysis 01 Triton X.100 extraction ol PT9. Clk and NIH 3T6 cells. Ceiluiar 
components were extracled in a soluble (S) ana CytOSkelePl tracfian (C) as described in the 
Materrais ana rnefhods section Eacn exfracf (30 ! tg )  was separated by SC3PAGE and 
immunobloned with anli-MPTP-PEST polyclonal antibady no 1075 (b) Cootnassie-Blue-s~ined 
gel conlrol showing sirnilar amounfs 01 protan in each fraciion The pasilive (+vel conlrol 
relers Io 5 pg al protein extracts lrom WS.1 cells iransiefltiy expressing HA-MPTP-PEST (c). 
(d) and (a) tmrnunoblot analysis of cellular !raclions from ditierent sources. Ceils were 
fracfionaled as described in me Malerials and methods section. Prolein [rom each Iraction 
(30 p g )  was sublecfed Io SDSJPAGE dnd imrnunobloned wth ine anfi-MPTP-PEST anfibody 
1075 (a. anli-{POGF recepfor) antibody (d) and anfi-(HA fag) aniibady 12CA5 (a) Pl. Piasma- 
membrane and nuclear Iraciion. SI 00. cyîouiiic fraction. P l  00. particulaie fraction immunoblot 
analyses in (c. d and 8 )  are 'epresentattve of fwa difieren1 expenrnenls. 

MPTP-PEST has been shown to be ubiquitously expressed [JI. 
However. its sxprcssion during murine devolopment has ncver 
been riscertainea. Lsing RT-PCR ( Figure 3a) and Sorthern-blot 
analysis (Figure 3b). we detected the presencr of .MPTP-PEST 
mRNX from day 6.5 posr coiruni onwards. In addition. RYase- 
protection assriys performed on total R N A  rrom rmbryonic stem 
cells suggcst that MPTP-PEST is sxpressed ris erirly ss the 
blastocyst stage. i.r. Jay 3.5 posr coinu?i (rcsults not shoun). 

Cellular localization of MPTP-PEST 

In order to nrirrow the tield of potsntial NJ rira substrates. we 
rxamined the cetlular locrilization oT MPTP-PEST by several 
techniques. The HA epitope (YPY DVPDYA) derived from the 
haemagglutinin protetn of the inf uenza virus was attached as a 
three-tandem repeat ro the N-terminus of the MPTP-PEST 
cDNA resulting in the pACTAG-2-MPTP-PEST vector (Figure 
4,) ( s e  the Materiais and methods section). This vector. when 
expressed in COS- 1 cells. allows the subcellular localization of 
the HA-MPTP-PEST protein to be tracked by indirect immuno- 
fluorescence. At 48 h after trrinsfection. cells were fixed and 
incubated with the monoclonal antibody 12C.45 which recognizes 
the HA spitope. Three different fields are shown in Figure 4 b ) .  
Neighbouring cells. which are presumably not transfected, dis- 
play low to relatively non-existent background fluorescence. The 
micrographs clearly show chat the fluorescence staining from the 
transfected cells. representing the localization of HA-MPTP- 
PEST. is cytoplasmic. However. the punctate nature of the 
staining suggests that HA-MPTP-PEST associates or is an 
integrai component of ei ther the cytoskeleton or intrricellular 
membranes such as the endoplasmic reticulum. 
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ICI 

Figure 6 Pulse-chase analysis of MPTP-PEST revealing that MPTP-PEST is not rapidly degraded 

To v u i f " .  the pott'nti;il ~issocirition or' MPTP-PEST 1~1th 
.iubceilular structures. J seric's oÏsubcellular fractionation studics 
i ~ i ' i  wnductcd. First. to determine il '  bI PTP-PEST associates 
uith thc ~~toskclcton.  ;i ciitft:rential eurrriction technique uas 
cmploycd [ I  Y ] .  .Adhcrrent i d 1  rnonolayers w r r  rxtracrrd wirh ri 

buKer that separrites crllulrir zomponcnts into ;i Tnron .Y-100- 
soluble tiaction ancf an inscilublr cytoskclrton componenr. Triton 
.Y-100 rrrritmrnt r~picaIIy iolubtlizss membranes riIlo\ving the 
isolation ot'inernhrane-hound anci cyrosolic protrins. Irriving the 
cytoskelrton intxr. The latter can therrtore br: isolrited. tvashcd 
and solubilized. Figurc 5rai clw-1) shows that MPTP-PEST is 
present in thc soluble (SI fraction 01' three ciiffcrent murinc: ceIl 
1inr.s but not in the cytoskeleral tiaction tC). This j u g p t s  that 
MPTP-PEST is iiot rin intrgr~l curnponrnt of. or dors not 
strongly associate with. the qtoskcleton. .As ;i control h r  the 
purity of the traxions. an qua1 amount of crich extract &as 
subjeçted to SDS. P:IGE and thcn striined with Coomassie Blue. 
Figure S(b) shows that crich fraction consisrs otliifferent sets of 
protrins. 

The results obtained from the non-ionic-detcrgent extraction 
do not cxclude fhc possibility that MPTP-PEST associates with 
intrricellular membrane structures. To test this. we isolatcd 
diffcrent cellular tiactions and subjtrtsd them to Western-blot 
analysis in order to localize MPTP-PEST. Identical results were 
obtained with both Ltk- and NIH 3T3 fibroblasts. both of which 

( rndognously express M PTP-PEST proteins (Figure k l .  and 
COS-I crlls. which transiently express the HA-tagged MPTP- 
PEST (Figure je). Figures 5(c) and 5(r) show that MPTP-PEST 
is present in the SI00 fraction which represents the cytosolic 
content of the cell. In order to monitor the purity of our 

prcparritions. the Ltk S 1 H 3T-7 blot \vas stripped rind incubaid 
1~1th an ;inri-crnousr PDGF reccptOrJ anribody. .As s h o w  in 
Figure 5tJJ most of tlic PDGF rrcrptor immunorcactitity is 
presznt in [tic PI fraction t~h1c.h is composed o i  nuclci and 
plrisrna rnernbrrinc. Notice ihat thrre 1s no PDGF recrptor 
irnmunorractn.ity in Ltk crlls. The non-sprcitic bands seen in ;il1 
thret: tractions of Figure rire due to 12C.Aj immunoreactitv 
proteins which rire Jettxxcd whcn large amounrs oÏ protein 
( 30 ! tg )  are assayd. 

Pulse-chase analysis of MPTP-PEST 

As describzd for ths human homoIorue PTPGI. MPTP-PEST 
also sontriins Lin unusuall> high content of proline. serine. 
threoninr and glutamate rrsidurs wirhin the C-terminal region ot' 
the protrin. Thc prrponderrince of these amino acids is rrmi- 
niscent of ri structure known as PEST motil; [71. On the basis of 
the obscrvritions of Trikekauri et al. [j]. we subjected the C- 
tcrminal sequence ol' M PTP-PEST to ri PESTFIND algorithm 
(PCiGENE; Intzlfigenetics) in order to locrilize defined rcgions 
of PEST sequences. Four rcgions _rave high PEST scores (a  score 
higher than 5 is indicative of potential rapid degradation [7]). 
Sequencr clusters comprised ot' amino ricids 540-553. 565-578. 
666-679 and 728-740 ( Figure 1.  double-underlinrd sequences) 
gave PEST scores of 9.78. 11.67. 16.2 and 6.98 respeçtively. 
Comparison between the human and mousc PEST motifs demon- 
strates that only two (565-578 and 666-6791 of the four PEST 
motifs are conserved. Because of the presence of PEST sequences 
wi thin the C-terminal portion of MPTP-PEST and because 
proteins harbouring PEST sequences are oftsn thought to be 
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rapidly degraded [7j. we performed pu l se~hase  expenments to 
examine the haIf-life of MPTP-PEST. 

Pulscxhase analysis was performed on Ltk- cclls and COS- 1 
cells transientty trinsfected with pACT.AG-2-MPTP-PEST. Cslls 
were starved in methionine- and cysteine-frtx media. labeilrd 
with [x"S]mcthioninc,:["~S]cyste~ns. and chasrd with unlabelled 
rncthioninr and cysteine for the indicated periocis of time st 
which point MPTP-PEST proteins were immunoprecipitatrd 
using anti-MPTP-PEST antibody iF ipres  6a and 6b) or  anti- 
c H.4 tag) antibody 1 Figures 6c and 6d). The vSS]methionine/ 
["5S~cysteine-labelled imrnunoprecipitatss wcrc separrited by 
SDS, P.4GE and trmskrred to nitrocellulose membranes. The 
amount of MPTP-PEST protein prescnt in each Iane was 
quantified by Western-blot malysis using the anti-MPTP-PEST 
antibody 1075 (Figures 6b 2nd 6d). Aftrr ECL detection. the 
blots were completely stripped allowing etficient detecrion of the 
.'SS-lakiled MPTP-PEST proteins using a Ft'J1.Y BAS 2000 
detsction system (Figures 6a and 6c). On densitometriç quanti- 
fication (results not shown) no Ructuation in the level of 5- 
labrlled MPTP-PEST proteins wrts observed in immunopre- 
cipitates of Ltk- cells during a chase period of J h (Figure 6a). 
Sirnilarly. 1 ?CA5 immunoprwipitates of COS- 1 cells trrinsientiy 
expressing HA-MPTP-PEST also fiilcd to demonstrate that 
b1PTP-PEST is ri short-lived protein (Figure 6c). These results 
indicate that MPTP-PEST is a very stable prorein with rr half-Iifs 
of over 4 h. 

DISCUSSION 

We have isolated the rnurine homologue of the human PTP- 
PEST cDEu'A [6] horn an 18.5-day embryonic kidney cDNA 
libtriry. Xlignment of the predicted amino acid sequences of 
MPTP-PEST with the previously reported murine Pl9-PTP [3] 
reveals several discrepancies. One of the major differences lies in 
~1 srretch of 118 arnino acids containcd within residues 19-14 
of MPTP-PEST. Nucleotide alignment between hdPTP-PEST 
and P19-PTP cDN.4s demonstrates chat additional nucleotides 
ln the PI9-PTP cDNA sequence are responsible for these 
observed in-frame shifts (results not shown). DNA sequencing of 
the re_rions encornprissing the discrrpancies at the genomic level 
(A. Charest. J .  Wagner and M. L. Tremblay. unpublished work) 
indicates that both the nucleotide 2nd amino acid sequences 
reported in Figure 1 represent the genuine murine PTP-PEST. 
The overall amino acid sequence identity between MPTP-PEST 
and its human counterpart is 52.6",, (97.9", within the catdytic 
domain but only 73.8 ",, within the PEST-containing C-terminal 
domain). Exrimination of the 5'-UTR sequence (Figure 1 ) 
indicrites thrit it is rich in guanine and cytosine nucleotides and 
thus has the potential of fonning stable secondary structures. A 
second feature of this 3 15 bp 5'-UTR is the presencc of a small 
open reading frarne that may encode a 'O-amino acid peptide 
(Figure 1. nucleotides 129- 189). The presence of CC-rich seg- 
ments and small open reading frames within 5'-UTRs has been 
shown to influence the efficicncy of translation initiation in 
eukriryotic systems [23]. This represents an additional mechanism 
through which the function of MPTP-PEST could be regulated. 

The predicted molcculrir mass of MPTP-PEST is 58 kDa. 
However. Western-blot analysis and immunoprecipitation 
studies on different murine crll lines indicate that MPTP-PEST 
migrates as a single 1 12 kDa band. This molecular mass was 
confirmed by transient transfection studies of COS- 1 cells with 
the pACTAG-2-hlPTP-PEST vector. As expected. the HA- 
MPTP-PEST protein migrates slightly more slowly than MPTP- 
PEST protein [Figure Sa. compare murine cell lincs with positive 
control ( + ve)] because of the presence of HA tags in the former. 

The Jifference brtween the predicted and acturtl molecular mass 
of MPTP-PEST çan probably be rittributcd to its high proline 
content which represents I I .  I ", of the total amino acid content 
of the protein. Proteins with high proline content are known 
to display retarded migration on SDS/PAGE. The extensive 
phosphorylation of MPTP-PEST could also contributr to the re- 
tardrition d i t s  migrrition on SDS/P.AGE (.A. Charest and M. L. 
Trernblay. unpublished work). Intcrestingly. Takskriwa et al. [SI 
recently reported chat the molccular mass of the human. simirin 
and murine PTP-PEST protcin is 88 kDa. This is contradictory 
ro what we have obsemsd. The nature of the phenornenon 
underlying this inconststency remains unknown. 

When expressed in rirro as a GST fusion protein. the 
phosphatase domain of M PTP-PEST readily dephosphorylated 
pN PP and ryrosrne-phospho-lated RCM-lysozyme i Figure 2 i 
but not a tyrosine-phospho-latd p3-V'' synthetic peptide 
(rrsults not shown). These results Jernonstrrite that a bacterially 
expressed MPTP-PEST-GST fusion protein shows specificity 
in its phosphatasr activity towards tyrosine-phosphoryt~d 
substrites. 

It has k e n  reported that IMPTP-PEST is broadly expressed in 
adult tissues [JI. However. the expression of MPTP-PEST dunng 
ernbryogenesis has not previously been studied. Using a corn- 
bination of RT-PCR (Figure 3a) and Northern-blot analysis 
(Figure 3b). we showed that M n P - P E S T  mRNA is present as 
early as day 6.5 pusr coitum of the gestation period. Moreover. 
RNase-protection experiments. carried out on total RNA isolated 
from embryonic stem cells which represent embryonic day 3.5 
posr coitrini. indicated that MPTP-PEST gene expression can be 
detected ris early as the blastocyst stage of developrnent. These 
obsentations. combined with the ubiquitous nature of MPTP- 
PESTexpression in the adult. suggest that MPTP-PEST perfoms 
a basic function in marnmalian cells. 

Because the antibodies available rigainst MPTP-PEST are not 
sufficiently sensitive to detect the protein by irnmunofluorescence 
in non-trançfectrd cells, we utilked the expression system de- 
scribed in Figure 4 to study its cellular localization. Insertion of 
threr HA epitope tags at the Y-terminus of MPTP-PEST allowed 
us to visurtlize HA-MPTP-PEST by indirect immunofluorescence. 
Trrinsfected COS- I cells have been employed extensively in 
imrnunofluorescence studies. It has k e n  shown for many different 
proteins that localization to the appropriate compartmcnts is not 
altercd becriuse of the ectopic expression [14.24.3]. The results 
from the immunofluorescencr (Figure Jb)  and rellulrtr frac- 
tionation expsriments (Figure 5 )  clearly indicate that MPTP- 
PEST is a cytoplasmic protein. 

Interestingly. Flores et al. [26] recently demonstrated that 
PTP-PEP. ii PTPase with sequence similarity to MPTP-PEST. is 
located in the nucleus. Thesc authors identified a region of 12 
rimino acids rnnSKPKGPRNPPSA7g9) located toward the C- 
terminus ris being responsible for this nuclear translocation. As 
a similar scquence ('6'GKPKGPREPPSE"3) is also present in 
MPTP-PEST, they proposed that this PTPase will also localize 
to the nucleus. However. our  data d o  not agree with this 
hypothesis. .4 possible explanrition is the presence of two 
glutamate residues at positions 769 and 773 of MPTP-PEST. 
Negatively charged amino acids in the nuclear localization signal 
are very infrequent. and it has been proposed that such acidic 
residues counterict the basic amino acid motif present in al1 
nuclear localization signais [27. Thus these subtle differences 
could account for the disparity in targeting between MPTP- 
PEST and PTP-PEP. 

PEST sequences were originally defined as k i n g  pro tein motifs 
that promote rapid degradation (1. Having localized four of 
these clusters within the C-terminal region of MPTP-PEST, we 
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performed pulse-chase r.(rpcrimrnts to detrrminc if MFTP-PEST. ( according to the mode1 proposed by Roses et al. [7]. wns also a 
protcin with a short half-life. Surprisingly both endogenous 
MPTP-PEST from Ltk- cells and HA-MPTP-PEST from COS- 
1 cells transiently transfcctcd with the pACT.4GZ-MPTP-PEST 
Leetor dernonstrritrd very stable half-lives of over J h. The Iück 
of consçwrition oc PEST sequenccs betwtxn human ri nd mouse 
h r m s  suggrsrs chat PEST motifs may not be involved in mpid 
protetn dcgrridation for this enzyme. Except for one rcpon by 
Lortschcr et al. [IS]. the PEST-motif mode1 is solcly based on 
amino acid comparison. In addi t~on.  recent data from Prikdel et 
al. [29) tend to suggest thrit the PEST hypothçsis lacks uni- 
rcrsality. Interestingly. Flores et 31. [76] also drrnonstrrited that 
rhc prrssnce of PEST sriqucnces ~vi thin PTP-PEP docs not confcr 
rapid degrridation. 

