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Abstract 

Maintaining homeostasis or responding to cellular stimuli requires an intricate 

network of proteins that are capable of communicating and working in concert. Kinases and 

phosphatases are key participants in this network. Most frequently functioning as "on" and 

" o f f switches for signaling cascades, they are regulators of physiological processes that 

determine the phosphorylation state of receptors, phospholipids, metabolites and other 

proteins. Histidine acid phosphatases comprise a family of enzymes that achieve optimal 

catalytic activity at an acidic pH, in vitro. They include prostatic (PAP), lysosomal and 

lysophosphatidic acid phosphatases. 

In this study, a novel histidine acid phosphatase (ACPT), that is highly homologous to 

PAP, was cloned and characterized. RT-PCR studies indicated that ACPT has a wide tissue 

distribution and within the brain, it is highly expressed in the cortex, hippocampus and 

striatum, as indicated by antibodies generated specifically against ACPT. This distribution 

pattern is notably different from PAP in that it is present in the brain, whereas PAP is absent. 

ACPT was found to be enriched at post-synaptic sites and immunocytochemical studies of 

hippocampal neurons revealed coexpression of the enzyme with synaptic proteins. 

Recently, PAP has been shown to regulate the function of ErbB2, a member of the 

epidermal growth factor (EGF) family of receptor tyrosine kinases. Using 

immunoprecipitation studies, it was found that ACPT associates with ErbB4, a member of 

the EGF receptor family that is enriched in the brain. It was also demonstrated that this 

interaction results in regulation of ErbB4 function when ACPT acts as a tyrosine phosphatase ' 

and consequently influences receptor cleavage. The differentiation of PC 12 cells induced by 



ErbB4 activation can be prevented by the expression of ACPT. Although this neurite 

outgrowth is mediated by the same M A P kinase pathway which is responsible for nerve 

growth factor (NGF) induced-trk-dependent differentiation, the phosphatase regulation is 

ErbB4 specific. Therefore, ACPT may participate in neuronal differentiation through its 

regulation of the ErbB4 receptor. 
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CHAPTER I 

Introduction 

1.1 Altering the Activity of Biological Proteins by Phosphorylation 

After synthesis on ribosomes, nearly all proteins can be chemically altered within a 

cell. Depending on the nature of the alteration, whether it be categorized as a chemical 

modification or processing, these modifications can impact on activity, life span or cellular 

location of proteins. Processing involves the removal of a peptide segment most commonly 

by proteolytic cleavage. In contrast, chemical modifications involve the linkage of a 

chemical group to the terminal amino or carboxyl groups of the backbone or to reactive 

groups in the side chains of internal residues. This can be achieved by acetylation, fatty acid 

acylation, glycosylation or phosphorylation. 

Phosphorylation is an energetically favourable process involving the transfer of a 

phosphoryl group (-POf) to the hydroxyl group of a molecule to form a phosphoester bond 

(fig. 1-1 A). This includes reactions such as the substitution of a phosphate group for a 

hydroxyl group on serine, threonine and tyrosine residues (fig. 1-1B) (Sparks and Brautigan, 

1986; Burke and Zhang, 1998). It is an easily reversible reaction, which serves as a 

mechanism for regulating cellular activity. The addition of a phosphate group, acquired from 

the hydrolysis of phosphoanhydride bonds in adenosine triphosphate or ATP, is carried out 

by kinases, and removal of the phosphate group is catalyzed by phosphatases (Sparks and 

Brautigan, 1986). In general, the addition and removal of a group from an amino acid residue 

involves a pair of enzymes and their counteracting activities provide cells with a "switch" 
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Figure 1-1. Schematic of Phosphoryltransfer Reactions. A. A phosphoester bond is formed when 
the hydrogen from the hydroxyl group of molecule R 2 is substituted by a phosphate group from 
molecule R, in a hydrolysis reaction. B. A tyrosine residue is phosphorylated to become 
phosphotyrosine. 



by which the function of various proteins can be turned up or down. However, it should be 

noted that the balancing of kinase-induced activity can often be accomplished by one or more 

phosphatases (Sparks and Brautigan, 1986). 

The significance of phosphorylation in the regulation of protein function is suggested 

by the large number of total kinases present in the human genome. There are approximately 

518 protein kinases, constituting approximately 1.7% of all human genes, making them one 

of the largest families of genes in eukaryotes (Manning et al., 2002). Intense research on 

protein kinases has discovered a role for these enzymes in the control of cellular processes 

such as metabolism, transcription, cell cycle progression, cytoskeletal rearrangement, cell 

movement, apoptosis, differentiation, intracellular communication most notably during 

development, physiological responses, homeostasis and in the functioning of the nervous and 

immune systems. Mutations and dysregulation of protein kinases has been found to be a 

contributing factor in human disease, thereby making them ideal targets for the development 

of agonists and antagonists for use in disease therapy. As the counteractive force to kinases, 

phosphatases can also be considered as biological control points, making them attractive 

targets for disease therapy as well. 

Kinases and phosphatases influence a wide spectrum of activities and functions 

because of the large diversity of substrates that they act upon. They not only add and remove 

phosphate groups from proteins, but from lipids and metabolites as well. Lipids such as 

sphingosine 1-phosphate (SIP), ceramide 1-phosphate, phosphatidic (PA) and 

lysophosphatidic (LPA) acid are only a few of the bioactive lipids that are modified by 

kinases and phosphatases (Brindley et al., 2002; Sciorra and Morris, 2002; Wu and Cunnick, 

2002). They are not only components of the lipid bilayer of the cell membrane, but are 



present in biological fluids and serve as mediators of signal transduction. For example, L P A 

and SIP can regulate cells through stimulation of their respective G-protein-coupled 

receptors (Lee et al., 1998; Fukushima and Chun, 2001; Kranenburg and Moolenaar, 2001; 

Brindley et al., 2002). L P A stimulates fibroblast division, is important in wound repair and is 

active in maintaining the growth of ovarian cancers (Guo and Dormer, 1996; Hecht et al., 

1996; Fukushima et al., 1998). SIP stimulates chemotaxis, proliferation and differentiation 

of vascular endothelial and smooth muscle cells (Goetzl and An, 1998; Lee et al., 1998). PA 

and SIP are believed to act primarily inside the cell where they facilitate vesicle transport 

(Bajjalieh et a l , 1989; Shinghal et al., 1993; Huijbregts et al., 2000; Zimmerberg, 2000). 

As modifiers of lipid phosphates, phosphatases can dramatically alter the signaling 

balance between phosphate esters and their dephosphorylated products. Often, the 

dephosphorylated molecules have biological activity (Sciorra and Morris, 2002). In this 

manner, lipid phosphatases can change signals that the cell receives. Additional activity of 

lipid phosphatases includes "ecto-activity". When functioning as "ecto-enzymes", lipid 

phosphatases degrade lipid phosphate substrates in both the extracellular space and outer 

leaflet of the plasma membrane (Sciorra and Morris, 2002). This results in the regulation of 

circulating and the locally effective concentration of various lipids such as L P A and SIP. 

The influence of kinase and phosphatase activity on metabolites is similar to their 

effect on lipids, in that they can modify cell signals. The inositol polyphosphate family is an 

example of a group of substrates that can yield metabolites with the potential to continue 

intracellular signaling upon phosphorylation or dephosphorylation (Majerus, 1992; Merrniti et 

al., 1993; Fukuda and Mikoshiba, 1997). In general, cells contain a variety of inositol 

polyphosphates with four or more phosphate groups. Structurally they are composed of a six 



carbon inositol ring (Ins) and one or more phosphate groups (P x, where x=the number of 

phosphate groups added). As second messengers, they are key intermediates in translating 

extracellular signals to the cytoplasm and nucleus of eukaryotic cells. 

The complexity of this intricate network of inositol lipids is well exemplified by 

inositol-1,4,5-triphosphate (Ins(l,4,5)P3). In 1983, it was discovered that Ins(l,4,5)P3 acted 

as a Ca2+-releasing second messenger (Streb et al., 1983). By binding to C a 2 + channels 

located on the endoplasmic reticulum, Ins(l,4,5)P3 was able to release stored C a 2 + (Streb et 

al., 1983). Dephosphorylation of this inositol polyphosphate upon cell stimulation also 

produced Ins(l,4)P2 and InsP which coincided with an increase in two metabolites, 

Ins(l,3,4,)P3 and Ins(l,3,4,5)P4 (Irvine et al., 1984; Batty et al., 1985). These metabolites are 

now viewed as rapidly synthesized metabolites of Ins(l,4,5)P3 which can impact on cellular 

function. Their production has been linked to coincidence detection at the post-synaptic sites 

of dendritic spines of neurons (Irvine, 2001). This is a process whereby a cell responds 

differently to a signal i f another signal is received simultaneously and is central to long-term 

potentiation. 

Research has made it clear that the widespread activity of kinases and phosphatases 

can initiate a cascade of responses whose influence can be felt throughout the cell. The 

diversity and range of hydrolyzing activity is complicated. The variety of substrates alone 

reflects this, and is further highlighted when analyzing the resulting products. It will take 

many years of continued research to determine the exact nature of kinase and phosphatase 

function, activity and impact on cellular function and homeostasis. 



1.2 Acid Phosphatases 

Phosphatases comprise a large family of diverse enzymes that are often grouped 

according to function, mechanism of action and homology (Guan and Dixon, 1991; Vincent 

et al., 1992). A group that hydrolyzes phosphomonoesters with an acid pH optimum are 

referred to as acid phosphatases (Moss et al., 1995). Members of the acid phosphatase family 

can be further sub-classified as histidine acid phosphatases on the basis of the consensus 

sequence, RHGxRxP (Van Etten, 1982; Vincent et al., 1992; Ullah and Dischinger, 1993). 

This consensus sequence contains an invariant Arg-His-Gly tripeptide that harbours the 

histidine residue essential for the formation of the catalytic intermediate (Ostanin et al., 

1992). Histidine acid phosphatases can additionally be referred to as high molecular weight 

acid phosphatases because of their ~50 kDa subunits. This is in contrast to the ~20 kDa low 

molecular weight acid phosphatases (Heinrikson, 1969; Ramponi and Stefani, 1997). 

The known members of this sub-family of enzymes includes lysosomal (LAP), 

prostatic (PAP) and lysophosphatidic (LyAP) acid phosphatases. The structural and 

functional similarities between the genes coding for the various histidine acid phosphatases 

suggest that these enzymes belong to a multi-gene family originated from an ancestral gene 

during the course of evolution (Sharief et al., 1989). Although PAP shows as much as 28.5% 

amino acid sequence homology to LyAP, similarities are particularly striking between PAP 

and L A P which share 50% amino acid homology (Peters et al., 1989; Hiroyama and 

Takenawa, 1999). Each has putative glycosylation sites, the precursor proteins contain 



hydrophobic signal peptides (Pohlmann et al., 1988; Vihko et al., 1988) and both PAP and 

LAP are sensitive to L-tartrate (Lin et al., 1983; Pohlmann et al., 1988). The sensitivity of 

LyAP to L-tartrate has not yet been reported. 

In spite of the significant degree of homology displayed by histidine acid 

phosphatases, the members of this family of enzymes are fairly diverse. As an enzyme bound 

to the lysosomal membrane, L A P is expressed by all cells (Pohlmann et al., 1988; Geier et 

al., 1989). In contrast, PAP is a soluble, non-membrane-bound protein that is expressed by 

prostatic epithelial cells and is hormone regulated (Lin and Meng, 1996; Meng et al., 2000). 

LyAP is located in the mitochondria and it has been suggested that it functions as a regulator 

of lipid metabolism (Hiroyama and Takenawa, 1999). It is evident that these three enzymes, 

although evolutionarily connected, serve functions that are distinct from each other. 