Tht: presencc of a stable MPTP-PEST fret: in the cytosol 
indicrites thrit it could potentialiy act on  an? tyrosine-phosphoryl- 
~ t e d  cytop1;lsmic substrritrs. We have demonstrated that. 
although this PTPrise contains many PEST motifs. rapid protein 
degradation does not cippear t o  be a msrtns by which it is 
rcgulatcd. Thus it is Iikely that the activity of this enzyme is 
rcgulrited by other mcchanisms. such as  post-trrinslational 
modification. [ndced. phosphorylation has k e n  identified in 
PTP-PEST [ 3 O ]  (.A. Charest and M. L. Trsmblay. unpublishrd 
w r k )  and in severrti othrr PTPaws [31-331. The recrnt ob- 
servation that MPTP-PEST incrracts with SUC protcins suggcsts 
~ ino thr r  mcthod of regdation of  this enzyme [9]. 

This MPTP-PEST-SHC interaction providrs ducs to the 
funcrion of MPTP-PEST. Ic is possible that. aftcr rrceptor 
tyrosine kinase activation. the rccruitment of SHC protcins to 
thcse recrptors may also relocrilize a fraction of the MPTP-PEST 
proteins towrtrds tyrosine-phosphorylated signalling mulecules 
and therefwe modulate the extrnr of tyrosine phosphorylation. 
Cnder these conditions. MPTP-PEST could açt as ;t modulator 
of downstresim targcts such ris the Ras pathway. In order to 
understand the roles and regulation of  MPTP-PEST. potcntial 
substrrites and addirional assocratcd proteins of MPTP-PEST 
ici11 have to bc identitied. 
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The work presented in Chapter 2 constitutes a basic 

characterization of the tyrosine phosphatase MPTP-PEST at different 

Ievels. The MFTP-PEST cDNA was isolated from an 18 day old mouse 

embryonic kidney library and sequenced in its entirety. The catalytic 

activity of the MPTP-PEST enzyme was assayed in vitro and its cellular 

Iocalization demonstrated using indirect immunofluorescence 

miaoscopy and biochemical approaches. The expression of the MPTP- 

PEST gene during murine development was assayed by RT-PCR and 

Northem blot analysis. Finally, the stability of the MPTP-PEST protein 

in  vivo was determined using pulse-chase analysis. The 

characterization of the latter feature demonstrated that the presence of 

PEST sequences within MPTP-PEST do not mediate a rapid degradation. 

The information gathered by such general initial characterization 

of any given protein helps to direct the subsequent research towards the 

design of experiments that will ultimately Iead to a better 

understanding of the function of the protein in question. The 

delineation of the molecular basis behind the different messages 

observed by Takekawa et al., (1994) and denHertog et al., (1992) and their 

potential roIe(s) in processes such as ce11 transformation and 

differentiation will further enhance our understanding of the function 

of MPTP-PEST. To address this issue, the genomic structure of MPTP- 

PEST was charaderized. This work constitutes part of Chapter 3. 



Structure of the Murine MPTP-PEST Gene: Genomic Organization and 

Chromosomal Mapping. 
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Protein tyrosine phosphatases comprise a large fam- 
ily of enzymes that are involved in the control of ceiiu- 
lar tyrosine phosphorylation. We have used A phage 
analysis to elucidate the complete genomic structure 
of an intracellular rnember of this family, the murine 
MPTP-PEST gene. Eight overlapping A phage clones 
representing the MPTP-PEST locus were isolated from 
a 129/sv mouse genomic library. The gene spans over 
90 kb of the mouse genome and is composed of 18 ex- 
ons, 10 of which constitute the catalytic phosphatase 
domain. Detailed cornparison of the position of introd 
exon boundaries of the phosphatase domain of MPTP- 
PEST to those of several other protein tyrosine phos- 
phatases indicates that the MPTP-PEST catal-vtic do- 
main contains additional exons as a consequence of 
the insertion of novel introns. In addition, this analysis 
reveals a strong conservation of the genomic organiza- 
tion within the catalytic domain of the protein tyro- 
sine phosphatase gene family. Finally, fluorescence in 
situ hybridization with MPTP-PEST genomic DNA re- 
fines the map position of MPTP-PEST to mouse chro- 
mosome SA3 to B. This result is in agreement with the 
previous mapping of the human PEST gene to chromo- 
some 7q11.23, a region of synteny with the centromeric 
portion of mouse chromosome 5. 1- isss kadernie R-. tnc. 

INTRODUCTION 

Protein tyrosine phosphatases (PTPases') and ki- 
nases are directly responsibIe for the regulation of the 
level of tyrosine phosphorylation in the cell. Tyrosine 
phosphorylation has been shown to be an important 

d regulatory mechanism by which many different types 
of signaling cascades are controlled (for review see 

' To whom correspondence should be addressed a t  McGill Univer- 
sity, Department of Biochemistry. Rm. 904. 3635 Drummond St.. 
.Montreal, Quebec, Canada H3G LY6. Telephone: ( 5 14 1 398-7290. 
Fax: (514) 398-7384. E-mail: trembla~medcor.mcgill.ca. 

'Abbreviations used: PTPases, pmtein tyrosine phosphatases; 
FISH, fluorescence in situ hybndization; SSCP. single-strand confor- 
maticnal polyrnorphism; DAPI. 4.6-diamidino-2-phenylindole; PEST. a pmline. glutamate. serine. and threonine; CITR. vntranslated region. 

Schlessinger and Ullrich, 1992). Several reports di- 
rectly implicate PTPases in the modulation of ce11 
growth (Mishra and Hamburger. 1993; Noguchi et ai., 
19931, cellular differentiation (den Hertog et al., 19931, 
and transformation (Zheng et al., 1992; LaForgia et ai., 
1991 J. However, little is known about the mechanisms 
and controls by which PTPases modulate these pro- 
cesses. 

We and others have recently isolated and character- 
ized the cDNA of a ubiquitously expressed member of 
the PTPase supergene family, the murine MPTP-PEST 
t Charest et al., 1995; EMBL Accession No. X86781). 
Aiso known as PTPG1, P19-PTP, and TY43 (Takekawa 
et al., 1992; den Hertog et al., 1992; Yi et al., 1991; 
Yang et al.. 1993 1, this cytosolic PTPase of 112 kDa ( 775 
amino acids j is phosphoryiated on serine and threonine 
residues in uico. Interestingly, phosphorylation on a 
single serine residue cser 39) decreases its enz-vrnatic 
activity [Garton and Tonks, 1994). As its name implies, 
MPTP-PEST contains PEST motifs. Located wi thin the 
C-terminal portion of the enzyme, these motifs are 
stretches of amino acids lich in proline, glutamate, ser- 
ine, and threonine that are thought to confer rapid 
degradation to the proteins that harbor them (Rogers 
et al., 1986). We have determined that the hdf-life of 
k1PTP-PEST is over 4 h, thus indicating that in this 
case, the PEST sequences found within MPTP-PEST 
are not involved in rapid protein degradation processes 
(Charest et al., 1995). 

Recent findings suggest that PTP-PEST may be in- 
volved in celIular transformation. First, aberrant PTP- 
PEST transcripts were found in a human colon cancer 
ce11 line (Takekawa et al., 1994). Second, the PTP-PEST 
protein was shown to bind to the adaptor rnolecule SHC 
both in vitro and in vivo (Habib et al., 1994; A. Charest 
and M. L. Tremblay, unpublished resdts). This inter- 
action suggests that the PTP-PEST enzyme might play 
an important role in signal transduction events related 
to oncogenesis. Since a strong correlation between the 
accumulation of genetic abberations and the process of 
tumorigenicity exists (Fearon and Vogelstein, 19901, 
the presence of mutated PTPases in specific signal 
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transduction pathways controlled by tyrosine phos- 

( phorylation may represent a key step in the course 
leading to cellular transformation. Thus, the determi- 
nation of the gene structure and chromosomal position 
of MPTP-PEST is essential to understanding the mech- 
anisms involved in the production of mutated forms of 
this enzyme. 

Here we report that the murine MPTP-PEST gene 
comprises 18 exons and spans a region of over 90 kb of 
the genome. In addition, the map of the introdexon 
junctions of MPTP-PEST was used to compare the 
structural features of the catalytic domains of different 
PTPases. Finally, fluorescence in siru hybridization 
i FISH) studies reveal that  the MPTP-PEST gene rnaps 
to chromosome 5A3- B. 

bLATERL4L.S .-GY D METHODS 

Genonirc l i b r a e  screening. .A Lambda DASH II 1 Stratagenei 
phage genornic library made from 129/sc mouse female kidney DNA 
ta kmd gift of Dr. Janet  Rossant. Slt. Sinai HospitaI. Toronto. Can- 
ada, was acreened by standard plaque-hybndization techntques us- 
ing '-P-labeled MPTP-PEST cDNA as a probe. One million plaques 
were cransferred to nylon membrane 1 Hybond-N', -4mershamr and 
prehybridized for 2 h a t  42°C in .SO? formamide. 3.4.< SSC i 1 i SSC: 
0.15 .il NaCl. 0.015 .U sodium cltrate. pH 7.41. 10 mC1 Tris-CI. pH 
7.5, 1% SDS. 10% dextran sulfate, and l x  Denhardt's solution 10.02CC 
FicoIl 400, 0.02q polyvinyl pyrrolidone. 0.02'7 bowne serurn albu- 
min) in the presencc of 100 $g/ml of nonhomologous DN.4 rfrorn 
salmon testes. Pharmaciai. The heat-dcnatured "P-radiolabeled 
MPTP-PEST cDNA probe was added a t  10" cpmrnl and hybridized 
a t  4-C for 16- LS h. Filters were washed three times with I ' <  SSC - 
0.1% SDS a t  4TC and three tirnes at 65'C with 0 . 2 ~  SSC-O.If'+ 
SDS. Positive plaques underwent three more cycles of purification. 
and phage DXA was isolated using a standard liquid lysate proce- 
dure ( Davis et al.. 1987 i. 

Radiolabeling 0fcD~V.4 and drgoriucleot~des probes. The 4IPTP- 
PEST cDN.4 was rndiolûbeled to (i specific activity > 101' cpm/pg DNA 
by [ U - ~ ~ P I ~ C T P  I 3000 CL'mmol, DuPont-NENi incorporation with a 
T: DNA polyrnerase randorn-pnmed DNA labeling kit iT: Quick 
Prime. Pharmacial. Synthetic oligonucleotides were 5'-end-labeled 
with [ y-ePIATP i6000 Cürnmol. Dupont-SENI and T,  polynucleo- 
tide kinase (New England Biolabsi to a specific activity of 10' cpm/ 
pmol. Unincorporated nucleotides were rernoved by centrifugation 
through Sephadex G-50 1 Pharmacial spin columns. 

Southern blotting. suhcloning. and sequence anabsis. .+ phage 
D N h  i 1-5 pgt were digested with a series of restnction enzymes. 
electrophoresed thmugh a n  0.85 agarose gel. and capilla- trans- 
ferred in 0.4 iV NaOH to positively charged nylon membranes tHy- 
bond-N' 1. Membranes were ûnalyzed by Southern blot hybridization 
with '"P-labeled cDNA and oligonucleotide probes according to the 
manufacturer's protocol. Selected fragments obtained by preparntive 
digestion of the  appropriate .\ phage DNA were separated by electro- 
phoresis on 1% agarose gels. isolated by GeneClean II kit I Bio 101 l. 
and subcloned into pBluescript II KS( - 1 vector (Strntagenei. DNA 
sequences of MPTP-PEST exons and introniexon boundaries were 
detennined by the dideoxynucleotide chain termination method us- 
ing either ( 11 a Sequenase kit ( U.S.B. i with alkali-denatured double- 
stranded plasmid DNA templates or I 2) a Circurnvent thermal cycle 
DNA sequencing kit i New England Biolabs I and "P 5 '-end-labeied 

P%:z~scence in situ hyhridiration. Youse chmrnosomes were 
prepared according to the procedure descnbed in Feng et al. i 1994). 
A 19-kb phage DNA probe was labeled with biotinylated &TP using 
the BioNick labeling kit ~Gibco-BRLJ. The denaturation of siides 
and probes. hybridization. and signal detection and amplification 

were performed according to Heng et al. I 19921 and Heng and Tsui 
( 19931. 

Orga niration o f  the :WTP - PEST Gene 

Using the MPTP-PEST cDNA ( Charest et al . ,  1995 ,, 
we have isolated eight k phage clones representing the 
entire MPTP-PEST gene locus from a 129/sr. mouse 
genomic Iibrary. The sizes of the inserts ranged be- 
tween 15 and 20 kb. The eight overlapping A phage 
genomic clones ( Fig. 1) were used to analyze the MPTP- 
PEST gene structure. The introdexon boundaries were 
mapped by sequencing the exons in their totaiity and 
portions of the adjacent introns using oligonucleotides 
derived From the cDNA sequence. A graphical represen- 
tation of the MPTP-PEST gene is shown in Fig. 1. The 
2.3-kb open reading frame coding for MPTP-PEST is 
distributed over 18 exons that range in size from 31 bp 
(exon 16) to 974 bp (exon 13) isee Table 1,. The sizes 
of the introns varied between 0.7 and > 14 kb in size. 
Exon 1 contains the initiating methionine codon as  well 
as 3 15 bp of 5 ' UTR i Charest et al. ,  1995 i. The catalytic 
domain of PcIPTP-PEST is partitioned over 10 exons 
i exons 2 to 11 L The C-terminal region of MPTP-PEST 
is encoded by 8 exons (exons I l  to 18 1. The PEST mo- 
tifs, a s  defined by the PESTFIND algorithm (PCGENE, 
Intelligenetics ) ( PEST 1, amino acids 540-553; II, 065- 
,578; III, 666-679; and IV, 728-740), found within the 
C-terminal portion of the protein are encoded by exons 
13 (1 and II), 13 i III), and 17 (IV). Exon 18 contains 
the translation termination codon and sequences that 
are part of the 3'  UTR. Analysis of the DNA sequence 
spanning the introdexon boundaries (Table 1) showed 
that al1 exons had splice donor and splice acceptor sites 
conforrning to the 5 ' gt. . . .ag 3 ' splice junction con- 
sensus (Breathnach and Chambon, 1981; Shapiro and 
Senapathy, 198'7 1. 

Consertlation o f  Intron / E-con Boundaries arnong 
PTPases 

The catalytic unit of PTPases is composed of approxi- 
mately 300 amino acids and contains residues that are 
conserved among al1 known PTPases. We compared the 
genornic structure of the MPTP-PEST PTPase domain 
to those of human and murine receptor type protein 
tyrosine phosphatases, CD45 (Hall et al., 1988; Saga 
et al., 1988; Johnson et al. ,  1989), LAR ( O'Grady et al., 
19941, and LRP (Wong et al., 19931, and to that of the 
intracellular PTPase, MPTP (Mosinger et al., 1992 ), 
which was recently mapped in our laboratory. The 
alignment is shown in Fig. 2. The phosphatase domain 
of MPTP-PEST is encoded by IO exons (exons 2 to 11 1, 
whereas a11 other enzymes are encoded by no more than 
8 exons. Seven of the nine introdexon splice site posi- 
tions found in the MPTP-PEST PTPase domain are 
also found in other protein tyrosine phosphatases; two 
of the nine positions are unique to MPTP-PEST. The 



GENE STRUCTURE .Li CHROMOSOME MMPING OF MPTP-PEST 

FIG. 1. Schematic representation of the organization of the rntuine MPTP-PEST gene. The upper portion of the figure shows the 
arrangement of the 18 exons idepicted by vertical lines and numbers,. Two ICA,, repeats I within introns 2 and 13) are shown. The eight 
overlapping h phage clones are depicted in the bottom part of the figure. HindIII and Kpnl restriction endonuclease sites are represented 
by circles and triangies, respectively. The figure is drawn to scale. 

intron present in the DNA sequences encoding the es- 
sential catalytic motif (\TICSAC;) is found in al1 
PTPases analyzed (Fig. 2 i .  

Chrornosornal Localization of lMPTP- PEST 

Insert DNA isolated from h phage clone 1 (19 kb in 
length) was used to determine the regional location of 
the MPTP-PEST gene in the genome by FISH (Figs. 
3A and 3B>. FTSH was perf'ormed on mouse metaphase 
chromosomes. One hundred mitotic figures were ana- 
lyzed, and 90 displayed a positive signal iindicated by 
double staining) on chromosome 5 near the centromere 
(Fig. 3A). There were no detectable signals on other 
chromosomes. A total of 10 mitotic figures were photo- 
graphed, and the data are sunimarized in Fig. 3C. By 
comparison to DAPI banding patterns, seven chromo- 
somes displayed positive signals on chromosome 5 to a 
region equivalent to band A3 and three chromosomes to 
band B (Fig. 3C). Therefore, the location of the murine 
MPTP-PEST gene on chromosome 5 was assigned to 
the region A3 to B. 

DISCUSSION 

To gain insight into the function of MPTP-PEST, we 
have isolated and characterized the gene coding for this 
enzyme. A contig of eight A phage genomic clones was 
assembled and used to determine the genomic struc- 
ture of the MPTP-PEST gene ( Fig. 11. The gene consists 
of 18 exons distributed over 90 kb of genomic DNA. The 
amino acid sequence deduced from the exon nucleotide 
sequence perfectly matched that of the iMPTP-PEST 
cDNA (data not shown). The catalytic domain of MPTP- 
PEST (amino acids 58-465) is encoded by 10 exons 
(exons 2 to I l ) ,  whereas its C-terminal portion is dis- 
tributed over 8 exons ( 11 to 18). The four PEST motifs 
of MPTP-PEST are encoded by exons 13 (PEST motifs 
1 and II), 14 (III), and 17 (M. All introdexon splice 
junctions followed exactly the 5' gt. . . .ag 3' rule of 
donor and acceptor sites (Breathnach and Chambon, 

( 1981; Shapiro and Çenapathy, 1987). 
Northern blot analysis of MPTP-PEST h m  different 

sources reveals a single mRNA species of 3.8 kb (Charest 
et al.. 1995; Yi et ai., 1991). The presence of a single 

transcript suggests that the MPTP-PEST message is not 
subject to alternative splicing. However, due to the rela- 
tively s m d  size of several exons (see Table 1) and the 
inherently weak resolving properties of Northern blots, 
we cannot exclude the possibiliw of alternative spiicing. 

Comparison of the genomic structure of the MPTP- 
PEST catalytic domain to those of other pmtein tyrosine 
phosphatases indicates that the 10 exons encoding the 
phosphatase domain of MPTP-PEST represent the most 
intricate introdexon organization of a.ü PTPases charac- 
terized so far. For instance, two introdexon junctions 
(between exons 4 and 5 and exons 6 and 7) are absent 
from the other PTPases described. The remaining seven 
of the nine introdexon boundary positions of the MPrP- 
PEST phosphatase domain are present in most (and in 
certain cases, in ail, of the other FTPases examined (Fig. 
2). The unique presence of two additional introns within 
the catalytic domain of MPTP-PEST suggests that the 
MPTP-PEST gene is the product of a diferent branch of 
the P'ïF'ase phylogenetic tree. The catalytic domains of 
MPTP-PEST and that of another PEST-containhg en- 
zyme, PTP-PEP (Matthews et al., 1992; Flores et al., 
19941, share a 62% sequence identity at the amino acid 
level (data not shown). This makes the PTP-PEP gene 
the closest known relative of the MPTP-PEST gene. It 
will be interesting tu compare the genomic organization 
of the L I ! - P E S T  phosphatase domain to that of the 
closely related PTP-PEP enzyme. 

Using FISH, we have determined the location of the 
MPTP-PEST gene in the genome. The gene was shown to 
map to chromosome 5A3-B. The mapping of the MPTP- 
PEST gene to the centromeric portion of mouse chromo- 
some 5 is in accordance with results obtained for the 
human homologue. The human PTP-PEST gene has been 
shown to reside on the proximal portion of the long arm 
of human chromosome 7, more precisely to 7q11.23 (Ta- 
kekawa et al., 1994). This region is syntenic to the centro- 
meric portion of mouse chromosome 5 where the murine 
MPTP-PEST gene has been located by our FISH analysis. 
Based on the mapping of the human PTP-PEST homo- 
logue, our resuits extend the proximal Iimit of this syn- 
tenic region h m  7q21 to 7qll. 
In an attempt to define the chromosomal location of 

the MPTP-PEST gene more precisely, we screened, by 



TABLE 1 

a Splice Junction Sequences, Exons Sizes, and Estimated intron Sizes of the .Murine MPTP-PEST Gene 

Exon 5 '-Spiice site 3'-Splice site 
Exon site Intron size 

1bp1 ! k b ~  

single-strand conformational polymorphism (SSCP), The location of the MPTP-PEST gene to the centro- 
many progenitor strains of recombinant inbred (RI) pan- meric portion of chromosome 5 maps in the vicinity of 
els for poIymorphism in several exons as weil as in two the reeler ( r i )  mutation. Interestingly, the human PTP- 

( (CAL repeats located within intmns 2 and 13 Wig. 1,. PEST gene maps to the same locus as Zellweger syn- 
Using SSCP analysis, no polymorphisms were detected drome (Takekawa et al., 1994), a human counterpart 
in any of the RI progenitor strains analyzed (NJ, AKR/ of reeler. However, a candidate gene responsible for the 
J, C57BWôJ, C3H/HeJ, DBAAJ) (data not shown). reeler phenotype that encodes a gene product related to 
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FIG. 2. Cornparison of the introril'exon boundaries of different R P a s e  domains. The amino acid sequences of the camlytic subunitisi 
of mCDl5. h m .  d'l'Pa. MPTP, and SIPTP-PEST were aligned using a previously established consensus sequence chlatthews et al., 
1990). The capital letters of the consensus sequence represent amino acid residues that are  fully conserved arnong the five different PTPases 
examined. Lowercase lerters depict residues that are  less conserved. The introdexon boundaries arc represented by an inverted T with the 

a size of the intron [ in  kbl indicated below. n.a., not available. 

extracellular matrix proteins has recently been identi- fied in a human colon cancer ce11 line by what appears 
fied (d'&cange10 et al., 1995 1. to be aberrant splicing (Takekawa et al., 1994). Using 

Human PTP-PEST transcripts are genetically modi- the introdexon boundaries of the murine MPTP-PEST 
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FIG. 3. Localization of the murine MPTP-PEST gene to mouse chromosome 5A3-B. (A) A biotinylated insert of A phage clone I was 
hybridized to mouse metaphase chromosomes and detected according ta Heng et al. ( 1992) and Heng and Tsui. ( 1993 ). < B J Chromosomes were 
counterstained with DAPI and the hybridization signal was assigned to chromosome 5.1 Ci Idiogram of mouse chromosome 5 surnmarizing the 
resd t s  of 10 different photographs. Each dot represents a double fluorescent signal on chromosome 5. 

gene as a reference, these atypical PTP-PEST mes- 
sages observed by Takekawa et al. (1994) can be ex- 
plained. The two abnormal rnRNAs isolated would be 
the result of the removal of exon 3 (the DC2 forml and 
exons 3 and 4 (the DC3 forrn) during splicing of the 
messages. In both cases this alternative splicing would 
disrupt the reading kame, giving rise to prematurely 
terminated inactive enzymes. The circurnstances under 
which such splicing phenornena would occur and the 
biological consequences in reIation to signal transduc- 
tion and carcinogenesis are  yet to be determined. 
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Chapter 3 describes the gene structure and the chromosomal 

localization of MPTP-PEST. MPTP-PEST is composed of 18 exons of 

variable sizes spread over 90 kb of genomic DNA. Alignment of the 

intron/exon boundaries of the catalytic domain of several PTPases 

including MPTP-PEST, revealed that PTPases originated from a 

common ancestral gene. Interestingly, the genomic structure of the 

catalytic domain of MPTP-PEST is different from the other PTPases 

analyzed. It contains additional introns in comparison to the other 

PTPases, suggesting that during evolution, the MPTP-PEST gene 

branched off at a different time from the other PTPases. 

By localizing the chromosomal region to which a gene is 

situated, one might uncover a link between the gene in question and a 

previously established mutant phenotype. The information generated 

by this kind of analysis usudy  allows one to study the potential role(s) 

that a gene might play in the etiology of a given mutant phenotype. 

In order to verify if the gene for MPTP-PEST localizes to a 

chromosomal region shown to be involved in the generation of 

mutant phenotypes, Fluorescence ln Situ Hybridiza tion (FISH) was 

performed using MPTP-PEST DNA as a probe. It was shown that the 

MPTP-PEST gene localizes to mouse chromosome 5, region A3-B, a 

region adjacent to the reeler locus. However, a candidate gene 

responsible for the reeler phenotype has recently been isolated (Goffi.net 

1995). The chromosomal mapping of MPTP-PEST to mouse 

chromosome 5A3-B is in accordance with a previous report indicating 

that the human PTP-PEST gene is situated on human chromosome 

7q11.23, a region syntenic to the proximal portion of mouse 

chromosome 5. Localking the MPTP-PEST gene to mouse chromosome 



5 extended the proximal boundary of this synteny between human and 

mouse. 

In addition to the gene structure and chromosomal localization, 

the identification of proteins that associate with MPTP-PEST may 

uncover important aspects of the function of MPTP-PEST. The next 

chapter desaibes the characterization of the association between MPTP- 

PEST and Shc proteins. 



CHAPTER 4 

Phosphotyrosine-independent Binding of SHC to the NPLH Sequence 

of Murine Protein-tyrosine Phosphatase-PEST. Evidence for Extended 

PTBPI Domain Recognition Specificity. 
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The phosphotyrosine binding (PTB) or phosphoty- 
rosine interaction (PI) domain of the proto-oncoprotein 
p52SHC binds to an NPXpY consensus sequence found in 
several growth factor receptors (Kavanaugh, W. M., 
Turck, C. W., and Williams, L. T. (1994) Science 268,1177- 
1179). The amino-terminal region of p52SHC, which in- 
cludes the PTBPI domain, has been previously shown to 
associate with protein-tyrosine phosphatase-PEST 
(PTP-PEST) in oivo (Habib, T., Herrera, R, and Decker, 
S. J. (1994) J. BioL Chem 269, 25243-25246). We report 
here the detailed mapping of this interaction in a mu- 
rine context using glutathione S-transferase fusion pro- 
tein binding studies and peptide competition assays. We 
show that the interaction between murine SHC and mu- 
rine PTP-PEST is mediated through the PTWPI domain 
of murine SHC and an NPLH sequence fomd in the 
carboxyl terminus of murine PTP-PEST. Since this in- 
teraction is not dependent on the presence of a tyrosine- 
phosphorylated residue in the target sequence, this re- 
veals that the PTWPI domain of SEC can recognize both 
tyrosine-phosphorylated sequences and non-tyrosine- 
based recognition motifs. 

External stimuli are ofken transduced into inmacellular 
events via specific cascades of protein tyrosine phosphorylation 
and dephosphorylation, which are modulated by the  presence 
and availability of adaptor molecules, protein-tyrosine kinases, 
and PlTases.' The cytoplasmic adaptor molecule SHC is 
among many mediators that act downstream of receptor type 
and cytoplasmic protein-tyrosine kinases. SHC can transform 
fibroblasts and differentiate PC12 ceils in a Ras-dependent 
manner. SHC regdates these signaling events through its own 
tyrosine phosphorylation on residue Tyr;)" and by mediating 
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the assembly of tyrosine-phosphorylated signaling complexes 
via its SH2 and phosphotyrosine binding/phosphotyrosine in- 
teraction iPTB/Pf) domains (1-3). The p52SHC NH2-terminal 
PTBPI domain is a novel phosphotyrosine recognition motif 
that is stntcturally w e l a t e d  to SH2 domains and that was 
shown to bind with high affinity to the autophospho~lation 
sites of c-Erb B2 TyrLx2 (4, 5 ) .  T r M  Tyr4'' (6-81, EGF recep- 
tor Tyr'"8 (6,7,9. 10). c-Erb B3 Tyr1309 (9). insulin-like growth 
factor 1 receptor T 8 6 0  ( 111, insulin receptor T V 0  ( 121, and 
the phosphorylated T e 0  residue of polyoma middle T antigen 
( 13). Peptide competition assays and screening of phosphoty- 
rosine peptide libraries have demonstrated that the PTB/PI 
domain of ~ 5 2 ' ~ ~  preferentially binds to the sequence NPXpY 
twhere X represents any amino acid and pY indicates a phos- 
photyrosine residue) with high affinity (5 ,  9. 10, 13, 14). The 
PTBPI domain represents a noveI mechanism whereby signal- 
ing proteins can interact with tyrosine-phosphorylated protein 
targets. 

MPTP-PEST is a ubiquitously expressed, stable, cytosolic 
PTPase of 112 kDa that  is characterized by the presence of four 
Pro, Glu, Ser, and Thr-rich PEST domains within the COOH 
terminus ( 15). MPTP-PEST is heavily phosphorylated on ser- 
ine and threonine residues,%d the enzymatic activity for the 
human homologue can be modulated by phosphorylation on 
specfic serine residues ( 16). Another possible mode of regula- 
tion by which the activities of protein-tyrosine phosphatases 
might be controlied is via association with other proteins (for 
review see Ref. 17). Recently, it has been demonstrated that the 
human PTP-PEST protein interacts with the human ~ 5 2 " ~ '  
protein in oivo (18). In this report we demonstrate that the 
murine p52SHC protein binds to MPTP-PEST via its PTBPI 
dot~airi  and that this binding is not dependent on the presence 
of a phosphotymsine residue in the target sequence. 

LUTERULS AW rMETHODS 

MPTP-PEST and mSHC GST Fusion Proterns-GST fusion proteins 
were constructed using standard recombinant DNA technalogy. The 
constructs created by polyrnerase c h a h  reaction were sequenced using 
Sequenase version 2.0 (Amersham Corp.). 

Celi Cdrure. Imrnunoprecipitation. and Immunoblotting-NIH 3T3 
and COS-1 cells were maintaineci in Dulbecco's modified Eagle's me- 
dium supplemented ~ i t h  10% fetd  calf serum and antibiotics. Tran- 
sient transfection of COS-1 cells with hp52SHC cDNA and EU-hLPTP- 
PEST cDNAs was achieved by electmporation a s  described previously 
(15). CeU lysate preparations and immunoprecipitation experiments 
were performed according to previously pubtished protocols (19). h- 
munoblotting on polyvinyii dene difluoride membranes (MiIlipore) using 
antibodies described below and horseradish peroxidase-conjuga sec- 
ondary antibodies was performed with cherniluminescence reagents 
(DuPont NEN or Amersham) according ta the manufacturer's pr~tocol. 

rosioe-bindirig/phosphotyro~ine interaction domain; HA. h&na&uti- 
nui antigen; PTP-PEST, protein-tyrosine phosphatase-PEST; MPTP- 
PEST. murine PTP-PEST; mSHC, murine SHC. A. Charest and M. L. l?-embIay, unpublished results. 
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Western: 4 PTP-PST 

FIG. 1. SHC interacts with MPTP-PEST in uivo. 500 pg of h i  
3T3 ce11 lysates were immunoprecipitated using an affinity-purifieci 
anti-SHC polyclonal antibody. The imrnunoprecipitates ( I R  and 10 
of NM 3T3 ceii lysates were subjeaed ta Western blot and anaiyzed for 
the presence of bound MPTF'-PEST proteins carroui) using an anti- 
MPTP-PEST antibody. 

-4ntiMies-The antiSHC antibodies used in this study were a 
monoclonal antibody. SI4620 (Transduction Laboratories). directed 
against residues 359-473 of human SHC. and a rabbit polyclonal 
antibody raised against a GST-SH2 domain fusion protein of human 
p5pHC ( 1). The anti-MF'TP-PEST polyclonal antibody and the anti-HA 
tag monoclonal antibody l2CA5 have been described elsewhere i 15). 
These antibodies were used for immunoprecipitntion and immunoblot- 
ting procedures as described in the figure legends. 