The defining characteristic of this group of enzymes is two catalytic motifs, including 

the RHGxRxP consensus present at the N-terminus and a second motif of HD near the C-

terminus (Van Etten et al., 1991; Ostanin et al., 1992). Both of these motifs are essential for 

the formation of the catalytic intermediate that drives the phosphoester hydrolysis reaction 

characteristic of this family of enzymes (Van Etten, 1982; Vincent et al., 1992). The 

histidine within the invariant tripeptide of the N-terminal catalytic motif acts as a 

nucleophilic phospho acceptor, whereas the hisitidine within the HD motif may act as a 

proton donor (Van Etten, 1982; Vincent et al., 1992). The aspartic acid residue is also 

believed to participate as a proton donor to the substrate-leaving group (Ostanin et al., 1992; 

Caffrey et al., 1999). In combination, these two motifs work to form an intermediate 

identified by the phosphorylation of the nucleophilic histidine residue within the N-terminal 

catalytic motif (McTigue and Van Etten, 1978; Vincent et al., 1992; Ullah and Dischinger, 



1993). A l l members of the histidine acid phosphatase family contain these two motifs and 

are believed to use this mechanism to achieve catalytic activity (Chi et al., 1999; Hiroyama 

and Takenawa, 1999). 

In addition to the catalytic motifs, the full-length gene for all three enzymes codes for 

an N-terminal signal sequence and specific cysteine and proline residues. Conservation of 

these specific amino acids implies marked tertiary structural similarities amongst the 

histidine acid phosphatases (Peters et al., 1989). Sequence variation beyond this point 

suggests a diverse set of possible functions for these enzymes. Unfortunately, little has been 

accomplished in elucidating the distinct function of each of these enzymes. Currently, 

experimental data based on in vitro studies has shown that these phosphatases can act as 

nonspecific orthophosphate monoesterases with an acidic pH optimum (Moss et al., 1995). 

As nonspecific orthophosphate monoesterases, these enzymes are able to remove a phosphate 

from a phosphate ester bond on a large range of substrates such as guanosine monophosphate, 

glycerophosphate, thiamine monophosphate, etc. (Silverman and Kruger, 1988). However, 

the implied true function of each enzyme rests on hypotheses based on tissue localization 

since in vivo data is limited. 

1.2.1 Lysophosphatidic Acid Phosphatase 

Lysophosphatidic acid phosphatase (LyAP) is the most recently cloned and 

characterized member of the histidine acid phosphatase family. The full-length protein is 

comprised of 421 amino acids with a subunit molecular weight of 45 kDa (Hiroyama and 

Takenawa, 1998, 1999). As is typical of members of this family, LyAP has a putative signal 



sequence, conserved cysteine and proline residues and functions as a homodimer (Hiroyama 

and Takenawa, 1999). It is expressed in all tissues, but has marked expression in kidney, 

heart, small intestine, muscle and liver (Hiroyama and Takenawa, 1999). Subcellularly, 

LyAP is localized to the mitochondria by the signal peptide at its amino terminus where it is 

believed to regulate the biosynthesis of mitochondrial lipids by hydrolyzing lysophosphatidic 

acid (LP A) to monoacylglycerol (Hiroyama and Takenawa, 1999). It is one of two known 

LPA-hydrolyzing pathways used to regulate L P A activity. As a LPA-specific phosphatase, 

LyAP plays an important role in phospholipid metabolism. L P A is a key intermediate for the 

biosynthesis of glycerolipids and exerts its biological activities such as wound healing, 

regeneration and neurite retraction via G-protein-coupled L P A receptors (Bell and Coleman, 

1980; Bishop, 1988). 

Phospholipid analysis of cells where LyAP is over-expressed show reduction of two 

mitochondrially synthesized lipids, cardiolipin and phosphatidyl glycerol (PG) (Hiroyama 

and Takenawa, 1999). In contrast, phosphatidylethanolamine and phosphatidylinositol 

increase (Hiroyama and Takenawa, 1999). It has been suggested that expression of LyAP 

causes a reduction of cardiolipin and PG through the removal of the L P A precursor lipid from 

mitochondria. The increase in phosphatidylethanolamine and phosphatidylinositol may be 

caused by a disturbance of phospholipid metabolism through lack of L P A in mitochondria. 

In this manner, LyAP is believed to hydrolyze L P A synthesized in mitochondria and regulate 

mitochondrial lipid biosynthesis, thereby regulating mitochondrial functions. 



1.2.2 Lysosomal Acid Phosphatase 

Lysosomal acid phosphatase (LAP) was crucial in the discovery of lysosomes, and as 

such, is used as a biochemical marker for them. It has uniform expression in all organs, with 

the exception of brain and testis, where its expression is increased (Waheed et al., 1985; 

Pohlmann et al., 1988). It is due to its expression in all tissues that L A P is believed to be a 

housekeeping gene (Waheed et al., 1985). 

As an acid phosphatase, this enzyme has the typical catalytic domains, conserved 

glycosylation sites and proline and cysteine residues, a putative signal sequence and functions 

as a homodimer (Pohlmann et al., 1988; Geier et a l , 1989; Roiko et a l , 1990). Until 

recently, L A P was considered to be a unique member of the acid phosphatase family because 

it possesses a transmembrane domain. As a type I glycoprotein, the transmembrane domain 

of LAP is oriented so that the densely glycosylated amino terminal is located within the 

lumen of the lysosomes (Waheed et al., 1988; Peters et al., 1989). Both LyAP and the 

clinically relevant isoform of PAP lack the transmembrane domain found at the C-terminus 

of LAP. This enzyme is transported to lysosomes as a membrane-bound precursor, where the 

soluble mature form of L A P is generated by limited proteolytic cleavage which is dependent 

on an acidic pH (Pohlmann et a l , 1988; Waheed et al., 1988; Gottschalk et al., 1989). 

Although the in vivo substrates and function of L A P are unknown, studies of L A P 

knockout mice has provided some insight into possibilities. Examination of LAP-deficient 

mice has shown that the kidneys and central nervous system develop lysosomal storage 

disease, a phenomena which results in the interruption of the natural recycling function of 

lysosomes in the absence of the enzyme, leading to various materials being inappropriately 



stored in the cell (Saftig et al., 1997). These mice also exhibit an increased disposition 

towards epileptic seizures, and as they mature (6 months +) progressive skeletal 

abnormalities develop. It is therefore evident that L A P is critical for the catabolism of 

distinct substrates. 

1.2.3 Prostatic Acid Phosphatase 

Prostatic acid phosphatase (PAP) is the best characterized member of the histidine 

acid phosphatase family, largely due to its past clinical use as a marker and prognosticating 

tool for prostate cancer (Lin and Clinton, 1986). It is a dimeric glycoprotein of a molecular 

mass of lOOkDa, with each subunit being ~50kDa (Kuciel et al., 1990; Luchter-Wasylewska, 

2001). Its expression is limited to the prostatic epithelium where is exists in both an 

intracellular and secreted form (Vihko, 1979; Morris et al., 1989). These two forms of the 

enzyme may be the consequence of post-translational modifications of the enzyme. A 

glycosylated and non-glycosylated form of PAP have been shown to be present endogenously 

(Lam etal., 1980). 

Expression of glycosylated PAP which is the clinically significant isoform, is 

generally confined to the prostate. It is synthesized under androgen regulation by prostatic 

epithelial cells and secreted into seminal fluid (Sharief et al., 1989). In contrast, the non-

glycosylated form is expressed in other tissues, including platelets, heart, bowel and skeletal 

muscle (Lam et al., 1980; Epstein et al., 1986; Kimura and Sasano, 1986; Drenckhahn et al., 

1987). 



Until recently, PAP was thought to lack a transmembrane domain at the C-terminus 

that can be found in L A P (Pohlmann et al., 1988; Geier et al., 1989). It was even suggested 

that this domain was lost by deletion in PAP during evolution or that it was added after 

duplication into LAP. Additionally, an alternative amino acid sequence for the C-terminus of 

PAP that was recently sequenced (Genbank accession # X M 039822) indicates a possible 

variant of the enzyme that includes a putative transmembrane domain. The significance of 

this novel isoform has yet to be determined. 

1.3 Prostatic Acid Phosphatase as a Tyrosine Phosphatase 

Insight into the in vivo function of histidine acid phosphatases eluded scientists for 

many years due in part to the fruitless search for an endogenous substrate for any of the 

members of this family of enzymes. Discovery of just one in vivo substrate for a member of 

the histidine acid phosphatase family could guide the search for other substrates. 

Precluding any knowledge of its biological function, PAP was extensively studied 

because of its importance in the diagnosis and management of prostate cancer (Sharief et al., 

1989). Initial in vitro studies using artifically phosphorylated exogenous protein substrates 

suggested a specific activity of the enzyme towards phosphotyrosine-containing proteins (Lin 

and Clinton, 1986; Chevalier et al., 1988; Nguyen et al., 1990; Lin et al., 1994). However, to 

determine the true physiological role of PAP, endogenous protein substrates are of greater 

value. Extensive research of prostate cancer cells revealed a possible in vivo substrate. It 

was discovered that the cellular form of PAP is able to regulate the phosphotyrosine level of 

a 185 kDa phosphoprotein later identified as a member of the ErbB family of receptor 



tyrosine kinases, ErbB2 (Lin and Meng, 1996; Meng and Lin, 1998). ErbB2 activity was 

found to be inversely correlated with the cellular activity of PAP (Lin et al., 1994; Zhang et 

al., 2001). Dephosphorylation of ErbB2 by PAP reduces the tyrosine kinase activity of the 

receptor, resulting in the down-regulation of the signal transduction cascade activated by 

ErbB2 stimulation. By exerting enzymatic action on ErbB2, PAP is believed to function as a 

regulator of cell proliferation (see section 1.4). 

The tyrosine phosphatase function of PAP indicated that the phosphatase belongs to a 

large family of molecules referred to as protein tyrosine phosphatases important in signal 

transduction pathways within eukaryotic cells. PAP lacks the usual signature motif of 

[CXXXXXR(S/T)] found in enzymes of this family (Burke and Zhang, 1998; Arregui et al., 

2000), suggesting that it represents a distinct subtype of protein tyrosine phosphatase. 

1.4 Epidermal Growth Factor Receptors 

The epidermal growth factor (EGF) receptors are membrane-bound receptors 

important for the mediation of cell growth and differentiation (Ullrich and Schlessinger, 

1990). The four members of the family, EGFR (ErbBl), ErbB2, ErbB3 and ErbB4, and the 

multiple ligands which they are capable of binding form an interactive system with a large 

potential for signal diversification (Pinkas-Kramarski et al., 1998; Hackel et al., 1999). 

The EGF receptors mediate cell signal transduction via tyrosine receptor kinase 

activity. They are structurally related receptors consisting of a glycosylated extracellular 

ligand-binding domain, a single transmembrane domain and an intracytoplasmic tyrosine 

kinase domain (Walker, 1998; Novak et al., 2001). The network through which the EGF 



receptors signal is initiated when ligand induced hetero- or homodimerization occurs. This 

activates the intrinsic protein tyrosine kinase domain enabling the receptor to 

autophosphorylate several tyrosine residues within the cytoplasmic domain (Heldin and 

Ostman, 1996; Novak et al., 2001). Consequently, docking sites are generated (van der Geer 

et al., 1994; Massague, 1996), allowing proteins containing SH2 domains to interact and 

initiate a cascade of several tyrosine and serine-threonine kinases (Moghal and Sternberg, 

1999; Novak et al., 2001). This simultaneous recruitment of several second messenger 

pathways can lead to activation of transcription factors and ultimately to the induction of cell 

proliferation or of specific cellular functional responses. These responses tend to be short

lived as the receptors are regulated or degraded to allow the cell to rapidly return to its basal 

state. 