Binding Studies-The GST fusion proteins were expressed in bacte- 
n a  and affinity-purified on glutathione-Sephamse beads t Pharmacia 
Biotech Inc.) according to published protocols (201. Protein concentra- 
tions were determineci using the Bio-Rad Protein Assay (Bio-Rad) ac- 
cording to the manufacturer's protocol. Peptide concentrations were 
determineci spectrophotornetrically a t  A?., (21). Human SHC or HA- 
MFiF-PEST-transfected COS-1 cell lysates were incubateci with the 
appropriate GST fusion proteins bound to glutathione-Sepharose beads 
for 90 min a t  4 OC in HNMETG buffer f 191 suppIemented with protease 
and phosphatase inhibitors. The beads were then washed 4 cimes in 
HNTG buffer ( 19). separated by SDS-polyacrylarnide gel electrophore- 
sis. and imrnunoblotted with the nppropriate antibady ns described 
above. Peptide competition studies were performed as described above 
except that the peptides were preincubated with the GST fusion pro- 
teins for 30 min nt 4 'C prior to the addition of reIl lysates. 

Murine p52SHC Binds to MPTP-PEST in Vico-A recent 
report demonstrated the in vivo interaction between the NH, 
terminus of the human p52SHC protein with the COOK termi- 
nus of the human PTP-PEST PTPase using a yeast two-hybrid 
system and CO-immunoprecipitation studies i 18). We sought to 
determine if this interaction also exists in a murine context 
since the COOH termini of human and rnurine PTP-PEST 
enzymes display weak (74%) sequence identity relative to the 
highiy conserved NE,-terminal catalytic domains (98% 
identityL3 

Using an affinity-purified antibody that recognizes SHC pro- 
teins, we immunoprecipitated endogenous rnSHC from NIH 
3T3 ceiis under conditions where protein complexes have been 
shown to CO-immunoprecipitate (19). The anti-mSHC immuno- 
precipitates were screened for the presence of endogenous 
MPTP-PEST by Western blotting using an anti-MPTP-PEST 
antibody (Fig. 1). An immunoreactive band of 112 kDa (corne- ( sponding to the electropharetic sive of MPTE'-PEST) is present 
in the anti-mSHC immunoprecipitates. In addition, screenings 
of a mouse embryonic cDNA library in a yeast two-hybrid 

A. Charest and M. L. Trernblay, unpublished observation. 

Ftc. 2. MPTP-PEST associates with t h e  PTB dornain of mSHC. 
Schematic representation (A) and Coomassie Blue-stained SDS-poIy- 
acrylamide gel electrophoresis i i 3 ,  of the different GST-SHC fusion 
proteins useci in the MPTP-PEST/SHC binding studies are shown. C. in 
vitro binding of HA-MPTP-PEST proteins to vanous GST-SHC fusion 
proteins. Identical amounts (100 ngi of the different fusion pmteins 
shown in A and B were hcubated with COS-1 ce11 lysate (200 pg, 
transiently expressing HA-MPTP-PEST proteins (sec 'Materials and 
Methods") Bound HA-MPTP-PEST pmteins were detected using the 
anti-HA tag antibody 12CA5. The schemntic in A is drawn to scale. 
Some of the GST-Shc fusion proteins shown in B display inherent 
proteol-vtic degradation associnted with baccerial expression of SHC 
proteins. Irnmunoblot analpis  in C is represcntative of three different 
experiments. 

system using p52SHC as a prube resulteci in the isolation of 
cDNA clones coding for --PEST (data not shown). These 
results indicate that SHC proteins interact with MPTP-PEST 
in vivo. 
SHC Binds to MPTP-PEST via Its NH,-terminal PTB / P I  

Domain-In order to deiineate the minimal binding require- 
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ments that are involved in the interaction between mSHC and 
MPI'P-PEST, GST-mSHC fusion protein constructs were used 
in an in vitro binding assay. Using these GST fusion proteins 4 representing different regions of mSHC (Fig. 2. A and 8). aie 
identified the portion of mSHC that binds to HA-MPTP-PEST 
(Fig. 2C). The segment of mSHC that lies between amino acids 
47 and 209 represents the minimai region required for binding 
to HA-MPTP-PEST in vitro. Since the boundaries of this region 
in ~ 5 2 ' ~ '  coincide with those of the recentIy characterized 
PTBPI domain (4, 6, 7), we used a mutated mSHC PTE/PI 
domain GST fusion protein that is defective in binding ty- 
rosine-phosphorylated residues ( 6 )  in order to determine if the 
binding of p52SHC to bfNT-PEST is mediated thmugh the 
PTBPI domain. As  shown in Fig. SC, the mutated mSHC 
PTBPI domain GST fusion protein does not bind to HA-bLPTP- 
PEST (compare the lunes labeled GST-Shc-1-209 with GST- 
Shc-1-209 1107-116). These results represent evidence that 
the P T W I  domain of p52SHC interacts with LMPTP-PEST. 

The PTBIPI Domain of  SHC Binds to IMPTP-PEST via an 
NPLH Sequence-lt has been previously shown that the bind- 
ing of human SHC to the COOH terminus of human PTP-PEST 
occurs through a region situated between amino acids 416 and 
775 of human PTP-PEST (18). We found that the mSHC/ 
i'vIPTP-PEST interaction is mediated by the PTB/PI domain of 
mSHC, a domain that was shown to be dependent on the 
presence of a phosphotyrosine residue on the target sequence. 
However, since no tyrosine residues are present in the equiv- 
alent sequence of MFTP-PEST. this interaction raises the pos- 
sibility of a novel, tyrosine-independent target sequence 
binding. 

Using a senes of GST-BIIPTP-PEST fusion proteins repre- 
senting different portions of the MPTP-PEST COOH terminus 
(Fig. 3, A and B), the region of MPTP-PEST required for bind- 
ing to p52SHC was determined by an in vitro binding assay. The 
segment located between amino acids 576 and 613 of iMPTP- 
PEST is sufficient for binding to ~ 5 2 ' ~ '  protein tFig. 3 0 .  
Interestingly, this region contains a sequence i599NPLHm2) 
that closely resembles the p52SHC PTBPI domain binding con- 
sensus motif (NPXpY). In order to verib if the 5%PLHm2 
sequence of MPTP-PEST is involved in the interaction with 
mSHC, a triple point mutant (N599I,P600A,H602L) was cre- 
ated in the GST-EriPTP-PEST471-613 fusion pmtein back- 
ground (Fig. 3, A-C, lunes labeled NPXH mut 1 and andyzed for 
binding to ~ 5 2 ' ~ '  in vitro. By mutating al1 three amino acids 
tN5991, P600A, and H602L). the binding of GST-blPTP-PEST- 
471-613 fusion protein to p52SHC was completely abolished 
(Fig. 3C). These results indicate that the sequence NPXH, 
found in the COOH terminus of MPTP-PEST, is required for 
binding to SHC in uitro. 
The same mutations tN5991, P600& and H602L) were re- 

created in a Ml-length HA-MPTP-PEST protein, and the ef- 
fects of these substitutions were studied in vivo. Emmunopre- 
cipitation of SHC proteins in COS-1 cells transfected with 
either wdd type or NPXH mutant HA-PLPTP-PEST cDNAs 
were probed for the presence of associateci HA-MPTP-PEST 
molecules by Western blot analysis (Fig. 4). An immunoreac- 
tive band of 120 kDa corresponding to HA-MPTP-PEST co- 
immunoprecipitated with SHC in cells transfected with the 
wild type HA---PEST cDNA but not in the NPXH mutant 
cDNA transfectants despite an equal arnount of both HA- 
MFP-PEST pmteins present in the lysates (Fig. a). This 
demonstrates that mutating d l  three amino acids (N5991, 
P6OOA, and H602L) in the context of a fuii-length HA-MPTP- 
PEST protein eliminates binding to SHC proteins in vivo. 

Residues Ansg9 and Pro6'' of the 599NPLp2 Sequence of 
MPTP-PEST Are Essential for Binding in Vitro-In order to 

PEÇT47ïd13 NPXH mut d 
m ria 

FIG. 3. SHC binds to a region of MPTP-PEST containing an 
NPXH sequence. Schematic representation CA) and Coomassie Blue- 
stained SDS-polyacrylamide gel electrophoresis (BI of the GST-MPTP- 
PEST fusion proteins used in the SHCIMPTP-PEST binding studies are 
shown. C, in vitro binding of human p5ZSHC proteins ta various MT- 
M.F'TP-PEST fusion proteins. Identicai amounts il00 ng) of the CST 
fusion proteins shown in A end B were incubated with 200 pg of 
extracts from COS-1 ceUs transiently expressing human pro- 
teins as described under 'Materials and Metfrods." Bound human 
p52JHC proteins (arrow, were detected using an antiSHC monoclonal . 
antibody. The schematic in A is drawn to scale. Results shown in C are 
representative of three dinerent experiments. 
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western: al X A 5  

wes t er n : aSHC 

wes t er n: al 2045 

Rc. 4. The NPXH sequence of --PEST is required for 
binding to SHC proteins in uiuo. A, SHC proteins were immunopre- 
cipitated h m  identical amounts of extracts derived h m  COS-1 cells 
transiently expressing either wild type HA---PEST f WT HA- 
MPTP-PEST) or HA---PEST with ' B B N p W  mutateà to 
5B91ALLB02 WPMI mut HA-MPTP-PES'I') and untransfected cells as a 
control. SHC immunoprecipitates were andped for the presence of 
bound HA-MPTP-PEST proteins (upper panel) and for p46SHC. ~ 5 2 ' ~ ~ .  
and proteins (louer panel) using the anti-HA tag antibody 
12CA5 and an anti SHC monoclonal antibody. respectively. B. 40 pg of 
total ceU lysate (TCL) from the U e r e n t  transfectants were analyzed 
for the presence of HA-MP'ïP-PEST proteins (wild type and NPXH 
mutant) by Western blot anaiysis using the anti-HA tag 12CA5 anti- 
body as describeci under materiais and Methods." The results shown in 
A and B are representative of two independent experiments. 

determine which residues within the NPXH sequence are nec- ( essary for biading, rue studied the abiiity of synthetic peptides 
(corresponding to the arnino acid sequence of MPTP-PEST 10- 
cated between residues 594 and 607) to compete for binding of 
the mSHC PTBPI domain to fU-length HA-MPTP-PEST in 
vitro. Tyrosine-phosphorylated and nonphosp horylated pep- 

Peptide concen tr at ion @M) 

In 

Pept ide O UY 
9 9 9  O 0 O O O O O V > V ) c u  

FIG. 5. Cornpetition by peptides for HA-MPTP-PEST binding 
to the PTB/PI domain of SEC. 200 p.g of totai ceii lysate h m  COS-1 
ce& transiently expressing HA-MPTP-PEST proteins were incubated 
wi th  100 ng of GST-SHC-1-209 fusion protein in the presence of the 
indicated concentrations of peptides (sec 'Materials and Methocisu). The 
noncompeted. bound HA-MPTP-PEST was visualized by Western blot 
andysis using the anti-HA tag antibody 12CA5. The blots were then 
stripped and repmbed with an anti-GST antibody to assess loading 
(data not shown). The amino acid sequences of the synthetic peptides 
are as foiiows: EGFR-1 la, L'40QISLDNPDYQQDF""; EGFR-P-1148, 
"40QIStDNPDpYQQDF'"2; PEST-WT, 5RIPLSFTNPLHSDDWHB<"; 
and SmmbIed. DPSTHSHPLWLNFD. The results s h o w  are repre- 
sentative of at l e s t  three independent experiments. 

tides corresponding to a previously characterized SHC PTBPI 
domain recognition site on the EGF receptor (10) were used a s  
controls in the same assay. The phosphorylated EGF receptor 
peptide (EGFR-P-1148) is capable of competing with full-length 
HA-MPTP-PEST for binding to the PTBPI domain of mSHC 
(Fig. 5) at concentrations (between 50 and 500 ml similar to 
those reported in other systems ( 10). Accordingly, its nonphos- 
phorylated counterpart (EGFR-1148) is inefficient at  compet- 
hg with HA-MPTP-PEST for binding. A peptide representing 
the MPTP-PEST wild type sequence (PEST-WT) cornpetes but 
at concentrations that are intermediate to those of the phos- 
phorylated and nonphosphorylated EGFR peptides (Fig. 5 i .  

Similar peptide competition assays ( 10.13) and phosphopep- 
tide library screenings ( 14 have previously demonstrated that 
the - 3 Asn, - 2 Pro, and the phosphoryIated tyrosine residue in 
the NPXpY motif are essentiaI for SHC PTB/PI domain inter- 
action with the autophosphorylated sites of growth factor re- 
ceptors. To determine the contribution of these residues in the 
NPXH-mediated binding of SHC to MPTP-PEST, mutant pep- 
tides were used in the same in vitro competition binding as- 
says. An MPTP-PEST mutant peptide beanng a N599D sub- 
stitution is incapable of competition (Fig. 5). A peptide with a 
P600G mutation is aiso inefficient a t  competing for binding 
even at the highest concentration (Fig. 5).  This suggests that 
both the ~sn"'  and Pro" residues are involved in the binding 
of HA-MPTP-PEST to the PTWPI domain of SHC in uitro. 
However, substituting the His6"* for an N a  residue did not 
alter the competing potential of the peptide when compared 
with the wild type peptide. Finally, a peptide with a scrambled 
amino acid sequence is incapable of competing for binding. 
These results indirectly demonstrate that the binding of the 
PTB/PI domain of SHC to the =%TPLH~~~ sequence of MPTP- 
PEST in v i t ro  is dependent on both the Amsw and F h e O O  

amino acid residues. 
Residw His602 IS Necessary for Binding in Vivc+The affin- 

ities with which the WT and H602A MPTP-PEST peptides bind 
to the PTB/PI domain of SHC in vitro are intermediate to those 
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displayed by the phosphorylated and nonphosphorylated 
EGFR peptides t Fig. 5). This difïerence could represent inher- 
ent  variations in the afiïnities of the SHC PTB/PI dornain for 

( phosphoryIated EGF receptor and MPTP-PEST target se- 
quences. in which case che Hism2 residue would not be a n  
essential binding cornpanen: in vitro. Conversely, this differ- 
ence could reflect a situation where absent histidine post-trans- 
lational modification is necessary for high affinity binding. In 
this case, the presence of a histidine residue a t  amino acid 
position 602 would be essential for binding. 

In order to determine the importance of the HissO' residue 
for binding to SHC proteins in viuo. we mutated the histidine to 
an alanine residue in the context of a full-length HA-MPTP- 
PEST. This H602A mutant was assayed for binding to SHC 
proteins in uivo under the same conditions described in the 
legend to Fig. 4. -4nti-HA-EuiPTP-PEST immunoblot analysis of 
SHC immunoprecipitates reveals that the wild type but not the 
H602A mutant CO-immunoprecipitated with SHC proteins (Fig. 
6) .  Upon longer exposure of Fig. 6 (upper panel), less than 5% 
of the H60W HA-LMPTP-PEST CO-immunoprecipitated with - - 
SHC proteins tdata not shown). This demonstrates that chang- 
ing the histidine 602 to an alanine residue drastically reduces 
(>95%) the binding of SHC proteins to HA-MPTP-PEST in 
uiuo, suggesting that  the HisGWL residue is essential for binding 
to SHC proteins in uiuo. 

DISCUSSION 

Our data show that the PTBPI dornain of SHC binds to the 
murine protein-tyrosine phosphatase-PEST via an ,WXH se- 
quence. Cornputer aided searches of sequence data bases have 
revealed that  severai proteins contain regions that have se- 
quence simiiarity to the PTBPI domain of p52SnC (22). How- 
ever. their ability to bind to tyrosine-phosphorylated residues 
in a sequence-specific manner and/or to non-phosphotyrosine- 
containing recognition sequences remains to be determined. 
The amino acids immediately surrounding the NPLH sequence 
in human and murine PTP-PEST proteins are identicai tdata 
not shown) and could underscore the importance of this region 
given the relatively low overall identity between the two COOH 
termini. 

Previous peptide cornpetition assays reveal that distinct 
amino acids located a t  different positions in the SHC PTBPI 
domain binding sites of the EGF receptor, polyoma rniddle T 
antigen, and c-Erb B2 proteins are essential for binding (5. I O ,  
13). In al1 three examples, the Asn at  position -3 and the 
phosphorylated tyrosine residue are absolutely essential for 
high affinity binding, but the location of other required amino 
acids seems to be protein-specific (data not shown). Although 
these experiments were performed by different groups and 
under slightly different conditions, the results nevertheless 
demonstrate that  the modality of binding for the PTB/PI do- 
main of SHC does not appear to be universal. This diversity 
and the recent NMR studies of both the PTB/PI domain of SHC 
(23) and of a PTBPI domain recognition binding sequence i 13) 
suggest that  structural components of the SHC PTBIPI domain 
and its recognition binàing site are cntical. Therefore, a de- 
tailed mutagenic analysis of the surrounding amino acids of the 
5 % P ~ ~ 6 0 2  sequence of MPTP-PEST could define the require- 
ments for binding of the SHC PTBPI domain to the nonphos- 
photymsine target sequence of MPTP-PEST. Such analysis 
could unmask unique residues requKed for binding in a non- 
phosphotymsine-dependent manner. 

The  necessity for the Hise02 residue in MPTP-PEST for bind- 
ing to SHC proteins in vivo, in addition to the lower binding 
afinit ies displayed by the nonmodified wild ~ p e  and H602A 
mutated MPTP-PEST peptides in vitro, suggest that the Hisa* 
could be pst-translationalIy modified. Phosphohistidine is an 

Western a l X A 5  

Western aÇH C 

al- 

1 t6 - 
la? - 
5- 

Western: a t X A S  

-- 

Frc. 6. The His- residue of MPTP-PEST is necessary for bind- 
ing to SHC proteins in viuo. A, SHC proteins were immunoprecipi- 
tateci h m  equal amounts of lysates derived From COS-1 cells tran- 
siently expressing either wild type t WT) HA-LMPTP-PEST or HA- 
M P - P E S T  with an H602A mutation and untransfected œlls as n 
coatrol. SHC immunoprecipitates were probed for the presence of bound 
HA-MFP-PEST proteins (upper panel, Western:&) and for SHC 
proteins (lower panel, Western:uSHC) as described under 'Materials 
and Methods.' B. 20 pg of total ce11 lysate (TCL) h m  the different 
transfectants wete probed for the presence of HA-MPTP-PEST proteins 
twild type and H602A mutant) by immunoblot analysis as described 
above. 

important intermediate in prokaryotic signal transduction 
pathways involved in processes such as chernotaxis (24) and 
porin expression (25). Phosphohistidine has k e n  found in 
many eukaryotic proteins and has recently been implicated in 
eukaryotic signal transduction in platelets (26). The cytoplas- 
mic tail of P-selectin (a leukocyte adhesion molecule) undergoes 
rapid and transient histidine phosphorylation on the peptide 
sequence 'gsNpHSH772, where both histidine residues are po- 
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tential sites of phosphorylation following thrombin or collagen 
stimulation of platelets (26). It is  therefore possible that the 
sequence 5%PLH602 of =-PEST codd be phosphorylated 
on the His602 residue and that  this pst-translationai modlfi- 
cation is required to achieve high affinity binding to SHC 
proteins much in the same way phosphorylation of tyrosine 
residues leads to an  increase in binding afinity. Phosphoryla- 
tion, be it on histidine or other phosphorylatable amino acids, 
may be an essentiai recognition parameter by which PTBPI 
domain binding occurs in a tyrosine-independent manner. Our 
data demonstrating a phosphotyrosine-indepe~dent binding 
for this domain serves to underscore the need to re-evaluate the 
specificiw of this interaction. 

In conclusion, we demonstrate that  the PTBPI domain of 
SHC interacts with the non-phosphotyrosine-based NPLH se- 
quence of MPTP-PEST. In vivo and in virro studies established 
that the Asn and Pro residues at positions -3 and -2,  respec- 
tively, are essentiai for binding and that the histidine residue 
at position O may require post-translational modification for 
high affinity binding to SHC proteins. 
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The 

interaction 

discovered 

work presented in Chapter 4 describes in detail, the 

between the adaptor protein Shc and MPTP-PEST. It was 

that the amino-tenninal FTB domain of Shc binds to a core 

sequence found in the carboxy-terminal portion of MPTP-PEST. 

Detailed analysis of the modalities of binding revealed that the PTB 

domain of Shc binds to an NPLH sequence within MPTP-PEST. This 

data represents the first reported example of a PTB domain interacting 

with a protein in a non-phosphotyrosine dependent fashion. 

The association between Shc proteins and MPTP-PEST imply that 

MPTP-PEST may play a role in Shc-rnediated signaling events. This 

suggests that the function of MPTP-PEST is to regulate 

phosphotyrosine-mediated signal transduction pathways. 

The carboxy-terminal region of MPTP-PEST contains several 

proline-rich sequences similar to those that have been shown to act as 

binciing sites for SH3 domains of many different signaling proteins. The 

next chapter describes the propensity of these proline-rich sequences to 

act as binding sites for SH3 domains and the functional signihcance of 

this kind of binding. The results reported in Chapter 5 further our 

knowledge of the function of MPTP-PEST in signal transduction 

events. 



Coupling of the Murine Protein Tyrosine Phosphatase PEST to the 

Epidemd Growth Factor (EGF) Receptor through a Src Homology 3 

(SH3) Domain-Mediated Association with GrbZ 



The involvement of murine protein tyrosine phosphatase-PEST 

(MPTP-PEST) in signal transduction pathways is suggested by its 

interaction with the adaptor protein SHC and by the presence of five 

proline-rich stretches in its non-catalytic carboxyl terminus. 

Proline-rich sequences have been identified as binding sites for Src 

homology 3 (SH3) domains found in proteins assoaated with signal 

transduction events. The ability of these sequences to act as SH3 

domain recognition motifs was investigated using bacteridy expressed 

SH3 domains derived from several different signalling proteins. In  

v i t r o  binding assays indicate that four of these proline-rich sequences 

constitute speofic binding sites for both SH3 domains of the adaptor 

molecule Grb2. Wild type Grb2, but not Grb2 proteins corresponding to 

loss-of-function mutants in the Caenorhabd iris elegans sem-5 pro tein, 

associate with MPTP-PEST in v ivo .  Experiments in EGF receptor 

expressing cells show that the interaction between MPTP-PEST and 

Grb2 results in the binding of this complex to activated EGF receptors. 

In addition, identification of putative subs trate(s) of MMP-PEST have 

revealed a candidate protein of 120 kDa which is tyrosine 

phosphorylated upon EGF stimulation. Together, these results desaibe 

a novel SH3 domain-dependent recruitment of a protein tyrosine 

phosphatase to an activated receptor tyrosine kinase and establish a 

potential role for MPTP-PEST in signalling pathways at the molecular 

level. 

Src homology 2 (SH2) and Src homology 3 (SH31) domains are 



consewed structural motifs mediating protein-protein interactions 

between effector proteins that are responsible for transmitting various 

regdatory cascades from cell surface receptors (for review see (1)). These 

protein modules are often the unique constituena of a growing group 

of signal transduction proteins know as "adaptor" proteins which 

appear to function as f'co~ectors", integrating several extracellular 

signals into multiple intracellular signalling pathways. One of the 

s tronges t evidence implicating adaptor molecules as critical 

components in signal transduction pathways arose from studies of the 

Grb2/Semd/Drk protein. 

Grb2 is a ubiquitously expressed protein of 25 kDa that is composed of a 

single ÇH2 domain and two flanking SH3 domains. Grb2 is functionally 

and structurally homologous to the product of the C. elegans gene 

sem-5 (2, 3) and to the Drosophila gene drk  (4, 5). Genetic and 

biochemical studies have demonstrated that one of the functions of 

Grb2 is to link tyrosine-phosphorylated receptors to Ras activation via 

the SH3 domain-mediated binding of Grb2 to SOS, a guanine nucleotide 

exchange factor for Ras (2, 4-10). In addition to its role in the Ras 

signalling pathway, Grb2 appears to be involved in other pathways, 

including the regulation of membrane ruffles formation, possibly 

through its interaction with the cytoskeleton (11, 12). 

MPTP-PEST is a ubiquitously expressed protein tyrosine phosphatase 

(PTPase) that is composed of a single NH2-terminal phosphatase 

domain and a non-catalytic COOH-tenninal tail. The latter has been 

shown recently to interact with the phosphotyrosine binding (PTB) 

domain of the  adaptor oncoprotein SHC in  a 

phospho tyrosine-independent manner (13) thus implicating MPTP- 



PEST in SHC mediated cellular functions. In addition to this SHC PTB 

domain binding site, the COOH-terminus of MPTP-PEST contains 

several probe-rich sequences (14). Proline-rich motifs have recently 

been demonstrated to serve as bùiding sites for SH3 domains which are 

present in several signaihg proteins (11,15-18). Stnibural and binding 

studies using many different SH3 domains have led to the generation 

of models for SH3 domain-ligand interactions and to the 

characterization of two classes of SH3 domain binding sites. Class 1 sites 

display a R-X-X-P-X-X-P consensus sequence (single letter amino acid 

code, where X represents any amino aad residue) whereas dass II sites 

consist of a P-X-X-P-X-R consensus sequence (for review see (19)). 

In this report we demonstrate that the proline-rich sequences of 

MPTP-PEST constitute specific binding sites for the SH3 domains of the 

adaptor protein Grb2. We also show that this SH3 domain-mediated 

interaction serves as the molecular basis for the recruitment of 

MPTP-PEST to activated EGF receptors. Finally, we reveal the existence 

of a potential tyrosine phosphorylated substrate of 120 kDa for 

MPTP-PEST. The data presented here suggest that the MPTP-PEST/Grb2 

interaction may play a role in growth factor receptor-mediated signal 

transduction events. 

MATERIALS GND MTXHODS 

Cell culture and Transient Transfections. NIH 3T3, COS-1, 293, and 

HER14 cells were maintained in Dubelcco's modified Eagle's medium 

supplemented with 10% fetal bovine serum and antibiotics. Sf9 cells 

were maintained at 25 OC in complete Grace's insect ce11 medium 

(Gibco-BRL) supplemented with 10% fetal bovine serum and 



antibiotics. Electroporation of COS1 ceus was performed as previously 

desaibed (14). 293 cells were transiently transfected using the calcium 

phosphate coprecipitation method (20) using 50 pg/mL of plasmid 

DNA. 48 hours post-transfection, cellular proteins were harvested as 

described (13) and analyzed by western blot and/or  

immunoprecipitation as desaibed below. 

Recombinant Proteins, Binding Studies and Protein Overlay 

(FarWesterd Assays. The GST fusion proteins described herein were 

prepared from their respective cDNAs by polymerase chain reaction 

(PCR) using oligonucleotide primers flanking the appropriate domain 

boundaries. Mutation of the catalyticaiiy essential cysteine residue 

(Cys231) of MPTP-PEST to a senne residue in a GST fusion protein 

consisting of the catalytic domain of MPTP-PEST (GST-PEST-1-453aa) 

was generated by PCR. The recombinant polyhistidine HA-tagged 

MPTP-PEST protein (6XHis-HA-MPTP-PEST) was constructed in the 

baculovirus transfer vector pP10 (21) using standard recombinant DNA 

technology. Recombinant baculoviruses were then generated using a 

linear AcMNPV DNA Transfection Module (Invitrogen) and used to 

infect Sf9 insect cells. Cells were harvested 4 days after infection and the 

6XHis-HA-MPTP-PEST recombinant proteins were affinity purified 

from ceU lysates on a Ni2+ -NTA-agarose column (Qiagen) according to 

previously described protocols (22, 23). GST fusion proteins derived 

from the pGEX-2TK vector were expressed in E. coli and affinity 

purified on glutathione-Sepharose beads (Pharmacia Biotech Inc.) 

according to established protocols (24). The purified GST-SH3 domains 

(NH2- and COOH-) of Grb2 were labelled with [y 32PJATP (NEN) using 

protein kinase A (Sigma) according to the manufacturer's protocol and 

thrombin deaved to remove the GST moiety. Protein concentration 



and in vitro binding studies ushg GÇT fusion proteins were performed 

as described elsewhere (13). Overlay assays using 32P-labelled Grb2 SH3 

domains as probes were performed according to established protocols 

(25). 

Antibodies, Immunoprecipitation, and Immunoblot ting. The 

anti-human Grb2, the anti-human EGF receptor LA22 (Upstate 

Biotechnology Inc.), the anti- Phosphotyrosine PY20, and the 

anti-human EGF receptor L2 (Transduction Laboratories) are 

monoclonal antibodies. The anti-human Grb2 C-23 (Santa Cruz 

Biotechnology) is a polydonal antibody. The rabbit anti-MFTP-PEST 

polydonal and the anti-HA tag monoclonal antibodies have been 

described elsewhere (14). These antibodies were used for 

immunopreupitation and immunoblotting procedures as described in 

the figure legends. Cell lysate preparation, immunoprecipitation and 

immunoblotting experiments were performed as previously described 

(13). 

RESULTS AND DISCUSSION 

The capacity of MPTP-PEST to regulate tyrosine phosphorylation by 

virtue of its catalytic nature, its ability to bind to the adaptor protein 

SHC (13) and the presence of proline-rich sequences in the carboxyl 

terminus suggest potential role(s) for MPTP-PEST in signal 

transduction events. These proline rich stretches may serve as binding 

sites for SH3 domains found in proteins involved in signalling 

cascades. In order to verify the ability of the proline-rich sequences 

within the MPTP-PEST enzyme to act as SH3 binding sites, in vi t  ru 

binding studies were conducted using a total of eleven GST-SH3 



domain fusion proteins derived from different signalling molecules 

(Fig. la). The SH3 domain of the viral oncoprotein v-Src and the full 

length SH3-SH2-SH3 adaptor protein Grb2 specifically bound to HA- 

MPTP-PEST proteins in vitro (Fig. la). To corroborate these results 

under in vivo conditions, MPTP-PEST immunoprecipitates from NIH 

3T3 cells were examined by immunoblot analysis for the presence of 

endogenous c-Src and GrbZ proteins. Immunoblotting of MPTP-PEST 

immunoprecipitates using an anti-Src antibody failed to detect the 

presence of Src proteins (data not shown) suggesting that specific i n  

vivo interactions between Src and MPTP-PEST do not exist under these 

conditions. However, the presence of immunoreactive Grb2 proteins in 

endogenous and HA-tagged MPTP-PEST imrnunoprecipitates using 

anti-Grb2 antibodies (Fig. lb) demonstrates that MPTP-PEST interacts 

with Grb2 in vivo thus validating the results obtained from the GST 

fusion protein binding studies. 

A series of GST fusion proteins derived from Grb2 (Fig. 2a, upper panel) 

were generated in order to idenûfy the necessary domain(s) (i.e. SH3rn, 

SH2, and SH3(c)) required for binding to MPTP-PEST. Both SH3 

domains (SH~(N) and SH3(cl) but not the SHZ domain are capable of 

binding individually to recombinant purified MPTP-PEST proteins i n 

vitro (Fig. 2a, lower panel). Interestingly, GST fusion proteins 

containing both SH3 domains (i.e Grb2-FL and SH~(N)-SH~(~)), displayed 

a higher degree of binding to MPTP-PEST. Simiiar synergistic binding 

have previously been reported for interactions desaibed between GrbZ 

and SOS proteins (26). These results demonstrate that the adaptor 

molecule GrbZ associates with the tyrosine phosphatase MPTP-PEST 

through either or both SH3 domains. 