A pathway stimulated by all ligand-activated members of the EGF receptor family, 

regardless of the dimerization partner, is the mitogen-activated kinase (MAPK) pathway 

(Graus-Porta et al., 1995; Karunagaran et al., 1996; Pinkas-Kramarski et al., 1996). Although 

the same signal transduction pathway is generally activated, the differential expression of the 

receptors and of the ligands, as well as their isoform-specific properties mediates different 

effects in vivo (fig. 1-2). 



EGF 
TGF-a 

Amphiregulin 
HB-EGF 

Betacellulin 
Epiregulin Neuregulins 

Neuregulins 
Betacellulin 
Epiregulin 

HB-EGF 

tyrosine 
kinase 

domain 

Carboxy-
terminal 
domain 

extracellular 

cytoplasm 

erbB1 erbB2 erbB3 erbB4 

Figure 1-2. Members of the Epidermal Growth Factor Receptor Family and Their Ligands. 
Each receptor has an extracellular domain with two cyseine-rich domains (cys, yellow), a single 
transmembrane domain (black), and a cytoplasmic region consisting of a tyrosine kinase domain 
(green) or tyrosine kinase dead domain (red) and a carboxyterminal domain. PM = plasma 
membrane. 



1.4.1 Isoform Properties and Distribution Patterns 

ErbBl , more commonly referred to as EGFR, was the first member of the EGF 

receptor family to be cloned. Its close homology to the transforming gene of the avian 

erythroblastosis virus (v-erbB) led to the proposal that the v-erbB gene is the oncogenic 

version of the EGF receptor gene and gave the EGFR gene the synonym ErbBl (Lin et al., 

1984). The ErbBl protein is expressed in many normal tissues, most notably in epithelial 

cells of the breast, lung, the gastrointestinal tract and peripheral nervous system (Gusterson et 

al., 1984; Damjanov et al., 1986). It has high affinity for several ligands which all have 

sequence and structural homology, and characteristic positioning of six cysteine residues 

(Falls et al., 1993). Ligand-binding induces dimerization of ErbBl and although this receptor 

is capable of homodimerization, the most active receptor constitutes a heterodimer of ErbBl 

and ErbB2 (Yarden and Schlessinger, 1987a, b; Goldman et al., 1990). The generation of 

ErbBl knockout mice identified a role for the receptor in development and physiology 

(Sibilia and Wagner, 1995; Threadgill et al., 1995; Sibilia et a l , 1998). Strain-dependent 

phenotypes exhibited defects in placenta, skin and lung and a progressive neurodegenerative 

disorder that was lethal within 3 weeks of birth was developed by all strains. 

The unique properties of the ErbB2 isoform render it incapable of binding any EGF-

like factor with high affinity, it is generally the preferred hetero-dimerization partner for all of 

the other members of the EGF receptor family (Horan et al., 1995; Tzahar et al., 1997). Its 

precise pattern of expression has not yet been conclusively established. Data suggesting that 

expression is limited to the digestive tract, urinary tract, skin and reproductive system (Press 

et al., 1990) has been contradicted by an alternative source indicating additional ubiquitous 



expression within the brain (Gerecke et al., 2001). A role for ErbB2 in development was 

evident in mice lacking the ErbB2 gene. These mice survived to day 10 at which point they 

died due to deficient cardiac ventricular myocyte development. Mice with restored ErbB2 

expression under a myocardium specific promoter (Woldeyesus et al., 1999) survived to 

term, however, they lacked Schwann cells and their motorneurons were disorganized and 

poorly fasciculated. 

The limitation of the ErbB3 receptor is its cytoplasmic domain which is devoid of 

tyrosine kinase activity (Guy et al., 1994), therefore making heterodimerization a mandatory 

requirement towards achieving enzymatic activity. ErbB3 protein is expressed in the 

digestive tract, urinary tract, respiratory tract, circulatory system, skin, endocrine system, 

nervous system (brain and peripheral nerves), placenta and reproductive system (Prigent et 

al., 1992). Even though ErbB2 is the preferred heterodimerization partner for ErbB3, this 

receptor has been observed to dimerize with ErbB4 in the absence of the more favourable 

alternative. 

In contrast to ErbB2 and ErbB3, ErbB4 does not have limitations in its ligand-binding 

affinity nor its catalytic activity. It is therefore capable of heterodimerization with the other 

EGF receptor isoforms or homodimerization. This receptor has been found to be widely 

expressed in many adult and fetal tissues, including the lining epithelia of the gastrointestinal, 

urinary, reproductive and respiratory tracts, as well as the skin, skeletal muscle, circulatory, 

endocrine and nervous systems (brain, but not the peripheral nerves) (Srinivasan et al., 1998). 

Such a distribution pattern indicates that within the brain, the only likely functional EGF 

receptors are composed of either an ErbB3/ErbB4 or ErbB2/ErbB4 heterodimer or an ErbB4 

homodimer. 



1.5 The Influence of Expression, Structure and Ligand-binding on ErbB4 
Function 

As a member of the epidermal growth factor receptor family, ErbB4 is a receptor 

tyrosine kinase. Experimental evidence indicates that its activity leads to cell proliferation, 

chemotaxis or differentiation via the activation of specific signal transduction cascades (Chen 

et al., 1996; Zhang et al., 1996; Elenius et al., 1997a). It is particularly important during 

development where the absence of its activity, as seen in homozygous knockout mice, leads 

to severe abnormalities in the heart and brain. These mice die at embryonic day 10-11 due to 

the defective development of myocardial trabeculae in the heart ventricle (Gassmann et al., 

1995). Examination of these mice has also revealed deficient axon guidance of cranial 

sensory ganglion afferent axons in the hindbrain which leads to the mistargeting of trigeminal 

and facial/acoustic ganglion axons, supporting a role for ErbB4 in neuronal development. 

Additionally, the receptor has been implicated in myelination, and primary radial glial cells 

expressing a dominant-negative form of ErbB4, when co-cultured with dissociated cerebellar 

granule cells display a reduction in neuronal migration indicating that ErbB receptor 

signaling in glia is critical for the neuronal induction of radial glial morphology (Rio et al., 

1997; Steiner et al., 1999). The various avenues by which ErbB4 is able to influence 

development requires signaling diversity while simultaneously maintaining functional 

specificity. Receptor expression, structural alternatives and multiple ligands are the factors 

required to achieve this. 

Protein expression patterns of the receptor support a potential role for ErbB4 in 

neuronal development. Immunohistochemistry indicates low levels of ErbB4 protein 

expression within the adult nervous system, whereas high levels of protein are evident in 



developing neurons in the fetal nervous system (Srinivasan et al., 1998). This expression 

pattern coincides well with mRNA levels. 

Examining the structure of the receptor tyrosine kinase can reveal clues pertaining to 

the method by which ErbB4 may contribute to neuronal development. At the carboxy 

terminus, ErbB4 contains a sequence that is unique among the EGF receptors. The three 

amino acid residues (T-V-V) that make up this sequence conform to the consensus sequence 

necessary for the interaction of the receptor with a PDZ domain. It has been shown both in 

vitro and in vivo that ErbB4 directly interacts with the PDZ-domain-containing protein PSD-

95 (Garcia et al., 2000; Huang et al., 2000). This protein is implicated in the localization of 

various PDZ-binding proteins to the synaptic density because it acts as a scaffold. This 

interaction is thought to couple neural activity to synaptic plasticity. In this manner, the 

interaction of the ErbB4 carboxy terminal with the PDZ-motif of PSD-95 has been reported 

to be responsible for the sorting and delivery of ErbB4 to the cell surface of the post-synaptic 

density (Garcia et al., 2000; Huang et al., 2000). Not only is the association of ErbB4 with 

PSD-95 implicated in the sorting and delivery of the EGF receptor, but it also potentiates the 

response of ErbB4 to the binding of its ligand, perhaps by facilitating the dimerization of two 

receptor molecules (Huang et al., 2000). 

Unlike the other EGF receptors, ErbB4 mRNA can be alternatively spliced to yield 

two functionally distinct isoforms (fig. 1-3) (Zhou and Carpenter, 2002). The splicing leads 

to the insertion of either 23 (JM-a) or 13 (JM-b) alternative amino acids in the proximal 

extracellular domain just N-terminal to the transmembrane domain referred to as the 

juxtamembrane domain (Elenius et al., 1997b). The additional residues in JM-a make it 

susceptible to proteolytic cleavage within the juxtamembrane domain, while JM-b is 



Figure 1-3. Alternative Isoforms of ErbB4. A schematic of erbB4 with the deduced amino acid 
sequences of the two alternative juxtamembrane domains, JM-a and JM-b (in bold), cys = cysteine 
rich domain; T M = transmembrane domain; TK = tyrosine kinase domain. 



insensitive (Elenius et al., 1997b; Zhou and Carpenter, 2002). Although both ErbB4 

isoforms are usually expressed in cell lines, there are differences in their expression patterns, 

particularly within neural tissues, heart and kidney (Elenius et al., 1997b; Carraway and 

Sweeney, 2001). They have overlapping expression within the cerebellum and spinal cord. 

In contrast, only JM-a is found in the kidney and JM-b in the heart (Elenius et al., 1997b; 

Dixon and Lumsden, 1999). 

Additional splice variation leads to CYT-1 (CYT-a) and CYT-2 (CYT-b). The 

splicing results in the deletion of 48 base pairs encoding amino acids 1046-1061 in the 

carboxy terminal of CYT-2 (Sawyer et al., 1998; Elenius et al., 1999; Kainulainen et al., 

2000). This region of the C-terminus contains the PI-3 kinase binding site. CYT-1 is the 

dominant isoform in heart, breast, uterus and abdominal aorta. CYT-2 is predominant in 

kidney and neural tissues such as cerebellum, cerebral cortex, spinal cord and medulla 

oblongata (Moscoso et al., 1995; Elenius et a l , 1999). The various isoforms and their 

expression patterns within tissues increase the signaling diversity and sensitivity of ErbB4 

receptor signaling. 

Activation of EGF receptors is the result of binding of a ligand to the N-terminal, 

extracellular domain. These receptors are atypical in that the activation site does not display 

a high degree of specificity; rather they are capable of binding a number of members of the 

neuregulin growth factor family thereby adding to the complexity of signaling specificity and 

diversity. In the case of ErbB4, this includes neuregulins (NRG-1,2,-3,-4) (Ben-Baruch and 

Yarden, 1994; Jones et a l , 1999), betacellulin (Beerli and Hynes, 1996; Riese et al., 1996), 

heparin-binding EGF-like growth factor (Elenius et al., 1997a) and epiregulin (Komurasaki et 

al., 1997), all of which contain an EGF-like domain that is essential and sufficient for ErbB4 



binding and activation (Jones et al., 1998; Jones et al., 1999). Although each ligand can bind 

to this one receptor, the subsequent autophosphorylation signal that is activated follows a 

distinct pattern for each ligand, thereby rendering the receptor with different propensities to 

recruit downstream signaling molecules (Sweeney et al., 2000) and allowing for a wide 

diversity of responses. Signaling pathways common to other receptor tyrosine kinases such 

as the mitogen-activated kinase (MAPK), STAT and PI-3 kinase are often involved. Binding 

of N R G - p i , the ligand with the highest affinity for ErbB4, strongly stimulates the association 

of both She and p85 subunit of PI-3K, which functions to modulate several aspects of cell 

physiology (Sweeney et al., 2000; Zhou and Carpenter, 2002). 

It is evident from collected data, that the signaling diversity of the ErbB4 receptor is 

not only dictated by its protein expression patterns, but also by its structure due to the 

presence or absence of specific amino acids, as well as the large number of ligands and their 

varying affinities for the receptor. 