Figure 1. GRB2 interacts with MPTP-PEST in vitro and in vivo. A) 

Binding of SH3 domains to MPTP-PEST in vitro. Identical amounts 

(100 ng) of the indicated GST-SH3 domain fusion proteins (in addition 

to the SH3 domains of RasGAP, Ndc and Crk, data not shown) were 

incubated with cell lysates (200 pg) of COS1 cells transiently expressing 

HA-MPTP-PEST proteins. Bound HA-MPTP-PEST proteins were 

detected by western blot analysis using the anti-HA tag antibody. B) 

Interaction between MPTP-PEST and Grb2 in vivo. 1 mg of celi lysates 

from NIH 3T3 cells (upper panel) or COS1 cells transiently expressing 

the indicated proteins (lower panel) were immunoprecipitated with 

anti-MPTP-PEST and anti-HA tag antibodies respedively. The immune 

complexes were subjected to western blot and analyzed for the presence 

of bound Grb2 proteins using monodonal (upper panel) and polydonal 

(lower panel) antiGrb2 antibodies respectively. TCL represents 10 pg of 

total ceil lysate used as a control. 
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The binding preferences of both SH3 domains in relation to the five 

proline-rich sequences of MPrP-PEST (Pro 1-5) was determined using 

GST fusion proteins containing each of the five proline-rich domains 

(Fig. 2c). These GST fusion proteins (Fig. 2d, upper panel) were 

subjected to protein overlay analysis using 32P-labelled Grb2 SH30  and 

SH3(Q domains (Fig. 2d, middle and lower panels) as probes. The 

results from the overlay assays demonstrate that the SH~(N)  domain 

preferentially binds to the GST-Pro 1 and GST-Pro 4 cowtructs. 

Interestingly, both Pro 1 (PPPKPPR) and Pro 4 (PPPLPER) sequences 

belong to dass II SH3 domain binding consensus sequence (PXXPXR). 

The S H ~ ( N )  domain of Grb2 has been shown to bind to proline-rich 

motifs belonging to dass II consensus sequences such as those found on 

the hSos 1 (PPPVPPR, PPAIPPR and PPLLPPR), hSos2 (PPPLPPR, 

PPPPPPR, PPPWLR and APPVPPR) and Cbl (PPVPPPR) proteins (26, 

27). Sequence cornpanson between these Grb2 SH~(N)  binding sites and 

MPTP-PEST Pro 1 and Pro 4 reveals a high degree of identity. The 

binding affinities for each of these proline-rich sequences of 

MPTP-PEST, hSosl-2 and Cbl need to be determined. The observation 

that these effector molecules bind to an adaptor protein via the same 

SH3 domain raises the possibility of cornpetitive mechanisms thus 

creating additional regdatory processes. 

The SH3(c) domain of Grb2 preferentially binds to the GST-Pro 3, 

GST-Pro 4, and GST-Pro 5 constructs (Fig. 2d, lower panel). Pro 3 

(PPRPDCLP) and Pro 5 (PKGPREPP) sequences do not conform to any 

canonical SH3 binding consensus sequences and therefore might 

represent novel SH3 binding motifs. Detailed mutagenic analyses of 

these sites could reveal variations on established SH3 binding sites. 



The fact that the SH3 domains of Grb2 bind to different subsets of 

proline-rich sequences on htPTP-PEST (with the exception of Pro 4) 

suggests that both SH3 domains of a Grb2 molecule could 

simultaneously bind to different sites on MPTP-PEST. This bipartite 

interacting phenornenon could in part be responsible for the synergistic 

binding effect observed when both SH3 domains are present on the 

same molecule (Fig. 2a, lower panel). A detailed three-dimensional 

structure analysis of the spatial orientations of the proline-rich 

sequences in relation to each other and to their binding SH3 domain 

counterparts is essential to study the molecular basis underlying such a 

synergis tic effect. 

The adaptor protein Grb2 links proteins containing phosphorylated 

tyrosine residues to proteins with proline-rich sequences via its SH2 

and SH3 domains respectively. Grb2 has been shown to play an 

essential role in several signal transduction pathways including the 

activation of p2lras by growth factor receptors (for review see (28)). The 

SH3 domain-media ted Grb2/MPTP-PEST complex may participate in 

growth factor receptor signalling cascades analogous to the p2lras 

activation pathways. To test this hypothesis, in vivo reconstitution 

experiments were performed by transient co-expression of human EGF 

receptor, MPTP-PEST, and Grb2 proteins in 293 cells. MPTP-PEST 

immunoprecipitates from different combinatorial transfections (Fig. 3a) 

were analyzed for the presence of activated EGF receptors by western 

blot using an anti-phosphotyrosine antibody. Tyrosine phosphorylated 

EGF receptors were detected in MPTP-PEST immunoprecipitates from 

Grb2 CO-transfectants. However, activated EGF receptors were not 

detected in conhol transfectants lacking Grb2 (Fig. 3a, upper panel) 

suggesting that the presence of Grb2 is required for this in oivo 



Figure 2. Domain analysis of Grb2/MPTP-PEST interaction. A) 

Schematic representation of the different GST-Grb2 fusion proteins 

used in this study. B) Identical amounts (100 ng) of the different 

GSTGrb2 fusion proteins shown in (A) were incubated with purified 

baculoWus produced 6mIis-HA-MPrP-PEST (-10 pg) proteins. 1 pg of 

purified 6XHis-HA-MPTP-PEST protein was used as a control (cont.). 

Bound recombinant MPTP-PEST proteins were visualized by western 

blot analysis using the anti-HA tag antibody. C) Schematic 

representation of the different proline-rich sequences located at the 

COOH-terminus of MPTP-PEST and the corresponding GST fusion 

proteins used in the overlay (FarWestem) assay. The sequence of the 

proline-rich motifs contained within the GST fusion proteins is as 

foLlow: Pro 1,332PPPKPPR338; Pro 2, 3SPPEPHPVPPILTPSPPS-374; 

Pro 3, 519PPRPDCLPs27; Pro 4, 672ESPPPLPER682; and Pro 5, 

764PKGPREPP771. D) The different GST-Pro-rich fusion proteins 

represented in (C) were separated on SDÇ-PAGE and Coomassie 

Blue-stained (upper panel) or transferred to nitrocellulose membranes 

and probed with purified 32P-labelled NH2-terminus (middle panel, 

SH3(Nl) or COOH-terminus (lower panel, SH3(cl) SH3 domains of Grb2 

as described under "Materials and Methods". 
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interaction. The equivalent amounts of MPTP-PEST/Grb2 protein 

complexes in both EGF treated and non-stimulated cek (Fig. 3a, upper 

panel) suggest that this constitutive in oioo interaction does not seem 

to be modulated by EGF receptor activity. 

Mutant Grb2 proteins (P49L and G203R) corresponding to the loss of 

function mutants alleles n1619 and 112195 of the Grb2 C. elegans 

homologue sem-5 protein (2) were used to determine the involvement 

of the SH3 domains of Grb2 in the MPTP-PEST/Grb2/EGF receptor 

cornplex. These mutants were expressed either individually or as a 

double mutant and analyzed for their ability to mediate the binding of 

MFTP-PEST to activated EGF receptors in the in vivo reconstitution 

assay system desaibed above. The failure of aii three Grb2 mutants 

(P49L, G203R and P49L/G203R) to mediate this molecular interaction 

when compared to the wiid type Grb2 protein (Fig. 3a, upper panel) 

despite equivalent expression levels (Fig. 3a, middle panel) correlate 

with their reduced ability to interact with MPTP-PEST proteins (Fig. 3a, 

lower panel). Control immunoblot analysis of cellular lysates using 

anti-EGF receptor and anti-MPTP-PEST antibodies indicates identical 

amounts of EGF receptor and MPTP-PEST proteins in each transfectant 

(data not shown). The low levels of bound G203R Grb2 mutant proteins 

remaining in the MPTP-PEST immunoprecipitates (Fig. 3a, upper 

panel) appear to be insufficient in mediahg a trùnolecular interaction 

with activated EGF receptors in vivo. Threshold levels of 

MPTP-PEST-bound Grb2 complexes rnay have to be attained in order 

for this tri-molecular interactions to be detected. The low amounts of 

phosphorylated EGF receptors seen in the MPTP-PEST 

immunoprecipitates of the mutant Grb2 transfectants may represent 

residual binding from the Grb2 mutants and/or by endogenous (Le. 



wild type) Grb2 proteins and/or by SHC/MPTP-PEST complexes (13). 

Nevertheless, these resdts constitute evidence that the binding of the 

SH3 domains of Grb2 to the MPTP-PEST protein represents a principle 

requirement in the reaui tment of MPTP-PEST to the activa ted EGF 

receptor. 

These results were substantiated 

analyzing immunoprecipitates 

in a physiologically relevant context by 

of endogenous MPTP-PEST pro teins 

from quiescent and EGF stimulated cells expressing the human EGF 

receptor (HER14) (29) for the presence of activated EGF receptors. 

MPTP-PEST immunoprecipitates analyzed by immunoblot analysis 

using either anti-phosphotyrosine (Fig. 3b, upper panel) or anti-human 

EGF receptor (Fig. 3b, lower panel) antibodies reveal the presence of 

activated EGF receptors and that this phenomenon is dependent on 

tyrosine phosphorylation of the receptor. 

The Grb2 SH3 domain-mediated recruitment of cytoplasmic 

MPTP-PEST to membrane-bound EGF receptors might serve to 

relocalize the MPTP-PEST enzyme where it could fulfil its function by 

acting upon its substrate(s). In an attempt to identify substrate(s) of 

MPTP-PEST we exploited the observation that mutation of the 

conserved catalytically essential cysteine residue to a serine renders 

tyrosine phosphatases inactive but still permits substrate binding (30). 

This mutation maintains the three-dimensional structure of the 

catalytic domain (31) and ailows for the trapping and identification of 

potential substra te(s). A mutated MPTP-PESTc~ls was expressed as a 

bacterial GST fusion protein (aa 1-453) which comprises the catalytic 

domain of MPTP-PEST (14) and used in in oifro binding experiments to 

specifically detect tyrosine phosphorylated substrate(s) of MPTP-PEST. 



Figure 3. The activated human EGF receptor is found in a molecular 

complex with MPTP-PEST in vivo. A) 500 pg of cell lysates from 

untreated (-EGF) or EGF stimulated (+EGF) 293 cells transiently 

expressing the indicated proteins were immunopreapitated with an 

anti-MPTP-PEST polydonal antibody. MFïP-PEST immunoprecipitates 

were probed for the presence of bound activated EGF receptors (upper 

panel, Western: a pTyr) and Grb2 proteins (middle panel, Western: a 

Grb2) using anti-phosphotyrosine and anti-Grb2 antibodies respectively. 

10 pg of total cell lysate (TCL) from each fraction was analyzed by 

immunoblot for the presence of equivalent amount of Grb2 proteins 

(lower panel, Western: a Grb2). B) 1 mg of cell lysates from untreated 

(-EGF) or EGF stimulated (+EGF) HER14 ceils were immunopreapitated 

with preimmune antiserum (PI) or with anti-MPTP-PEST antiserum 

(1075). The immune complexes were separated by SDS-PAGE and 

analyzed by western blot using anti-phosphotyrosine (upper panel, 

Western: apTyr) or anti-human EGF receptor (lower panel, Western: 

aEGFR) antibodies. 20 pg of total cell lysate (TCL) were used as interna1 

controls on the immunoblots for the presence and state of activation of 

the EGF receptor. 
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Figure 4. MPTP-PEST recognizes a single tyrosine phosphorylated 

protein as a potential substrate in vi t ro .  1 mg of ce11 lysates from 

untreated (-EGF) or EGF stimulated (+EGF) Herl4 cells were incubated 

with purified wild type (WT) or cysteine 231 to serine mutant (C231S) 

GST-PEST-1-453aa fusion proteins. Tyrosine phosphorylated proteins 

recognized by the cataiytic domain of MPTP-PEST were detected by 

western blot analysis using an anti-phosphotyrosine antibody. 25 pg of 

total ce11 lysates (TCL) were used to control for the level of tyrosine 

phosphorylation in the protein extracts. 
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Affinity purified MPTP-PESTals and its wild type (WT) counterpart 

were incubated with celI lysates derived from quiescent (-EGF) or EGF 

stimulated (+EGF) HER14 celis. The protein complexes were then 

subjected to western blot analysis using anti-phosphotyrosine 

antibodies. A single tyrosine phosphorylated protein migrating on an 

SDSPAGE with an apparent molecular weight of 120 kDa (pp120) is 

specifically recognized by the mutant MPTP-PESTc23ls protein (Fig. 4). 

Phosphorylation of the pl20 is dependent on stimulation of the cells 

with EGF. This tyrosine phosphorylation event could be the result of a 

direct kinase activity of the EGF receptor on the pl20 or simply 

represents secondary phosphoryla tion events triggered by EGF receptor 

stiinulation. This in vitro assay does not distinguish between these two 

possible mechanisms of action. Binding of this pp120 to MPTP- 

PESTc23ls proteins could conceivably be the result of a 

substrate-independent protein-protein association where the 

MPTP-PESTC23lsbound pl20 would remain phosphorylated given the 

inactive state of the enzyme. To address this issue, an inactive splice 

variant deletion of the MPTP-PEST enzyme lacking amho acids 141-164 

which is the result of exon VI (32) being spliced out (Charest and 

Tremblay, unpublished results) was used in similar trapping 

experiments. This mutant MPTP-PEST protein was unable to interact 

with the phosphorylated pl20 (data not shown) suggesting that the pl20 

is not a tyrosine phosphorylated protein associated to MPTP-PEST but 

rather is a genuine substrate for MPTP-PEST. 

To determine the identity of the pp120, several antibodies directed 

against candidate proteins exhibiting a similar size and 

phosphorylation profile to this pp120 were tested by western blot 

analysis. Antibodies directed against p l 2 O m A P  (331, pl20cbl(34), Gab-1 



(35) and p12W-AS (36) failed to recognize pp120 suggesüng that it does not 

correspond to any of the proteins tested (data not shown). Additional 

experiments indicate that this pp120 is not MPTP-PEST (data not 

shown) despite the dose similarity in size. The identification of this 

pl20 substrate in addition to the function(s) arising from its tyrosine 

phosphorylation leveis represent essential elements in determining 

crucial aspects of MPTP-PEST function at the molecular level. 

The results described here enable the formulation of a mode1 (Fig. 5) 

whereby the MPTP-PEST enzyme, by virtue of its constitutive 

association with the adaptor molecule Grb2 through an 

SH3-proline-rich domain interaction, cm form molecular complexes 

with activated EGF receptors. This interaction occurs presumably via 

the SH2 domain of bound Grb2 to phosphorylated tyrosine residues on 

the EGF receptor (7). This complex can be the result of a direct 

trimolecular interaction (MPTP-PEST/Grb2/EGF recep tor) or could be 

mediated by other yet unidentified component(s). In either case, 

autophosphorylation of the activated EGF receptor is essential for the 

formation of the complex. The potential mobilization of MPTP-PEST 

proteins towards activated EGF receptors might serve to bring 

MPTP-PEST in close proximity to the pp120 substrate which is itself 

dependent on EGF for its phosphorylation. The consequences of this 

functional recruitment may reside in downstream events triggered by 

the modulation of tyrosine phosphorylation of the p120. 

Other previously characterized interactions between cytoplasmic 

protein tyrosine phosphatases and activated growth factor receptors 

include the SH2-containing tyrosine phosphatases SHP-1 (also known 

as SHPTP-1, SEP, He, and PTPIC) and SHP-2 (also referred to as 



Figure 5. Molecular mode1 of the function of MPTP-PEST. Speafic 

SH3-mediated interactions between the adaptor molecule Grb2 and 

proline-rich sequences of the wosine phosphatase MPTP-PEST allows 

for the recruitment of MTPT-PEST to the activated EGF receptor. This 

may result in a relocalization phenornenon whereby MPTP-PEST is 

reauited towards a potential substrate of 120 kDa (pl201 which becomes 

tyrosine phosphorylated upon EGF stimulation of cells. 
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SHPTP-2, SHPTP-3, Syp, PTP-2C, and PTPID). The ubiquitously 

expressed SHP-2 has been shown to directly bind via its SH2 domains to 

the phosphorylated EGF and PDGF receptor tyrosine kinases (37-39) as 

well as to the Tpr-Met oncoprotein (40) and the insulin signalling 

docking protein IRS-1 (41). Conversely, the hematopoietic specific 

SHP-1 interacts with the phosphorylated c-Kit (42) and erythropoetin 

receptors (43) in addition to the IL-3 chah (44). The presence of these 

PTPases in phosphotyrosine signalling events asaibes a regulatory 

function for these enzymes. Here we show that another cytoplasmic 

protein tyrosine phosphatase, MPTP-PEST, can indirectly associate to 

the activated EGF receptor via a novel SH3 domain-mediated binding 

to Grb2 thus potentially attributing analogous regulatory functions to 

MPTP-PEST in signaLling cascades. 