1.6 The Behaviour of ErbB4 at the Cell Membrane 

The regulation of growth factor receptors and various cell surface molecules generally 

follows a common trafficking pathway involving endocytosis. This process involves the 

rapid internalization of an activated receptor through clathrin-coated-pits, ultimately leading 

to either receptor degradation upon the fusion of the newly formed endosomes with 

lysosomes (Carpenter and Cohen, 1976) or inactivation of the receptor and subsequent return 

to the cell surface. These two pathways serve to down-regulate/desensitize or recycle the 

internalized receptor (Elenius et al., 1997b; Rio et al., 2000). Although EGFR (ErbBl) 



activity is regulated in this manner, the remaining three members of the EGF receptor family 

are not subject to rapid internalization upon ligand binding (Sorkin et al., 1993; Baulida et al., 

1996; Pinkas-Kramarski et al., 1996). ErbB2, ErbB3 and ErbB4 have been found to be 

inefficiently internalized and are therefore considered to be endocytosis impaired (Sorkin et 

al., 1993; Baulida et al., 1996; Pinkas-Kramarski et a l , 1996; Peschon et al., 1998). The 

molecular basis for this difference is not clear, however speculation has lead to the discovery 

that only the activated EGF receptor is able to associate with the adaptin AP-2 coated-pit-

molecule, a molecule observed to facilitate receptor internalization through coated pits 

(Sorkin and Carpenter, 1993; Baulida et a l , 1996). 

Alternative mechanisms for receptor down-regulation or desensitization are required 

in the absence of receptor cycling. Consequently, it has been discovered that ErbB4, but not 

ErbB2 or ErbB3 undergoes rapid sequential proteolytic cleavage upon heregulin binding 

(Vecchi et al., 1996; Vecchi and Carpenter, 1997). As seen in figure. 1-4, activation of 

ErbB4 due to ligand-binding or downstream activation of protein kinase C (PKC) has been 

shown to promote proteolytic cleavage to yield a ~120kDa ectodomain which is released into 

the extracellular space and an ~80kDa membrane-anchored molecule consisting of the 

transmembrane domain and cytoplasmic tail of the receptor (Vecchi et al., 1996; Vecchi and 

Carpenter, 1997). Inhibitor studies have shown that receptor cleavage is most likely 

dependent upon the action of a metalloprotease (Vecchi et al., 1998) which has since been 

identified as tumor necrosis factor-alpha-converting enzyme or T A C E (Rio et al., 2000). 

Only the JM-a isoform undergoes T A C E cleavage, indicating that the cut site is mostly likely 

located within the amino acid sequence unique to this receptor (Elenius et al., 1997b). The 

~80kDa membrane-anchored molecule that remains following this initial cleavage is heavily 
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Figure 1-4. ErbB4 Activation and Cleavage. Schematic of erbB4 activation by the ligand 
neuregulin (31 (NRG). Upon ligand binding, the erbB4 receptor dimerizes, autophosphorylates 
and is sequentially cleaved by TACE and y-secretase to yield a cytoplasmic fragment that 
can translocate to the nucleus. 



tyrosine phosphorylated and possesses catalytic tyrosine kinase activity toward an exogenous 

substrate in vitro (Vecchi and Carpenter, 1997). Recent studies have reported additional 

sequential cleaving of this molecule by y-secretase to release the ErbB4 intracellular domain 

from the membrane (Ni et a l , 2001; Lee et al., 2002). It has been hypothesized that release 

of the ~80kDa fragment into the cytosol upon secondary cleavage facilitates the translocation 

of the catalytically active molecule to the nucleus where is may be able to continue mediating 

receptor tyrosine kinase activity (Ni et al., 2001 ; Lee et al., 2002). Experiments using a 

heterologous system have shown that expression of the ~80kDa molecule does in fact 

translocate to the nucleus. Therefore y-secretase cleavage of ErbB4 may represent an 

alternative mechanism for receptor tyrosine kinase-mediated signaling. 

1.7 PC12 Cells as a System Representing Neuronal Development 

Studies involving loss of function mutations in the gene encoding the ErbB4 receptor 

have revealed the importance of its intrinsic tyrosine kinase activity in neuronal development. 

The migration of neuronal precursors along radial glial fibers is a critical step in the 

formation of the nervous system and requires the signaling pathways attributed to ErbB4 

activity (Aicardi, 1994). It was shown that cerebellar granule cells failed to migrate along 

radial glial fibers when ErbB4 activity was blocked and that the formation of radial glia was 

inhibited (Rio et al., 1997). Similar aberrant patterns in cell migration were observed in 

hindbrain-derived cranial neural crest cells. Microtransplantation experiments involving 

wild-type and mutant neural crest cells demonstrated that ErbB4 expression contributed 

important cues for neural migration to the surrounding environment (Golding et al., 2000). 



When transplanted, both cells migrated in a pattern consistent with the host environment, 

deviating from the normal pathway only when transplanted into mutant embryos. 

Experimental data therefore demonstrates the importance of ErbB4 receptor activity in 

neuronal development. 

The influence that ACPT may exert upon ErbB4 activity could possibly manifest 

itself as a modifier of neuronal development. Preliminary data was gathered through the use 

of PC 12 cells. The PC 12 cell line is derived from rat adrenal medullary pheochromocytoma 

tumour cells. Since these cells can be easily induced to differentiate into sympathetic neuron

like cells, they are ideally suited to serve as a paradigm for studies on the regulation of neural 

differentiation (Greene and Tischler, 1976). Addition of various neurotrophic factors that 

include nerve growth factor (NGF) and basic fibroblast growth factor can be added to the 

cells in order to bind and activate either tyrosine kinase trkA or fibroblast growth factor 

receptors, respectively, to initiate downstream signaling events, and subsequently induce 

differentiation of PC 12 cells. 

PC 12 cells express EGFR, ErbB2 and ErbB3 receptors, but not ErbB4 receptors 

(Vaskovsky et al., 2000). Although each of these receptors are capable of inducing neurite 

extensions in PC 12 cells, it is only when they are overexpressed that they are able to do so. It 

has been shown by Gamett and Cerione (Gamett and Cerione, 1994) that overexpression of 

transforming ErbB2 results in neurite outgrowth. Similarly, over expression of either ErbB2 

or ErbB3 leads to neuregulin-stimulated neurite outgrowth and activation of 

phosphatidylinositol 3-kinase (Gamett et al., 1995). Overexpression of EGFR in PC 12 cells 

can also lead to differentiation in response to EGF (Traverse et al., 1994). More 

significantly, it has been shown that overexpression of ErbB4, the more relevant EGF 



receptor in neural development, can lead to neuregulin-induced early cell division that is 

followed by neuronal differentiation (Vaskovsky et al., 2000; Erlich et a l , 2001). These 

effects of N R G on cell morphology have been shown to be mediated by the Erk and protein 

kinase C-dependent pathways (Vaskovsky et al., 2000). 

Since these cells are capable of responding to several different growth factors by 

producing neurite extensions, a number of these factors can serve as positive controls. Also, 

activating receptors other than ErbB4 to induce differentiation can be used to aid in 

distinguishing the level at which the "activity-altering" proteins function. 



1.8 Study Aims 

The search for a novel member of the histidine acid phosphatase family was rooted in 

the desire to clone an enzyme which is only known to exist on the basis of histochemical 

staining. Based on its specific localization within a subset of small sensory neurons, this 

enzyme termed fluoride-resistent acid phosphatase or FRAP is believed to play an important 

role in nociceptive transmission and would therefore be an ideal target for analgesic therapy. 

However, the existence of this novel phosphatase has been a topic of debate. The 

immunohistochemical studies have shown that FRAP shares similar substrate specificity with 

PAP, and its fluoride resistance and tartrate sensitivity are mirrored by PAP, thereby leading 

to the proposal that the enzyme is PAP rather than a novel isoform. 

The objective of this study was to further pain research by cloning and characterizing 

this novel histidine acid phosphatase. Although a novel acid phosphatase (ACPT) was 

cloned during the pursuit of FRAP, it was quickly determined that it was a phosphatase not 

previously proposed to exist. Due to its expression in the brain and its high degree of 

homology to PAP which functions as a tyrosine phosphatase regulator of ErbB2, it was 

hypothesized that ACPT may have tyrosine phosphatase activity towards the epidermal 

growth factor receptor, ErbB4. 



C H A P T E R II 

Methods and Materials 

2.1 Database Searches 

A database search was conducted to identify genes encoding for novel, full-length 

proteins from the histidine acid phosphatase family. Using regions of homology amongst the 

members of the histidine acid phosphatase family, a search against human expressed 

sequence tags (ESTs) was conducted using the tBLASTN algorithm on the National Centre 

for Biotechnology Information server (http : //www, ncbi. nlm. nih. RO v /BL A ST/). By piecing 

together overlapping ESTs, a sequence beginning with A T G and ending with a stop codon 

was assembled. 

2.2 Cloning and Amplification of A C P T 

Amplification of a gene representing the full-length sequence for a novel acid 

phosphatase was accomplished by running a polymerase chain reaction (PCR). Primers were 

designed based on the sequence derived from the alignment of overlapping EST sequences. 

Human testis cDNA (Clontech) was used as a template to perform a 25ul PCR reaction 

containing lug of cDNA, 60pmol of each primer (forward primer 5 '-CGTCTGGGCTGGGT 

GGAAATG-3 ' , reverse primer 5 ' -TGTCAGCTGGGGGTAGGGAAG-3 ' ) , 1.5mM M g C l 2 , 

200uM dNTPs, 1.25 units Vent D N A Polymerase and I X PCR reaction buffer. The mixture 



was subjected to 35 cycles of 94°C for 45 sec. for denaturing, 61°C for 1 min. for annealing 

and 72°C for 1.5 min. for primer extension. The resulting products were separated on an 

agarose gel, purified and subcloned into pCR2.1 vector (Invitrogen). To verify the gene 

product, the clone was sequenced (LoneStar Labs). 

Additional amplifications of ACPT were performed using primers which incorporated 

the sequence for an HA-tag located at the C-terminus of the enzyme (forward primer 5'-

G G C C G G T A C C G C C A C C A T G G C C G G C C G G C C T G G G G T - 3 ' , reverse primer 5'-

T A G C A A G C T T C G C A T A A T C C G G C A C A T C A T A C G G A T A C A C G G G G C C C C C C A A G G 

C-3') 

2.3 Restriction Digests 

Restriction digests were performed to verify the integrity of plasmid clones and to 

subclone D N A into alternative vectors. The G w l and EGFP-N3 vectors encoded for a GFP 

tag priot to ACPT subcloning. Restriction enzymes were obtained from either Gibco-BRL or 

New England Biolabs. Each restriction digest was performed in the appropriate buffer using 

1-5 units of enzyme per ug DNA. The samples were incubated for a minimum of l h at 37°C 

or at room temperature for overnight. The following constructs were created with full-length 

ACPT as the insert: 

Plasmid tag tag location Restriction Enzymes 
pCR2.1 n/a n/a n/a 
pCEP4 n/a n/a Kpnl/Hindni 
pCEP4 H A C-terminus KpnI/Hindin 
pGwl GFP C-terminus Hindlll/Kpnl 
pEGFP-N3 GFP N-terminus EcoRI/BamHI 



To verify the gene insert of the pcDNA3/ErbB4 construct (JM-a isoform; a gift from 

Dr. L. Mei), digests using various combinations of restriction enzymes were conducted. 

2.4 Agarose Gel Electrophoresis 

Agarose gel electrophoresis was used to determine the size of restriction fragments, 

PCR products and for estimating the D N A concentration of samples. Prior to loading, 1/5 

volume of 5X loading buffer (10% v/v glycerol, 0.01 % w/v xylene cyanol or bromophenol 

blue) was added to the samples. The samples were then loaded into the wells of a gel 

composed of 0.6-1.0%) w/v agarose dissolved in I X T A E buffer (50X T A E : 2M Tris, 5.7% 

w/v glacial acetic acid, 0.1M EDTA, pH~8.5) with 0.1 pg/ml ethidium bromide. 

Electrophoresis was conducted at 80-120V in I X T A E buffer. An ultraviolet transilluminator 

(X = 300 nm) was used to visualize the DNA. To determine the sizes of the fragments, a l kB 

or 1 OObp molecular weight marker (New England Biolabs) was run simultaneously with the 

samples. 

2.5 Gene Analysis 

The nucleotide and amino acid sequence of the novel acid phosphatase was analyzed 

with the aid of the following programs: BLAST a basic local alignment search tool 

(http://www.ncbi.nlm.nih.gov/BLAST/); B C M Search Launcher provided multiple sequence 

alignment (ClustalW 1.8) and six-frame translation tools 

(http://searchlauncher.bcm.tmc.edu/); Boxshade for outputting sequence alignment data with 

http://www.ncbi.nlm.nih.gov/BLAST/
http://searchlauncher.bcm.tmc.edu/


identical and similar amino acid residues highlighted appropriately 

(http://wvvfw.ch.embnet.org/software/BOX_form.html); SOSUI for the classification and 

secondary structure prediction of membrane proteins 

(http://sosui.proteome.bio.tuat.ac.jp/sosuiframeO.html); PSORT II for the prediction of 

protein sorting signals and localization sites (http://psort.ims.u-tokyo.ac.jp/) and Compute 

pI/Mw tool (http://ca.expasy.org/tools/pi_tool.html) for predicting the isoelectric point and 

molecular weight of the protein. 

2.6 Expression in Human Tissue 

To establish a distribution pattern of ACPT within human tissues a standardized RT-

PCR panel was purchased from Clontech. Using primers specific for the amplification of a 

-560 bp ACPT fragment (forward primer 5 ' -CTTTGGATATTGGAGCCCACG-3 ' ; reverse 

primer 5 ' -TGTCAGCTGGGGGTAGGGAAG-3 ' ) 1 pg of cDNA from various human tissues 

was subjected to a PCR reaction using an annealing temperature of 59.3°C. The samples 

were subsequently run on an agarose gel for analysis. The specificity of the primers was 

verified through the purification and sequencing of the amplified fragment. 

http://wvvfw.ch.embnet.org/software/BOX_form.html
http://sosui.proteome.bio.tuat.ac.jp/sosuiframeO.html
http://psort.ims.u-tokyo.ac.jp/
http://ca.expasy.org/tools/pi_tool.html


2.7 Cell Culture 

2.7.1 COS7 

C0S7 cells were obtained from the American Type Cell Culture Collection and 

cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal 

bovine serum (FBS) and 100U/mL of both penicillin and streptomycin. During this period, 

the cells were incubated at 37°C in 5% CO2. The cells were passaged every 3-4 days or when 

reaching 100% confluency. When passaged, the medium was aspirated and cells washed 

with pre-warmed (37°C) PBS. Trypsin-EDTA (0.25% trypsin, 1 m M EDTA-4Na in HBSS; 

GibcoBRL) was added to the COS7 cells and the plate incubated for 3-5 min. at 37°C in 5% 

CO2 to completely detach the cells from the plate. Cells were then rinsed off of the plate, 

collected and plated onto fresh plates at the desired confluency. 

2.7.2 Hippocampal Neuronal Cultures 

Neuronal cultures were prepared from the hippocampi of E18/E19 rats as described 

by Craven et al. (Craven et al., 1999). Hippocampi were dissociated by enzyme digestion 

with papain followed by brief mechanical trituration and incubation at 37°C for 10 min. 

Samples were centrifuged at 3000 rpm and the supernatant removed. Addition of trypsin 

inhibitor solution (2.5 mg/ml trypsin inhibitor, 2.5 mg/ml BSA, 0.7 mg/mL DNase I in 

neurobasal media) to neutralize the papain was followed by brief trituration and 



centrifugation. Cells were plated on poly-D-lysine (PDL)-treated glass coverslips and 

maintained in neurobasal media (Life Technologies, Inc.) supplemented with B27 (Gibco 

BRL), penicillin, streptomycin, and L-glutamine. 

2.7.3 Pheochromocytoma Cells 

Rat pheochromocytoma (PC 12) cells were obtained from the American Type Culture 

Collection (Manassas, Virginia). The cells were grown on PDL-coated plates in F-12 

nutrient mixture (Gibco) supplemented with antibiotics, 15% heat-inactivated horse serum 

and 2.5% FBS. Cells were incubated at 37°C in 5% CO2 and the medium changed every 2-3 

days. Upon reaching 80-100%) confluency, the cells were passaged. The medium was 

aspirated and the cells gently washed with pre-warmed (37°C) PBS. The cells were 

resuspended in 4ml of media and triturated through a 20 and 22 gauge syringe, four times 

each. This was followed by replating of the cells onto freshly PDL-coated plates at the 

desired confluency. 

2.7.3.1 Differentiation of PC12 Cells 

Two methods were used to induce neurite sprouting in PC 12 cells. The methods 

differ only in the ligand and receptor employed. For one method, it was necessary to 

transfect a construct expressing the full-length coding region for ErbB4 (pcDNA3/ErbB4) 

into rat pheochromocytoma cells (PC 12). To induce differentiation, cells were plated at a 

confluency of 5 x 105 cells/ml on PDL-coated plates in F-12 nutrient mixture supplemented 



with antibiotics and 5% FBS (complete F-12 media) in the presence of 100 ng/ml neuregulin 

|31. Medium was replaced with fresh medium containing neuregulin every 2-3 days. 

The second ligand used to induce neurite sprouting of PC 12 cells was nerve growth 

factor (NGF). Cells were cultured in the same manner as those treated with NRG, however, 

NGF was the ligand applied. It was added at a concentration of 50 ng/ml. Images were taken 

after 4 days of treatment and the neurites measured. Cells were considered elongated if they 

were at least twice as long as the original diameter of the rounded cells as determined by 

Northern Eclipse analysis. 

2.8 Cell Transfection 

2.8.1 COS7 

Foreign D N A was introduced into COS7 cells with the aid of the lipid-mediated 

reagent LipofectAMINE in conjunction with Plus reagent (Invitrogen). Cells were plated 6-

12 h prior to transfection. A total of 1 pg D N A per 35 mm plate was incubated with 6 pi of 

Plus reagent and 100 pi of serum-free D M E M at room temperature for 15 min. This was 

followed by the addition of a mixture composed of 4 pi of LipofectAMINE in 100 pi of 

serum-free D M E M . The sample was mixed and incubated at room temperature for an 

additional 15 min. During the incubation, media was aspirated from the COS 7 cells and 

replaced with 800 pi of serum-free media. The LipofectAMINE/DNA cocktail was added 

directly to these cells. The cells were incubated in 5% CO2 and 37°C for 6-12h. Following 



the incubation, the transfection medium was replaced with D M E M + 10% FBS and the cells 

incubated in 5% C 0 2 and 37°C for 24h. 

2.8.2 PC12 Cells 

Prior to transfection, PC 12 cells were plated onto coverslips in 24-well, PDL-coated 

plates (1.25 x 104 cells per well) in growth medium. Plasmids were transfected with the aid 

of Lipo feet A M I N E and Plus reagent (Invitrogen). A total of 0.25 p,g D N A per well was 

incubated with 1.5 ul of Plus reagent and 25 ul of serum-free F-12 at room temperature for 

15 min. This was followed by the addition of a mixture composed of 1 ul of lipofectAMINE 

in 25 ul of serum-free F-12. The sample was mixed and incubated at room temperature for 

an additional 15 min. During the incubation, media was aspirated from the PC 12 cells and 

replaced with 200 ul of serum-free media. The lipofectAMINE/DNA cocktail was added 

directly to these cells. The cells were incubated in 5% CO2 and 37°C for 6-12h. Following 

the incubation, the transfection medium was replaced with F-12 nutrient mixture 

supplemented with antibiotics, 15% heat-inactivated horse serum and 2.5% FBS. 

2.9 Antibodies 

Antibodies employed for immunoblotting included rabbit polyclonal to the carboxy 

terminus of ErbB4 (Santa Cruz), mouse monoclonal anti-green fluorescent protein (GFP) 

(Clontech), mouse monoclonal anti-phosphotyrosine (Upstate Biotechnology), rabbit 



polyclonal anti-synaptophysin (Zymed), mouse monoclonal anti-NRl (Synaptic Systems), 

rabbit polyclonal anti-actin and rabbit polyclonal antiserum generated to ACPT by the 

immunization with the peptide LSPEYRREEVYIRC (Affinity Bioreagents Inc.). Prior to 

use, anti-ACPT was affinity purified using a SulfoLink kit (Pierce). 

Immunostaining required the use of the rabbit polyclonal ACPT antiserum, mouse 

monoclonal anti-GFP, mouse monoclonal H A (Sigma), mouse monoclonal anti-ErbB4 

(Neomarkers), mouse monoclonal anti-PSD-95 (Affinity Bioreagents) and mouse polyclonal 

synaptophysin (Sigma). 

2.10 A C P T Antibody Characterization 

2.10.1 Immunocytochemistry 

A custom made antibody was used to detect endogenous ACPT in Western blot 

assays and immunostaining. The antibody was generated against a peptide sequence located 

near the N-terminus of the enzyme by immunizing rabbits with a peptide of the following 

sequence: L S P E Y R R E E V Y I R C . The peptide was chosen due to the high degree of 

specificity towards ACPT as well as the strong presence of hydrophilic residues. These 

residues are less likely to be contained within the hydrophobic cell membrane making this 

region more accessible to the antibody. This resulted in the production of a polyclonal 

antiserum to ACPT. The antibody was purified using an affinity purification column (Pierce 

Technology) to reduce non-specific binding of additional elements found within the crude 

serum. 



Specificity of the ACPT antibody was determined using immunocytochemistry. 

COS7 cells were transfected with HA-tagged ACPT. The transfected cells were incubated 

with anti-HA or a pre-determined dilution of anti-ACPT or with preabsorbed ACPT antibody 

which served as a negative control. The ACPT antibody was preabsorbed with 100 pg/ml of 

the peptide used to generate the antibody dissolved in PBS-T with 0.2% sodium azide and 

incubated at room temperature for 2 h. The immunocychemical staining procedure was 

conducted as described in section 2.11. 

2.10.2 Western Blot 

The specificity of the anti-ACPT antisera was analyzed by immunoblotting. COS7 

cell lysate expressing either ACPT or GFP-tagged ACPT was run on an 8.5% SDS-PAGE 

and immunoblotted with the antisera, a GFP antibody or peptide blocked antisera. Analysis 

was accomplished using ECL. See section 2.13.5 for a detailed description of the 

immunoblotting protocol. 

2.11 Immunocytochemistry 

Coverslips were removed from culture wells and fixed in 4%> paraformaldehyde or 

100% ice-cold methanol for 10 min. The cells were washed with phosphate-buffered saline 

containing 0.1% Triton-X-100 (PBST) three times. The appropriate primary antibody was 

diluted in blocking solution (PBST + 3% normal goat serum), added to the cells and 

incubated with shaking for 1 hr at room temperature. This was followed by three 1 min. 



washes in PBS-T and a lh, room temperature incubation with either donkey anti-mouse or 

donkey anti-rabbit antibodies conjugated to Cy3 or Alexa680 fluorophores diluted in 

blocking solution. The cells were then washed three times for 1 min. in PBST. Covers lips 

were mounted on slides with Fluoromount-G (Southern Biotechnology Associates), and 

images were taken under fluorescence microscopy with a 40x or 63x objective affixed to a 

Zeiss microscope. 