The bimolecular and modular interaction of Grb2 and MPTP-PEST may 

represent a prototype mechanism of reauitment given the ubiquitous 

pattern of expression of both of these proteins. Tissue speafic related 

members of each of these components may participate interchangeably 

in sirnilar interactions thereby conferring tissue and/or induction 

specifiaty by exposing such complexes to speciaiized tyrosine kinases 

and/or signalling cascades. For example, the closely related 

hematopoetic-specific PTP-PEP (45) and the more distant brain-specific 

striatum emiched PTPase STEP (46) also contain several putative SH3 

binding sites. The hematopoetic specific SH3-SH2-SH3 adaptor Grapl 

protein (47) together with these PTPases may participate in the 

regulation of signalling events via sirnilar SH3 domain-mediated 

interactions. 



The work presinted here assigns a potentiai role for MPTP-PEST in the 

context of signalling cascades involving the EGF receptor tyrosine 

kinase and the adaptor molecule Grb2. The identification of the pp120 

and the discovery of signalling systems which recniit MPTP-PEST in an 

analogous fashion are required to address the function of MPTP-PEST 

in signal transduction. 
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CHAPTER 6 

Discussion 



Clonkg of MPTP-PEST 

During Our search for PTPases expressed during murine 

embryogenesis, we isolated by RT-PCR and cDNA library screening, a 

novel member of the intracellular family of protein tyrosine 

phosphatases. The cDNA for this novel PrPase contains a single open 

reading frame of 2325 base pairs coding for a protein of 775 amino acids. 

Sequence analysis demonstrates that this protein is composed of a 

single catalytic domain located at the amino-terminus of the protein 

and a long carboxyl-terminal end rich in PEST sequences. The presence 

of this architectural signature motif in the human homologue 

prompted Yang et al., (1993) to name this enzyme protein tyrosine 

phosphatase (PTP)-PEST. 

PTPase domains are conserved polypeptides of -250 amino acids 

found in every PTPase identified to date. They are responsible for the 

intrinsic catalytic activity displayed by PTPases. They represent genuine 

protein domains since they can function adequately outside the context 

of a full  PTPase protein. This feature has enabled large scale expression 

and purification of several PTPase domains. The availability of high 

amounts of purified material has allowed for detailed enzymatic studies 

which ultimately lead to the elucidation of a mechanism for 

dephosphorylation. 

The activity of the catalytic domain of huma.  PTP-PEST has been 

analyzed in vi tro (Yang et al. 1993). It was found that bacterially 

expressed PTP-PEST PTPase domain can readily dephosphorylate 

tyrosine phosphorylated proteins and that several compounds can 

rnodulate the activity of the catalytic domain (Yang et al. 1993). W e 



performed similar experiments and dernonstrated that the PTPase 

domain of MPTP-PEST aIso displays intrinsic catalytic activity (Charest 

et al. 1995a) (Chapter 2). Interestingly, we discovered that the PTPase 

domain of MPTP-PEST shows specificity among phosphotyrosine- 

containing proteins. We f o n d  that a tyrosine phosphorylated synthetic 

peptide derived from the sequence surrounding a phosphorylated 

tyrosine residue on p34cdc2 was not dephosphorylated by MPTP-PEST. 

This demonstrates that the PTPase domain of MPTP-PEST can 

discriminate between substrates and tyrosine-phosphorylated proteins. 

This specificity suggests an inherent mode of regulation for the catalytic 

activity of MPrP-PEST. 

The catalytic domains of PTPases display various degrees of 

identity when compared to each other. Members of the same PTPase 

subfamily tend to have a higher degree of identity. Comparison of the 

PTPase dornain of MPTP-PEST to those of other PTPases reveals overali 

identities ranging between 30 and 70%. Ail but one MPase domains 

share -30% identities with the catalytic domain of MMP-PEST (A. 

Charest, M. L. Tremblay, unpublished observation), suggesting that 

MPTP-PEST is not related to any of these PTPases. However, the high 

identity (67%) between the enzymes PTP-PEP (Matthews et al. 1992) and 

METP-PEST may indicate an evolutionary relationship between these 

two proteins. The resemblance between MPTP-PEST and PTP-PEP, 

(PEST m i c h e d  mosphatase), goes further than the high degree of 

homology between their catalytic domains. PTP-PEP also has a similar 

overall architecture to MPTP-PEST. It is composed of an amino- 

terminal catalytic domain and carboxyl-terminal PEST sequences. This 

overall structural composition defines a novel subfamily of 

intracellular PTPases. 



The tissue distribution of these two PTPases is remarkably 

different. PrP-PEP is expressed primarily in cells of haematopoietic 

origin (Matthews et al. 1992), whereas PTP-PEST is expressed 

ubiquitously. This difference might refiect the possibility that both PTP- 

PEST and PTP-PEP serve similar functions, but in different systems 

given their pattern of expression. This is somewhat analogous to the 

Src family of tyrosine kinases, where structurally related members fulfil 

similar functions but in different systems due to their restricted 

expression patterns. Further insights into the functions of PTP-PEST 

and PTP-PEP, in addition to the discovery and characterization of 

related PTPases, will provide a framework upon which a general 

rnechanism of action for members of this novel famiiy of PTPases can 

be buil t. 

PEST sequences are thought to confer rapid degradation to the 

proteins which harbour them. The molecular mechanism upon which 

PEST sequences provide a rapid intracdular half life to proteins has yet 

to be established. In fact, with the exception of only two examples, the 

effect(s) of PEST sequences on protein half life have never been 

exanhed and is simply based on circumstantial observations. We have 

determined by pulsediase analysis that the half life of MPTP-PEST is 

over 4 hours (Charest et al. 1995a) (Chapter 2). In addition, Flores et al., 

(1995) have shown by similar means that the PTP-PEP protein has a 

long inhacellular half life (> 6 hours). This suggests that, under the 

conditions in which the experiments were performed, the PEST 

sequences f o n d  in MPTP-PEST and PTP-PEP do not provide a short 

half life to these enzymes. However, these PEST sequences might play a 

role in regula ting protein stability under specific circums tances such as 

during the celi cycle or as the result of inducible subcellular relocations. 



Figure 1. Molecular rationale behind the splicing variants of MPTF 

PEST. The amino acid sequence of the three splice variants of murine 

and human PTP-PEST enzymes are aligned with the genomic structure 

of the MPTP-PEST gene. Downward arrows indicate the intron/exon 

boundaries as determined in Charest et al., (1995). If we assume a 

conservation in the genomic structure of the human and mouse PTF 

PEST genes, we cm address the splice variants of PTP-PEST observed by 

Takekawa et al., (1994). 
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MPTP-PEST RNA processing 

During the initiai characterization of MPTP-PEST, 

two different forms of the MPTP-PEST cDNA from an 

embryonic kidney library. One form corresponded to the 

cDNA sequence aiready described by denHertog et al., (1992) 

other form represented a novel uncharacterized cDNA. 

consisted of an in frame deletion of 72 base pairs within 

we isolated 

18 day old 

full length 

whereas the 

This cDNA 

the PTPase 

domain, corresponding to amino acids 141-164 of MPTP-PEST. Partial 

characterization of this alternative form of MPTP-PEST revealed that 

this deletion completely abrogates the enzymatic activity of MPTP-PEST 

in  vitro (Charest and Tremblay, unpublished observations). The 

molecular events triggering the production of such an altemate MPTP- 

PEST message are currently being investigated. 

The initial report describing the molecular cloning of the cDNA 

for MPTP-PEST (P19-PTP) outlined a similar deletion in one of the 

MPTP-PEST lambda phage cDNA clone (den Hertog et al. 1992). A 

deletion of 108 base pairs at the S end of the cDNA corresponding to 

amino acids 34-70 of MPTP-PEST (P19-PTP) was identified (see figure 4). 

This deletion results in a shift in the reading frame which ultimately 

produces a premature stop codon 8 arnino acids downstream of the 

deleted sequence boundary. The effects of this deletion on the 

corresponding protein structure and function were never addressed. 

Additional aberrant transcripts of PTP-PEST (PTPGI) have also been 

obsemed by Takekawa et al., (1994) during the screening of several 

human cancer cell lines for the integrity of the PTP-PEST message. 

Using RT-PCR, two shorter messages for PTP-PEST were found in the 

human colon cancer cell line DLDl  (Takekawa et ai. 1994). Sequencing 



analysis of these messages demonstrateci that they represented deletions 

of 77 and 173 base pairs in the PïPase domain corresponding to amino 

acids 70-95 and 70-127 respectively. Each of these deletions resulted i n  

frame-shifts which ultimately gave N e  to termination codons 29 and 9 

amino aads downstream of the respective deletions (see figure 4). The 

effects that these tnincated PTP-PEST proteins might have on cellular 

function remain to be determined. 

Elucidation of the mptp-pesf locus 

Differential splicing may be responsible for the origin of theçe 

different murine and human PTP-PEST messages. In order to 

determine the nature of the molecular mechanism underlying the 

production of these aberrant messages we studied the gene structure of 

the MPTP-PEST enzyme. As such, we isolated and analyzed, from a 

129/sv genomic library, the complete genomic structure of the MPTP- 

PEST gene. The MPTP-PEST locus spans over 90 kb and the gene is 

composed of 18 exons ranging in size between 31 bp to 974 bp (Charest et 

al. 199%) (Chapter 3). 

Comparison of the genomic structure of the MPTP-PEST PTPase 

domain to those of several other PTPases indicates that the catalytic 

domain of MPTP-PEST is composed of 10 exons, whereas al1 other 

PTPase domains are encoded by no more than 8 exons. Seven of the 

nine intron/exon splice site positions fomd in the MPTP-PEST PTPase 

domain are also found in other PTPases; two of the nine positions are 

unique to MPTP-PEST (Charest et al. 1995b) (Chapter 3). This 

demonstrates that the genomic organization of the MPTP-PEST gene is 

the most intricate of al1 PTPases characterized so far. The unique 



presence of two additional introns within the catalytic domain of 

MPTP-PEST suggests that the METP-PEST gene is the product of a 

different brandi of the PTPase phylogenetic tree. 

Mapping of the intron/exon boundaries allowed for a complete 

analysis of the deletions corresponding to the afore-mentioned aberrant 

messages (see figure 4). The 72 bp in frame deletion within the PTPase 

domain that we observed (variant 4) corresponds to the removal of 

exon 6 from the MPTP-PEST message whereas the 108 bp deletion at the 

5' end of the MPTP-PEST message detected by denHertog et al., (1992) 

(variant 11, corresponds to the deietion of exon 2 (see figure 4). The shift 

in frame resulting from the exclusion of exon 2 would produce a 

truncated protein due to the presence of a newly forrned stop codon 8 

amino acids downstream of the aberrant junction. The atypical PTP- 

PEST messages observed by Takekawa et al., (1994) can be explained if 

we assume a conservation in the genomic structure of the PTP-PEST 

gene between mouse and hurnan. The two abnormai mRNAs isolated 

would correspond to the removal of exon 3 (the 77 bp deletion) (variant 

2) and exons 3 and 4 (the 173 bp deletion) (variant 3) during splichg of 

the messages (see figure 4). 

Alternative RNA splice variants have been reported for several 

PTPases including mPTPa (Matthews et al. 1990), DPTPlOD and 

DPTP99A (Tian et al. 1991; Yang et al. 1991), DP'TT 4E (Oon et al. 1993)' 

PTP-S (Reddy and Swmp 1995), DPTP61F (McLaughlin and Dixon 1993) 

and SHP-2 (Mei et al. 1994). There are only two examples where RNA 

splicing variations affect the catalytic domains of PTPases. Matthews et 

al., (1990) isolated a PTPa cDNA variant from a mouse pre-Ecell library 

which contains an insert generated by the presence of an additional 



exon. While preserving the reading frame, this exon disrupts the first 

catalytic domain of the protein. The functional significance of this 

insertion is not yet dear. 

Recently, Mei et al., (1994) isolated an RNA splice variant of the 

rat SHP-2 enzyme. This cDNA variant is characterized by the presence 

of four additional amino a a d  residues in the catalytic domain of the 

enzyme. Interestingly, this insertion results in a 8-20 fold decrease in 

the rate of dephosphorylation when compared to the normal enzyme 

(Mei et al. 1994). To verify the specificity of this splicing-mediated 

modulation in the catalytic activity of this PTPase, the same additional 

sequence was inserted in the related PTPase SHP-1. Similarly, the 

enzyme activity of the modified SHP-1 was only 11024% of that of 

normal SHP-1 (Mei et al. 1994). These resuits demonstrate that the 

presence of a four amino acid insert in the catalytic domains of SHP-1 

and -2 down-regulates their catalytic activity. Together, these results 

suggest that RNA spliang may serve as a regdatory mechanism of 

PTPase adivity. 

The arcumstances under which the differentially spliced MPTP- 

PEST messages arise are yet to be elucidated. However, the production 

of a catalytically inactive version of MPIP-PEST through the alternative 

removal of a single exon (exon 6, amino aads 141-164) from the MPTP- 

PEST message rnight represent a mechanism by which the activity of 

this enzyme is regulated. This potential mode of regulation is 

somewhat similar to the RNA spliang that regulates the activity of 

SHP-2 (Mei et al. 1994). Regdation of PTPase function through the 

modulation of RNA splicing might represent an additional mechanism 

by which PTPases exert their tasks. In addition, the presence of 



aberrantly spliced PTP-PEST messages in colon cancer cells may indicate 

a function for PTP-PEST in carcinogenesis. The truncated PT-PEST 

proteins resulting from these splicing events could be endowed with 

oncogenic properties. On the other hand, removal of the wild type PTP- 

PEST could be responsible for the cancerous phenotype of the ce11 in 

which case PTP-PEST would function as a tumor suppressor protein. 

The biological consequences emanating from these splicing events in 

relation to signal transduction and carcinogenesis awai t further 

investigation. 

The genetic mapping of a gene might unveil links between the 

location of the gene in question and a previously localized locus 

responsible for a given phenotype. For example, the discovery that 

mutations in SHP-1 are responsible for the mothea ten phenotype in 

mice came from the observation that the gene for SHP-1 maps to the 

same locus that encompasses motheaten. By localking a gene to a locus 

of a well characterized phenotype, one can readily assess the function of 

the gene in the whole animal. We have mapped the chromosomal 

localization of MPTP-PEST to mouse chromosome 5 region A3-B by 

Fluorescence In Situ Hybridization (FISH) (Charest et al., 1995b) 

(Chapter 3). This portion of mouse chromosome 5 does not correspond 

to any previously characterized region. Similarly, mapping of the 

human PTP-PEST to human chromosome 7q11.23 does not localize the 

gene to a region known to be involved in any phenotype. Mapping of 

the MPTP-PEST gene is in accordance with mapping of the human 

PTP-PEST gene. The region surrounding human chromosome 7qll is 

syntenic to the proximal portion of mouse chromosome 5. Mapping 

MPTP-PEST to this region extends the proximal limit of synteny 

between mouse and human. 



MPTP-PEST interacts with SHC proteins 

Using the yeast two hybrid saeening system, Habib et al., (1994) 

isolated cDNA clones encoding proteins that interact with the adaptor 

protein p52shc from a library derived from HeLa ceils. One of these 

dones encoded the non-catalytic carboxyl-terminal portion of human 

PTP-PEST (amino aads 416-7801. Prirnary mapping experiments in yeast 

using p52Shc ddetion mutants demonstrated that the binding of p52shc 

to PTP-PEST occurred through the amino-terminal portion of p52shc 

(amino acids 1-232). In vivo studies conducted in HeLa and SH-SY5Y 

neuroblastoma cells demonstrated that the binding of PTP-PEST to 

~ 5 2 % ~  could be inaeased by treating the cells with activators of PKC. In 

fa&, treatment of HeLa cells with PMA (a direct activator of PKC) or SH- 

SY5Y cells with carbachol (a muscarinic Ach receptor agonist, an 

indirect activator of PKC) resulted in an inaease in complex formation 

of p52Shc:PTP-PEST of 6-8 fold and 3-5 fold respectively. A concomitant 

increase in the phosphorylation of p52Çhc and PTP-PEST was also 

apparent in PMA treated cells. 