2.12 Immunohistochemistry 

Tissue for immunohistochemical staining was prepared according to Vincent et al. 

(Vincent et al., 1982). Adult rats were anesthetized and perfused with 4% PFA in 0.1 M 

PBS, pH 7.4. The brains were removed and immersed in the same fixative at 4°C for 4-18 h 

and then transferred to 5% sucrose in 0.1 M phosphate buffer at 4°C for 24 h. Tissue was 

frozen with C02 and serial sections of the brain were cut at a thickness of 20-25 urn on a 

cryostat. 

Samples were immunohistochemically stained using an immunoperoxidase-based 

procedure as follows: sections were incubated for 24 h at 4°C in affinity purified ACPT 

antibody diluted to 5 p-g/ml in PBS-T (PBS containing 0.3% tween) and 2% normal goat 

serum. Following 3 x 1 5 min. rinsing in PBS-T, samples were incubated with biotinylated 

rabbit anti-sheep secondary antibody (Vector Laboratories) diluted 1:1000 in PBS-T 

containing 2% NGS for 1 h. Sections were rinsed a second time in PBS-T for 3 x 15 min. 

followed by a 1 h room temperature incubation in V E C T A S T A I N Elite A B C reagent 

(Vectastain Elite A B C system, Vector Laboratories) diluted in PBS-T. This resulted in the 



formation of an avidin-biotinylated horseradish peroxidase macromolecular complex. 

Following a series of rinses in PBS-T, the immunoreactivity was performed using a 

peroxidase substrate solution (50mM Tris-HCl, pH 7.6, 100mg/ml nickel ammonium sulfate, 

50mM imidazole, 10mg/ml diaminobenzidine plus nickel ammonium sulfite as the 

chromogen, 1.2% v/v H2O2). The samples were incubated for 10-15 min. in this solution to 

develop the stain. After staining, the sections were mounted and dehydrated in graded 

alcohols, cleared in xylene and coverslipped. Phase and brightfield optics were used to 

examine the samples. 

2.13 Co-Immunoprecipitation and Immunoblotting 

2.13.1 Preparation of Brain Homogenates 

Rats were anaesthetized and decapitated and their brains dissected into various 

anatomical regions. The tissue was homogenized in lOw/v ice-cold homogenizing buffer 

(320 m M sucrose, 4 m M Hepes, pH 7.4, 1 mM EGTA, 0.25 m M phenylmethylsulfonyl 

fluoride). Centrifuging for 10 min. at 1000 x g cleared the supernatant of large cell fragments 

and nuclei. The protein concentration of the supernatant was determined using the B C A 

protein assay (Pierce) and 30 pg of each sample was analyzed by immunoblotting. 



2.13.2 Preparation of Sepharose Beads 

An appropriate amount of protein A-Sepharose CL4B or protein G sepharose 4 Fast 

Flow was weighed out and resuspended in 10 mL of 100 m M Tris-HCl (pH 7.4) and rotated 

for 15 min. at 4°C. Bovine serum albumin (2X crystallized) was added to 2 mg/ml and the 

beads rotated for 30 min. at 4°C. To pellet the beads, the samples were centrifuged at 1000 

rpm for 5 min. The supernatant was removed and the pellet resuspended in 10 mL of 100 

mM Tris-HCl (Ph 7.4). Rotation for 10 min. at 4°C was followed by centrifugation at 1000 

rpm for 5 min. The supernatant was removed and the beads resuspended in the appropriate 

I X immunoprecipitation buffer (refer to immunoprecipitation or co-immunoprecipitation 

protocols. An additional cycle of rotation for 10 min. at 4°C and centrifugation at 1000 rpm 

for 5 min. followed. After removing the supernatant, 1 volume of I X immunoprecipitation 

buffer was added to the sepharose beads to make a final 1:1 suspension. 

2.13.3 Cell Lysate and Immunoprecipitation 

Cells were washed with ice-cold PBS and harvested in 0.5 mL of lysis buffer 

containing 20 m M Hepes, pH 7.0, 0.5% deoxycholic acid, 0.1% NP-40, 150 m M NaCl, 2 

mM EDTA, 10 m M NaF, 0.1 m M ZnCl 2 , 2mM sodium orthovanadate and 0.25 m M 

phenylmethylsulphonylfluoride. After extracting for 20 min at 4°C, insoluble material was 

removed by centrifugation at 10,000xg for 10 min. For immunoprecipitation experiments, 

the samples were then incubated with 2ug of ErbB4 antibody for 1 hr at 4°C. After addition 



of 30 ul of Protein A-Sepharose beads (Pharmacia), samples were incubated for 1 hr at 4°C. 

The beads were then washed three times with lysis buffer to removed non-binding material 

and boiled in 2X SDS-PAGE sample buffer with 1 m M DTT for 3 min. in preparation for 

Western blot analysis. 

2.13.4 Co-Immunoprecipitation From Brain 

Pregnant rats were anaesthetized with halothane, decapitated and embryos (E18/19) 

removed. The brains were removed and placed in ice-cold HBSS until they were weighed. 

Brains were homogenized in 10 w/v of LP buffer (20 m M Hepes, pH 7.0, 0.5% deoxycholic 

acid, 0.1% NP-40, 150 m M NaCl, 2 mM EDTA, 10 m M NaF, 0.1 m M ZnCl 2 , 2mM sodium 

orthovanadate and 0.25 m M phenylmethylsulphonylfluoride) and incubated for 20 min at 

4°C. Insoluble material and cellular debris was removed by centrifugation at 800 x g for 10 

min. Using a B C A protein assay, the protein concentration of the supernatants was 

determined and 400 ug aliquoted into fresh microfuge tubes. These samples were diluted 4X 

in IP buffer and 25 ul of protein G sepharose 4 Fast Flow (Amersham Pharmacia Biotech) 

added. Incubation with gentle mixing at 4°C for 30 min. ensued. Microfuge tubes were 

centrifuged at 5000 rpm for 1 min and the supernatant removed to fresh microfuge tubes. 

ErbB4 mouse monoclonal antibody or IgG was added to the supernatant at 2 jag antibody/mg 

protein. The samples were left on ice for 1 h. Addition of 30 ul of protein G sepharose 4 

Fast Flow was followed by an incubation on the nutator at 4°C for 1 h. Three sequential 

washes with LP buffer removed non-binding material. The beads were resuspended in 70 ul 



of 2 X sample buffer ( IX Tris, pH 6.8, 20% glycerol, 140 m M SDS, 2 % 2-mercaptoethanol, 

1% w/v bromophenol blue) and boiled for 3 min. prior to SDS-PAGE analysis. 

2.13.5 Immunoblotting 

After boiling, the samples were electrophoretically separated on 8.0%> SDS-PAGE 

gels and transferred at 150V for l h to nitrocellulose membranes (Amersham) for western 

blotting. Membranes were blocked for l h in TBS-T buffer (0.02 M Tris-HCl, pH 7.5, 0.15 M 

NaCl, 0.05%) Tween-20) containing 5% milk powder and blotted with the appropriate 

primary antibody for l h and washed with TBS-T + 0.5% milk powder for 10 min., twice. A 

lh incubation with a horseradish peroxidase-linked secondary antibody followed. The 

membranes were then washed three times in TBS-T + 0.5%> milk powder for 10 min. and 

twice for 10 min. in TBS. The bound antibody was detected with enhanced 

chemiluminescence reagent E C L (Amersham) according to the manufacturer's protocol and 

Bio-Max film (Kodak). 

2.13.6 Stripping Nitrocellulose Membranes 

Nitrocellulose was submerged in stripping buffer (100 m M 2-mercaptoethanol, 2%> 

sodium dodecyl sulphate, 62.5 m M Tris-HCl, pH 6.7) and incubated at 55°C for 30 min. with 

gentle agitation. The membrane was subsequently washed 2 x 1 0 min. in TBS-T at room 

temperature using generous amounts of the wash buffer. Blocking was accomplished by 



incubating the membrane in 5% blocking solution (5% w/v milk in TBS-T) for l h at room 

temperature and the western blotting protocol was followed for the remainder of the method. 

2.14 Subcellular Fractionation 

Subcellular fractions of 6 whole brains from 150-200 g rats were prepared as 

described by Huttner et al. (Huttner et al., 1983). A l l steps were performed on ice. Brains 

were homogenized with 9 strokes of a Dounce homogenizer at 900 rpm in 50 ml of 

homogenizing buffer (320 m M sucrose, 4 m M Hepes, pH 7.4, 1 m M EGTA, 1 mg/ml 

pepstatin A , 200 m M pmsf). Centrifugation for 10 min. at 1000 x g removed large debris and 

nuclei (PI). The supernatant (SI) was centrifuged at 12 000 x g to obtain the S2 fraction 

containing small cell fragments. The pellet was resuspended in homogenizing buffer and 

centrifuged for 15 min. at 13 000 x g resulting in a supernatant (S2') of small compartments 

and a pellet of crude synaptosomal membranes. Homogenizing buffer was used to resuspend 

the pellet, followed by 9 volumes of ice-cold water. The sample was then homogenized at a 

very slow speed, followed by hypo-osmotic lysis of the pellet by the addition of 1 M Hepes-

NaOH (pH 7.4). This sample was centrifuged for 20 min. at 33 000 x g to yield heavy 

membranes (LP1) and a supernatant which additionally centrifuged for 2 h at 251 000 x g. 

This resulted in a supernatant of presynaptic cytosol (LS2) and a pellet (LP2) of synaptic 

vesicles which was resuspended in 40 m M sucrose. The protein concentration of the sample 

was determined using the B C A protein assay and analyzed by SDS-PAGE and 

immunoblotting. 



2.15 Topology and Orientation 

The orientation of ACPT within the cell membrane was examined in a heterologous 

system. COS7 were transfected with full-length ACPT tagged with GFP at the C-terminus or 

a construct expressing the NR2B subunit of the N M D A receptor, tagged at its N-terminus 

with GFP (courtesy of Dr. L .A . Raymond). This construct was to serve as a positive control 

as its orientation within the cell membrane is known to result in the GFP-tag being 

extracellularly expressed. Following cell fixation on ice with 4% PFA for 10 min., the 

samples were washed with one of two solutions, PBS-T or PBS. To determine if the N -

terminus of the enzyme was extracellular and the C-terminus intracellular, cells washed with 

PBS-T and PBS were incubated with a GFP or ACPT primary antibody. 

2.16 Enzyme Deglycosylation 

COS7 cells transiently expressing ACPT or the glutamate receptor subunit GluR6 (a 

gift from Dr. L .A. Raymond) were harvested in lysis buffer and denatured in I X denaturing 

buffer (10X = 5% SDS, 10% p-mercaptoethanol) by boiling for 10 min. Addition of 10% 

volume of each 10X G7 buffer (0.5M sodium phosphate, pH 7.5) and 10% NP-40 as well as 

1U of N-glycosidase F (PNGase F; New England Biolabs) was followed by a 3h incubation at 

37°C. Samples were then analyzed by western blotting. GluR6 is a protein known to be N -

linked glycosylated and served as the positive control. 



2.17 ErbB4 Activation 

To induce receptor activity, cells were treated with the ErbB4 ligand neuregulin p 1 

(NRGpi). Prior to ligand exposure, the cells were incubated in serum-free media (DMEM) 

for 90min. in 5% CO2 at 37°C. This was followed by the direct addition of 100 ng/ml 

N R G p i to the media. A brief 5 min. incubation in 5% CO2 at 37°C ensued. Cells were 

quickly washed in room temperature PBS and harvested in preparation for further analysis. 