The carboxyl-termini of murine and human PTP-PEST enzymes 

display a weak (74%) sequence identity relative to the highly conserved 

amino-terminal catalytic domains (98% identity). This observation 

prompted us to determine if the p52nic:PTP-PEST interaction also exists 

in a murine context. In vivo CO-immunoprecipitation and in vitro 

binding studies revealed that mShc proteins interact with MPTP-PEST 

(Charest et aL 1996) (Chapter 4). Detailed mapping analyses allowed for 

the delineation of the minimal binding requirements that are involved 

in this interaction between mShc and MPTP-PEST. The amino-terminal 



PTB domain of Shc was found to recognize and bind to the 

phosphotyrosine-devoid NPXH sequence motif found within the 

carboxyl-terminal region of MPTP-PEST (Charest et al. 1996) (Chapter 4). 

This phosphotyrosine-independent binding of the PTB domain of Shc 

to the NPLH sequence of MPTP-PEST represents evidence for an 

extended F ï B  recognition specifiaty. The Shc PTE5 domain, previously 

Lhought to interact solely with tyrosine phosphorylated proteins 

through the core motif NPXpY, can now interact with proteins in a 

phosphotyrosine independent manner, but stiil through a core 

sequence motif resembling the NPXpY. 

Various experimental results tend to suggest that post- 

translational modification of the His residue of the NPXH core motif of 

MPTP-PEST is required in order for the NPXH sequence motif to act as a 

high affinity PTB domain recognition binding site (Charest et ai. 1996) 

(Chapter 4). Phosphorylation of the tyrosine residue in the PTB domain 

NPXpY binding sequence found in several growth factor receptors, has 

been shown to be an essential requirement for high affinity binding. 

Similarly, phosphorylation of the His residue in the MPTP-PEST NPXH 

sequence would represent an analogous situation where such 

modification is necessary in order to achieve high affinity binding. 

Phosphohistidine has been found to play a major role in several 

prokaryotic signaling sys tems. Au tophosphorylating histidine kinases 

and response-regulator domains constitute core elements of various 

two-component signaling systems in bacteria. These systems use a 

unique phosphotransfer chemistry (involving phosphohis tidine) to 

regulate many aspects of bacterial physiology such as carbohydrate 

uptake (Jia et al. 1994), osmotic (Roberts et al. 1994) and nitrate (Walker 



and DeMoss 1993) sensing systems. Phosphohistidine is found in many 

eukaryotic proteins and has recently been impiicated in signal 

transduction pathways in platelets (Crovello et al. 1995). The 

cytoplasmic tail of P-selectin, a platelet and endothelial cells adhesion 

receptor involved in leukocyte adhesion, undergoes rapid and transient 

phosphorylation on His residues. The P-selectin sequence NPHSH, 

where both His residues are potential sites of phosphorylation, becomes 

heavily Histidine-phosphorylated following thrombin or collagen 

stimulation of plaielets (Crovello et al. 1995). Although the histidine 

kinase(s) and phosphatase(s) responsible for this phosphorylation event 

have not been identified, these results represent evidence that His 

phosphorylation is an inducible and reversible phenornenon that 

constitutes a distinct means by which signals can be transduced (for a 

thorough review on histidine phosphorylation see (Matthews 1995). 

Histidine phosphorylation of the NPLH sequence of MPTP-PEST 

represents a plausible mechanism by which binding of the PTB domain 

of Shc to MPTP-PEST cm be regulated. The observed stimulation of 

Shc:PTP-PEST cornplex formation upon heahnent of celis with PMA is 

concomitant with an increase in PTP-PEST phosphorylation. PMA 

treatment of cells might possibly lead to an increase in His 

phosphoryla tion of the NPLH sequence of PTP-PEST, resulting in the 

observed increase in binding between Shc and PTP-PEST (Habib et al. 

1994). However, phorbol es ter-induced stimulation of His 

phosphorylation has never been demonstrated. Direct evidence linking 

phorbol ester treatment to an increase in cellular phosphohistidine 

levels remains to be estabfished in order to soli- the aforementioned 

theory . Alternatively, phosphoryla tion of serine 

surrounding the NPLH sequence of PTP-PEST 

and threonine residues 

may also facilitate the 



binding of Shc to PTP-PEST. Anaiysis of the structural modalities 

required for the binding of the PTB domain of Shc to the 

phosphotyrosine-devoid NPLH sequence of MPTP-PEST would allow 

for the assessrnent of phosphorylation or any other post-translational 

modifications on the modulation of binding. 

The recent identification of several different PTB domains in a 

variety of unrelated proteins (Bork and Margolis 1995; Yajnik et al. 1996) 

raises the potential for interactions between MPTP-PEST and these 

putative PTB domains. In addition, the isolation of Shc-rela ted proteins 

(Sck and Shc C) both containing PTB domains, opens the possibility of 

different Shc:MPTP-PEST interactions. Given the restricted tissue 

distribution of Shc C, complex formation between MPTP-PEST and Shc 

C could asaibe a function for MPTP-PEST in signaling events specific to 

nemous tissues. 

Finaliy, the interaction between the adaptor oncoprotein Shc and 

the tyrosine phosphatase MPTP-PEST suggests that MPTP-PEST migh t 

function in Shc-mediated signaling events. The involvement of Shc 

proteins in various signal transduction pathways has been reported by 

several groups (for brief review see (van der Geer and Pawson 1995)). 

Any regulation that MPTP-PEST might confer to these 

phosphotyrosine-dependent pathways remains to be determined. 

MPTP-PEST interads with Grb2 

The involvement of MPTP-PEST in phosphotyrosine-mediated 

signal transduction pathways is supported by its intrinsic catalytic 

activity, its interaction with Shc proteins, and by the presence of five 



proline-rich stretches in its non-catalytic carboxyl terminus. Similar 

proline-rich sequences have been shown to act as high affinity binding 

sites for SH3 domains which are generaiiy found in proteins assoaated 

with phosphotyrosine-dependent signal transduction events. The 

extent to which these MPTP-PEST pro-rich sequences act as SH3 domain 

binding sites was investigated using severai in vitro and i n  vivo 

saeening methods (Chapter 5). 

We dernonstrated that four of the MPTP-PEST pro-ri& sequences 

constitute specific binding sites for both SH3 domains of the adaptor 

molecule Grb2. The binding preferences of GrbZ SH3 domains i n  

relation to MPTP-PEST pro-ri& sequences were determined by in vitro 

binding experiments (Chapter 5). The amino-terminal SH3 domain of 

Grb2 binds to two pro-rich sequences on MPTP-PEST which belong to 

dass II of SH3 domain binding consensus sequence (Chapter 5). This is 

not surprising since the amino-terminal SH3 domain of Grb2 has been 

shown to bind to dass II pro-rich motifs such as those found on hSosl 

and hSos2. Sequence cornparison between the MPTP-PEST pro-rich 

sequences and these known Grb2 amino SH3 binding sites reveals a 

high degree of identity (Chapter 5). However, the binding affinities for 

each of these pro-rich binding sites need to be determined in order to 

assess the possibility of cornpetitive mechanisms of binding. 

Interestingly, the carboxyl SH3 domain preferentially binds to MPTP- 

PEST pro-rich sequences which do not conform to any canonical SH3 

domain binding consensus sequences (Chapter 5). These might 

represent novel binding sites for the carboxyl SH3 domain of Grb2. 

Detailed structural and mutagenic analyses of these binding sites could 

reveal the modalities with which the carboxyl SH3 domain of Grb2 

binds to these pro-rich sequences and possibly uncover a novel mode of 



binding for SH3 domains. 

The SH3 domains of Grb2 bind to different subsets of pro-rich 

sequences suggesting that both SH3 domains of a Grb2 molecule could 

simultaneously bind to different sites on MPTP-PEST. Detailed 3- 

dimensional structural analyses of the spatial orientations of the pro- 

rich sequences of MPTP-PEST in relation to each other and to the bound 

SH3 domains of Grb2 would ailow for the study of the molecuiar basis 

responsible for su& binding. 

The function of Grb2 in linking tyrosine-phosphorylated proteins 

(such as activated growth factor receptors) to proteins that contain pro- 

nch sequences via its SH2 and SH3 domains respectively has been well 

documented (for review see (Chardin et al. 1995; Downward 1994). To 

test whether the SH3 domain-mediated Grb2:MPTP-PEST complex 

partiâpates in growth factor receptor signaling cascades, in vivo binding 

experiments were performed by CO-expressing the EGF receptor, MPTP- 

PEST and Grb2 proteins in mammalian cells (Chapter 5). The EGF 

receptor represents a powerful growth factor receptor mode1 since 

several signaling pathways initiated by the activation of the receptor 

have been established and are now weU characterized. Analysis of 

MPTP-PEST immunoprecipitates from different combinatorial 

transfections demonstrate that MPTP-PEST, Grb2 and activated EGF 

receptors form a trimolecular complex, and that the binding of the SH3 

domains of GrbZ to MMP-PEST represents an essential requirement i n  

the formation of this complex (Chapter 5). These results suggest that the 

Grb2:MPTP-PEST complex, upon activation of the EGF receptor, is 

recruited to the membrane. 



The recruitment of the Grb2:MPTP-PEST complex to other 

growth factor receptors upon ligand stimulation remains to be 

determined. However, it is likely that these observations are not 

restricted to the EGF receptor. Theoretically, growth factor receptors that 

are capable of reauiting GrbZ through its SH2 domain shouid bind 

Grb2:MPTP-PEST complexes. Additional experiments addressing this 

issue are required in order to validate the commonality of this 

interaction. SH3 domain-dependent recruitment of tyrosine 

phosphatases to activated growth factor receptors is a concept that has 

never been desaibed before. It represents a novel means by which 

phosphotyrosine signaling events might be regulated. The results 

described in Chapter 5 unequivocally demonstrate a potential 

involvement for MPTP-PEST in tyrosine kinase signaling events. 

It has been demonstrated that the activity of phosphatidyl 

inositol 3' kinase (PI-3 kinase) is stimulated by the binding of Src family 

kinase SH3 domains to a pro-rich sequence located within the 85 kDa 

subunit (p85) of PI-3 kinase (Pleiman et al. 1994). However, the 

mechanistic details responsible for this activation remain unaddressed. 

In view of these observations, it is possible that the binding of the SH3 

domains of Grb2 to MPTP-PEST might affect MPTP-PEST catalytic 

activity and/or substrate specifiaty. This would represent an additional 

rneans by which the function of MPTP-PEST c m  be regulated. 

The physiological significance behind this Grb:SH3 domain- 

mediated recruifment of cytoplasmic MPTP-PEST to membrane-bound 

EGF receptors might be to relocalize the MPTP-PEST enzyme where it 

could fulfil its function by acting upon its substrate(s). In order to 

identify potential substrate(s) of MPTP-PEST, we exploited the 



observation that mutating the catalyticdy essential Cys residue renders 

tyrosine phosphatases inactive but still permits substrate binding 

(Milarski et al. 1993). Since this mutation maintains the three- 

dimensional structure of the catdytic domain (Jia et al. 1995), it allows 

for the proper recognition and binding of natural substrates. Given the 

absence of the essential nudeophilic Cys residue, substrate hydrolysis is 

prevented. This, in addition to the intrinsic spedia ty  displayed by the 

PTPase dornain of MPTP-PEST will result in the specific trapping of 

tyrosine-phosphorylated substrates which can then be visualized by 

antiphosphotyrosine blots. 

A mutated MPTP-PESTc23lS phosphatase domain was used to 

trap specific substrate(s) from lysates of ceils that had been stimulated 

with EGF (Chapter 5). We found that a single tyrosine-phosphorylated 

pro tein with an apparent molecular weight of 120 kDa on SDSPAGE is 

specificaily trapped by this method (Chapter 5). The discovery of this 

potential substrate (pp120) whose tyrosine phosphorylation is 

dependent on stimulation of c d s  with EGF, allows for the formulation 

of a putative mode1 desaibing a function for MPTP-PEST (see figure 5- 

Chapter 5). The MPTP-PEST enzyme, by virtue of its constitutive 

assoaation with the adaptor protein Grb2 through an SH3 domain pro- 

rich interaction, can form molecular complexes with activated EGF 

receptors. This mobilization of MPTP-PEST from the cytoplasm towards 

activated EGF receptors brings MPTP-PEST in dose proximity to the 

pp120 substrate which is itself dependent on EGF stimulation for its 

phosphorylation. The consequences of this functional recruitment 

reside in the downstream events triggered by the modulation of 

tyrosine phosphorylation of the pp120. 



Analysis of the spatio-temporal relationship between the 

activation of growth factor receptors and the recruitment of Grb2:MPTP- 

PEST complexes in relation to the phosphorylation profile of the pp120 

need to be performed in order to fully deiineate the function of MPTF 

PEST in signaling events. Recent studies of analogous systems 

involving the GrbP-mediated recruitment of the guanine nudeotide 

exdüuge factor Sos to activated growth factor receptors indicate that the 

coupling and uncoupling of Grb2:Sos complexes to and from the EGF 

and hsulin receptors is a highly dynarnic process (Buday et al. 1995). 

Insulin stimulates the Ras/Raf/MEK/ERK pathway which lead 

to feed back serine/threonine phosphorylation of SOS, resulting in a 

dissociation of Grb2 from SOS (Cherniack et al. 1994; Waters et al. 1995a). 

Biochemical means aimed at blocking ERK activation were shown to 

prevent SOS phosphorylation, dissociation of Grb2:Sos complexes and 

prolonged the GTP-bond state of Ras (Langlois et al. 1995; Waters et al. 

1995b). Together, these results suggest that insului-stimulated feedback 

uncoupling of Grb2 from Sos may contribute to Ras downregulation. 

Interestingly, it has been demonstrated that EGF stimulation lead 

to a similar ERK-mediated feedback serine/ threonine phosphorylation 

of SOS (Porfiri and McCormick 1996). However, this EGF-triggered 

phosphorylation of SOS does not result in the dissociation of Grb2 from 

SOS but rather in a decreased ability for Grb2:Sos complexes to interact 

with EGF receptors or Shc proteins (Porfiri and McCormick 1996). The 

details of the molecular mechanistics underlying both of these 

phenomenon remain to be addressed. However, Holt et al., (1996) 

recently showed that the SOS phosphorylation-triggered uncoupling of 

Grb2 from SOS (as seen in the insulin receptor system) can be prevented 



by inducing a persistent plasma membrane receptor targeting of the 

Grb2:Sos complex (Holt et al. 1996). These negative feedbadc 

mechanisms represent an  interesting method by which 

phosphorylation-dependent pathways auto-regulate themselves. 

Similarly, the t h e  course of MPTP-PEST recniitment and the potential 

events ensuing from its relocalization and activity towards the pp120 

represent an interesüng challenge to resolve. 

Conclusion 

Other previously characterized interactions between cytoplasmic 

PTPases and activated growth factor receptors include the SH2- 

containing PTPases SHP-1 and SHP-2. The presence of these PTPases i n  

phosphotyrosine signaling events ascribes a regdatory function for 

these enzymes. Here, we were able to show that another cytoplasmic 

PTPase, MPTP-PEST, is also present in phosphotyrosine-mediated 

signaling events. MPTP-PEST'S novel associations with the adaptor 

proteins Shc and Grb2 strongly suggest a potential role for this P'ïPase 

in the context of signaling cascades involving tyrosine kinases. 

Preliminary analysis of mice carrying a genetically iargeted 

disruption of the MPTP-PEST gene indicate that MPTP-PEST is 

necessary for proper embryonic development (Charest and Tremblay, 

unpublished results). Homozygous mice for the disrupted MPTP-PEST 

gene failed to develop past 8.0 day p.-c. In view of the potential role of 

MPTP-PEST in tyrosine kinase-mediated signahg events and given the 

role of tyrosine kinases and their ensuing signaling pathways in 

processes such as cellular proliferation and differentiation during 

development, one can postdate that the observed MPTP-PEST nul1 



phenotype is probably the result of aberrant signaling pathways brought 

about by the absence of MPTP-PEST. Analysis of the downstream events 

resul ting from the deregula tion in the phosphoryla tion status of MPTP- 

PEST'S pp120 represent a key element in the elucidation of the obsemed 

phenotype at the molecular Ievel. 

This thesis describes several structural and functional aspects of 

the protein tyrosine phosphatase MPTP-PEST. The information 

provided herein represents a comprehensive 

elucidation of the functions of MPTP-PEST in 

growth, differentiation and transformation. 
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