2.18 Inhibition of Tyrosine Phosphatase Activity 

Inhibition of tyrosine phosphatase activity was accomplished by pervanadate 

treatment (Vecchi et al., 1998). Pervanadate, a tyrosine phosphatase inhibitor was prepared 

no more than 30 min. before use. Prior to exposure, cells were incubated in serum-free 

media (DMEM) for 90min. in 5% C 0 2 at 37°C. This was followed by the direct addition of 

lOOpM pervanadate (1M vanadate, 1M H2O2 mixed to a final concentration of 0.5M) to the 

media. Incubation of the cells in 5% CO2 at 37°C lasted for 30min. Cells were then quickly 

washed in room temperture PBS and harvested in preparation for further analysis. 



2.19 Statistical Analysis 

Statistical analysis was performed using Origin 6.1 software (OriginLab Corporation). 

Data was subjected to the A N O V A test for one-way analysis of variance, followed by 

determination of significant difference based on P < 0.05. Data was presented as the mean + 

the standard error of mean of the trials. 



CHAPTER III 

Results 

3.1 Cloning of a cDNA Encoding for Human A C P T 

Searching human EST databases with regions of acid phosphatase homology, in 

particular the conserved catalytic domains, and aligning the overlapping EST.sequences lead 

to the derivation of a novel family member. EST-based primers resulted in the PCR 

amplification of a 1278 bp full-length coding sequence of predicted molecular mass of 43.1 

kDa from human testis cDNA. While this work was underway, the human form of a novel 

acid phosphatase, named testicular acid phosphatase (ACPT) was cloned by Yousef et al. 

(Yousef et al., 2001). The two sequences were identical. The classification of ACPT as a 

histidine acid phosphatase is based on the presence of the two catalytic motifs that are 

generally used to classify members of this family, RHGxRxP near the N-terminal and HD 

close to the C-terminal (Van Etten et al., 1991). ACPT displays -44% identity and greater 

than 60% similarity to human prostatic acid phosphatase (PAP). Analytical programs predict 

that ACPT has a signal sequence at its N-terminus, a transmembrane domain near the C-

terminus and four potential N-linked glycosylation sites (fig. 3-1). Although a 

transmembrane domain is not present in the original PAP clone, a more recently identified 

precursor protein of PAP possesses a similar putative transmembrane domain. 



ACPT 1 MAGLGFWGHPAGPLL LI.I.LVLPP:-ALPEGPLVFVALVFRHGDRAPLASYPMDPHKE 
pAP 1 MRAAPLLLARAASLSLGF F FFWLDRSVXiAKELKFVTLVF RHGDRSPIDTFPTDPIKE 

ACPT 58 VASTLWPRGLGQLTTEGVRQQLELGRFLRSRYEAFLSPEYRREEVYIRSTDFDRTLESAQ 
pAP 61 SS WPQGFGQLTQLGMEQHYELGEYIRKRYRKFLNESYKHEQVYIRSTDVDRTLMSAM 

ACPT 118 ANLAGLFP--EAAPGSPEARWRPIPVHTVPVAEDKLLRFPMRSCPRYHELLREATEAAEY 
pAP 118 TNLAALFPPEGVSIWNPILLWQPIPVHTVPLSEDQLLYLPFRNCPRFQELESETLKSEEF 

ACPT 176 QEALEGWTGFLSRLENFTGLSLVGEPLRRAW-KVLDTLMCQQAHGLPLPAWASPDVLRTL 
pAP 178 QKRLHPYKDFIATLGKLS--GLHGQDLFGIWSKVYDPLYCESVHNFTLPSWATEDTMTK:, 

ACPT 235 AQISALDIGAHVGPPRAAEKAQLTGGILLNAI 
pAP 236 RELSELSLLSLYGIHKQKEKSRLQGGVLVNEI 

ï jANFSPVQRLGL PLKMVMY S A HCJSTLLA 
Î.NHMKRATQIPSYKKLIMYSAHD T T V S G 

ACPT 2 95 LQGALGLYDGHTPPYAACLGFEFRKHLGNPAKDGGNVTVSLFYRNDSAHLPLPLSLPGCP 
pAP 2 96 LQMALDVYNGLLPPYASCHLTELYFEK GEYFVEMYYRNETQHEPYPLMLPGCS 

ACPT 3 55 APCPLGRFYQLTAPARPPAHGVSCHGP--YEAAIPI 
pAP 349 PSCPLERFAELVGPVIPQDWSTECMTTNSHQVLH 

ACPT 413 |WRPGCLRALGGPV 
pAP 409 C JQRESYGNI 

Figure 3-1. Sequence Alignment. Nucleotide sequence alignment of the novel histidine 
acid phosphatase (ACPT) and the novel, transmembrane domain-containing prostatic acid 
phosphatase (pAP). Each enzyme has two catalytic domains (outlined in black), a signal 
sequence (yellow), putative transmembrane domain (green) and N-linked glycosylation sites 
(underline). 



3.2 Antibody Characterization 

3.2.1 Immunocytochemistry 

Experiments designed to characterize and study the functional aspects of proteins 

often require tools such as antibodies. To aid with experiments involving ACPT, enzyme-

specific anti-sera was generated by immunizing rabbits with a peptide sequence 

corresponding to the amino acids LSPEYRREEVYIRC located near the N-terminus. 

To determine the specificity of the antibody generated, COS7 cells were transfected 

with an ACPT construct that was HA-tagged at the C-terminus, fixed and immunostained 

using an antibody generated to an N-terminal amino acid sequence specific to the enzyme. 

Immunocytochemistry revealed a complete overlap in anti-HA and anti-ACPT staining in 

cells expressing the HA-tagged ACPT (fig. 3-2A). ACPT did not appear to be localized 

within the nucleus, rather its expression was concentrated within the cytoplasm in a pattern 

that could indicate localization within the Golgi apparatus and in some instances, the 

endoplasmic reticulum. Surrounding non-transfected cells which were defined by a lack of 

H A immunoreactivity, also failed to immunostain for the phosphatase. This suggests that the 

generated antibody is able to specifically detect ACPT to the exclusion of other proteins 

expressed by the COS7 cells, including lysosomal acid phosphatase. 

COS7 cells transfected in parallel with the above experiments were fixed and 

immunostained with peptide-blocked antisera to serve as a negative control (Fig. 3-2B). 

Treatment of antisera with the immunizing peptide results in the saturation of all available 

antibody binding sites, preventing anti-ACPT immunoreactivity when subsequently applied 



to transiently expressing COS7 cells. These samples failed to detect any protein, indicating 

that the detection of ACPT was blocked by the peptide used to generate the antibody. These 

results support the initial antibody characterization data, indicating that the generated 

antibody selectively detects ACPT protein and that the enzyme is not endogenously 

expressed by COS7 cells. 
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Figure 3-2. Antisera Specifically Immunostains for ACPT. COS7 cells transfected 
with HA-ACPT and subsequently immunostained with A) anti-ACPT or anti-HA and B) anti-HA 
or pre-absorbed anti-ACPT. Photomicrographs are representations of results from n=3 different 
experiments. Scale bar = 10pm 



3.2.2 Western Blotting 

The specificity of the anti-ACPT antisera was additionally verified by 

immunoblotting (fig. 3-3). Cell lysates were harvested from COS7 cells transfected with 

ACPT and ACPT-GFP. Immunoblotting of these samples with the ACPT antibody revealed 

a band which corresponded to the expected size of the protein as well as multiple bands 

indicating the presence of proteins of higher molecular weights. Anti-ACPT revealed 

proteins of-43 kDa, the predicted size for the full-length enzyme, and a larger protein of -65 

kDa, due to the addition of the GFP tag. Stripping of the nitrocellulose, followed by 

immunoblotting with anti-GFP detected the -65 kDa protein only in the ACPT-GFP 

containing lane. Anti-GFP failed to detect any bands in the lane containing ACPT protein. 

Additionally, the detection of ACPT protein was blocked by the peptide used to generate the 

antibody. These results indicate that the generated ACPT antisera specifically detects ACPT 

protein and that this protein either undergoes post-translational modifications or has 

alternative isoforms. 
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Figure 3-3. Antisera Specifically Detects ACPT Protein. Cell lysate from A C P T or 
ACPT-GFP transfected cells (indicated above blot) were harvested and immunoblotted 
with anti-ACPT, +/- immunizing peptide (indicated below blots) (A). The blots were 
subsequently stripped and re-blotted with anti-GFP (B). Results were replicated in n=3 
different experiments. 



3.3 Tissue Distribution of Human A C P T cDNA 

3.3.1 Human Multiple Tissue cDNA Panel 

A human multiple tissue cDNA panel standardized for mRNA levels was screened 

with ACPT-specific primers. Screening of this panel revealed a restricted pattern of ACPT 

expression with varying levels amongst the different tissues (fig. 3-4). The enzyme was 

found to be highly expressed in brain, heart, liver, testis, ovary and small intestine. Lower 

levels of expression were also detected in skeletal muscle, spleen, prostate and leukocytes. It 

was not detected in lung, kidney, pancreas, thymus and colon tissues. 



Figure 3-4. Distribution of ACPT cDNA in Human Tissue. RT-PCR of multiple cDNAs from human 
tissues using ACPT-specific primers. The source of the c D N A was a human multiple tissue panel 
(Clontech) which is standardized with several housekeeping genes, including G 3 P D H . Results replicated 
in n=3 different experiments. 



3.3.2 Brain Region Distribution 

Regional distribution of the ACPT protein was established by immunoblotting 

dissected rat brain tissue with anti-ACPT. Protein was loaded in equal quantity (40ug per 

lane) as determined by a B C A protein assay and confirmed by actin immunodetection. 

Western blot analysis revealed the presence of ACPT protein in the cerebellum, cortex, 

hippocampus, hypothalamus and striatum. 

In the cortex, striatum and hippocampus, the ACPT antibody detected a doublet, with 

bands of-43 kDa and ~46 kDa, with the lower band corresponding to the predicted 

molecular weight (fig. 3-5). In contrast, the cerebellum and hypothalamus extracts only 

contained a single band that corresponds to the higher molecular weight product. This 

product was observed previously when immunoblotting COS7 cells transfected with ACPT 

(refer to fig. 3-3). The shift in molecular weight may be the result of post-translational 

modifications or the expression of an alternative isoform. 
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Figure 3-5. ACPT Protein Expression Within the Brain. Adult rat brain was dissected into 
various gross regions, homogenized and analyzed by Western blot. The blot was probed 
with anti-ACPT. Even protein loading amongst the lanes was controlled by monitoring 
actin expression. Representative blot from n=4 different experiments. 



3.3.3 Immunohistochemistry 

Localization of ACPT within the brain was immunohistochemically determined using 

an ACPT antibody and an immunoperoxidase technique. Neuronal cells in various brain 

regions stained positively for ACPT. As seen in figure 3-6 (middle panel), immunostaining 

for ACPT was evident in pyramidal cells of the cerebral cortex. Staining was observed 

within their cell bodies as well as along their axons which can be observed to extend into the 

subcortical region. In the cerebellum (fig. 3-6, bottom panel), glutamatergic granule cells 

within the granule cell layer stained for ACPT protein. In the molecular layer, where 

interneurons are immunoreactive, staining appears less abundant than in the granule layer. A 

negative control using anti-ACPT preabsorbed with the peptide antigen displayed a lack of 

cellular staining (fig. 3-6, top panel). 



Figure 3-6. ACPT Localization in Rat Brain Slices. Immunohistochemical staining of rat brain 
slices using the DAB technique. Preabsorbed ACPT staining of the cerebral cortex (top panel) and 
ACPT staining of the cerebral (middle panel) and cerebellar (bottom panel) cortices. 
Scale bar = 50um 



3.4 Orientation of A C P T Within the Cell Membrane 

The orientation in which ACPT is inserted into the cell membrane is of importance 

because the catalytic domain and putative transmembrane domain are located at opposite 

ends of the protein. If the catalytic domain is extracellularly located it is not in an orientation 

favourable for interaction with most cellular proteins. Alternatively, reversed orientation of 

ACPT, although making potential substrates more accessible, implies a lack of post-

translational modifications, such as glycosylation, which are displayed by both PAP and L A P 

(Pohlmann et a l , 1988; Sharief and L i , 1992). Therefore, the topology of ACPT was 

explored. 

To accomplish this task, an immunocytochemical approach with the mentioned 

modifications was used. It was necessary to have available a means by which to target or 

mark each end of the protein. Antibodies directed to the C-terminus (GFP tag) and the N -

terminus (anti-ACPT) of the enzyme were used for the determination of the orientation of 

ACPT within the cell membrane (fig. 3-7). The presence of triton X-100 in PBS-T (blocking 

solution) permeabilized the cell membrane allowing the primary antibody to access any 

proteins expressed within the confines of the cell membrane. Alternatively, washing with 

PBS in the absence of triton X-100 left the cell membrane unpermeabilized thereby limiting 

the primary antibody to detecting proteins expressed on the cell surface. 

When using the N-terminally directed antibody (anti-ACPT), immunostaining was 

only evident in permeabilized cells. Non-permeabilized cells failed to display any 

immunofluorescence. This suggests that the N-terminus of ACPT is located intracellularly 

(fig. 3-8). To test for a reversed orientation within the membrane, permeabilized and 



nonpermeabilized cells were subjected to immunocytochemistry with anti-GFP to detect the 

C-terminal GFP tag of ACPT (fig. 3-9). GFP immunostaining was observed in 

permeabilized cells. The nonpermeabilized cells from these samples failed to 

immunofluoresce, suggesting that the C-terminus is also intracellularly expressed. The GFP 

control for both sample sets fluoresced green in the presence or absence of triton X-100 in the 

blocking solution, indicating that the transfection was not at fault. 

However, some primary antibodies might not detect the antigen in the absence of mild 

detergent due to inaccessibility of the epitope when treated under non-detergent conditions. 

To control for this possibility, a NR2B construct (courtesy of the Raymond lab), known to 

express an extracellular GFP-tag was transfected into COS7 cells and immunostained in 

parallel with ACPT-GFP. The results from this experiment were similar to those of the 

previous by displaying a reduction in GFP immunodetection in the absence of detergent, 

thereby suggesting the need for triton X-100 in the blocking solution for epitope binding to 

be successful. Nevertheless, as can be seen in fig. 3-9, the lack of triton X-100 did not result 

in the complete blockage of antibody binding. Immunocytochemistry of neighbouring 

transfected cells revealed a mix of immunostained and non-immunostained, GFP-expressing 

cells. Since in the absence of detergent, some GFP-NR2B transfected cells were 

immunostained, whereas none of the ACPT-GFP transfected cells were immunostained, these 

results suggest that ACPT either has the conformation of a hairpin loop so that both termini 

are located intracellularly or that ACPT is not located at the surface of the cell membrane. 

However, due to the inconsistencies observed, the location of the phosphatase catalytic 

domain and ACPT's orientation within the membrane are still unclear. 



Figure 3-7. Possible Orientations of ACPT at the Cell Surface. A schematic of the possible 
orientations of ACPT following insertion into the membrane. The N-terminus can be specifically 
targeted by anti-ACPT (yellow) and the GFP tag is located at the C-terminus (green). 



Figure 3-8. Topological Arrangement of ACPT - Is the N-terminus Extracellular? COS7 
cells expressing full-length, C-terminally GFP-tagged ACPT were immunocytochemically stained 
for the N-terminus in the presence (permeabilized) or absence (non-permeabilized) of triton 
X-100. Results are representative of n=4 different experiments. Scale bar = 10pm 
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Figure 3-9. Topological Arrangement of ACPT - Is the C-terminus Extracellular? COS7 
cells expressing foil-length, C-terminally GFP-tagged ACPT or N-terminally GFP-tagged NR2B 
were immunocytochemically stained for the GFP tag in the presence (permeabilized) or absence 
(non-permeabilized) of triton X-100. Results are representative of n=4 different experiments. 
Scale bar = lOum 



3.5 Post-Translation Modifications of A C P T 

Following translation, many proteins are subjected to post-translational modifications 

such as phophorylation and glycosylation. Such alterations can often result in a protein being 

of higher molecular weight than that predicted. Earlier experiments involving 

immunoblotting for ACPT detected a protein doublet. Although this could indicate that there 

are multiple isoforms of ACPT arising from R N A splicing, it could also suggest that the 

enzyme undergoes post-translation modifications. Computer analysis of ACPT structure 

predicted four potential N-glycosylation sites and characterization of the known histidine acid 

phosphatases has revealed the presence of such post-translational modifications. Lysosomal 

acid phosphatase is heavily glycosylated with the presence of 9 N-linked glycosylation sites. 

In contrast, PAP only has 3 such sites. Therefore, the potential glycosylation of ACPT was 

examined. 

Treating cell extracts from COS7 cells transfected with full-length ACPT with N -

glycosidase F (PNGase F), which cleaves oligosaccharides from N-linked glycoproteins, 

resulted is the disappearance of the higher molecular weight band (fig. 3-10). In contrast, the 

lower molecular weight band did not shift following PNGase F treatment. The identical 

treatment was applied to cell lysate obtained from COS7 cells transfected with the glutamate 

receptor subunit GluR6, and the extract was run in parallel to serve as a positive control. The 

glutamate receptor subunit is known to be N-glycosylated (Roche et al., 1994) and treatment 

with PNGase F yielded the expected shift. These data therefore suggest that both 

glycosylated and non-glycosylated forms of ACPT exist, which may account for the 

appearance of two bands in the immunoblots as seen in figure. 3-5. 
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Figure 3-10. Post-translational Modifications of ACPT. Cell lysate from COS7 cells expressing 
the full-length A C P T protein or the glutamate receptor subunit GluR6 was treated with (+) or 
without (-) PNGaseF. GluR6 is known to be glycosylated served as a positive control. Samples 
were immunoblotted with anti-ACPT or anti-GluR6 as appropriate. Representative blot from 
n=4 different experiments. 



3.6 Subcellular Distribution 

3.6.1 Subcellular Fractionation 

To determine the subcellular localization of ACPT, western blot analysis of a rat brain 

subcellular fractionation was conducted. Immunoblotting with NR1, a subunit of the post

synaptic N M D A receptor protein, and synaptophysin, a presynaptic vesicle-associated 

protein, confirmed the quality and success of the fractionation. Further analysis with anti-

ACPT indicated that ACPT is mainly enriched in the postsynaptic density containing (PSD) 

fraction (fig. 3-11, LP 1). In contrast, the enzyme was completely absent from the synaptic 

vesicle-enriched fraction (LP2). The enrichment of ACPT in the synaptic membranes 

corresponds well with ErbB4 expression. The ErbB4 receptor is a component of the post

synaptic density and has been shown to be associated with PSD-95 (Garcia et al., 2000; 

Huang et al., 2000). Even protein loading amongst the lanes was determined by blotting 

with anti-actin. 
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Figure 3-11. Subcellular Localization of ACPT. Subcellular fractination was performed on rat 
brains. Synaptophysin and NR1 distribution patterns confirm the success of the fractionation. 
PI = large cell fragments and nuclei; S2 = supernatant; S2' = small compartments; LP1 = 
synaptosomal membranes; LS2 = presynaptic cytosol; LP2 = synaptic vesicle enrichment. Even 
protein loading amongst the lanes was controlled by monitoring actin levels. Results replicated 
in n=3 different experiments. 



3.6.2 Hippocampal Neuron Immunocytochemistry 

To localize ACPT expression within neurons, cultured 15 div hippocampal neurons 

were immunostained for endogenous ACPT, PSD-95, synaptophysin and ErbB4. 

Examination by fluorescence microscopy revealed a pattern of punctate staining for ACPT 

within the axons and dendrites of the neurons. ACPT was observed to co-localize with the 

presynaptic marker protein synaptophysin and the post-synaptic marker protein PSD-95 (fig. 

3-12). Overlap in expression patterns with the ErbB4 receptor was also observed (fig. 3-13). 

This data supports the results of the subcellular fractionation and suggests that ACPT 

subcellular localization within neurons is favourable for supporting a possible interaction 

with the ErbB4 receptor to allow for the regulation of its phosphorylation state at the synapse. 



Figure 3-12. Co-localization of ACPT with Synaptic Proteins. Immunocytochemical staining of 15 div hippocampal cultures. The 
boxed region in each panel is enlarged in the small panels to the right of the originals. Arrows indicate where ACPT and a synaptic 
protein co-localize (puncta appear yellow) and the arrowhead indicates where there is no co-localization of the proteins. ACPT (red) 
appears to have punctate staining that can co-localize with synaptophysin (green, upper panel) or PSD-95 (green, lower panel). 
The merged images with ACPT and synaptophysin or PSD-95 are in the far right panel. Photomicrographs are representative of results 
from n=3 different experiements. Scale bar = 20pm 
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Figure 3-13. A C P T Co-localizes with ErbB4 in Neurons. Immunocytochemical staining of 15 div hippocampal cultures. The boxed 
region in each panel is enlarged in the small panels to the right of the originals. Arrows indicate where ACPT and erbB4 co-localize 
(puncta appear yellow) and the arrowhead indicates where there is no co-localization of the two proteins. ACPT (red) appears to have 
punctate staining that can co-localize with erbB4 (green). The merged images with ACPT and erbB4 are in the right panel. 
Photomicrographs are representative of results from n=4 different experiments. Scale bar = 20um 



3.7 A C P T and E r b B 4 Interact 

Since ACPT and PAP share a high degree of homology, it is likely that they not only 

function using similar mechanisms, but may also utilize similar substrates. It has been shown 

that the EGF receptor ErbB2 is an endogenous substrate for PAP in human prostatic 

epithelial cells (Meng and Lin, 1998; Zhang et al., 2001). Another member of the same 

family of receptor kinases, ErbB4, shares high homology with the ErbB2 kinase domain 

(Plowman et al., 1993), is expressed in the brain, and unlike ErbB3, has an active tyrosine 

kinase domain (Kraus et al., 1989; Guy et al., 1994). Moreover, we have shown by 

immunocytochemistry that ErbB4 co-localizes with ACPT in dendrites of cultured 

hippocampal neurons (see section 3.6). Together, these data suggested ErbB4 as a potential 

ACPT substrate. 

To determine whether ACPT may serve as a regulator of ErbB4, a direct association 

of the enzyme and receptor was investigated in a heterologous system. COS7 cells 

expressing ErbB4, ACPT-GFP or both ErbB4 and ACPT-GFP were subjected to 

immunoprecipitation with an ErbB4 antibody. Subsequent immunoblotting revealed that 

ErbB4 could only be precipitated from samples transfected with the receptor (fig. 3-14). 

Cells overexpressing only ACPT-GFP failed to immunoprecipitate ErbB4 indicating that no 

non-specific binding was occurring during the procedure. Immunoprobing of the ErbB4 

immunoprecipitate from cells transiently expressing ErbB4 and ACPT-GFP with anti-GFP 

revealed a -65 kDa band which corresponds to the predicted molecular weight of GFP-tagged 

acid phosphatase. Co-immunoprecipitation of ACPT with ErbB4 was alternately tested by 

receptor immunoprecipitation from COS7 cells transfected with ErbB4, A C P T - H A or ErbB4 



and ACPT-HA, followed by immunoblotting for a C-terminal HA-tagged ACPT (data not 

shown). Results mirrored those obtained using ACPT-GFP. This indicates that the enzyme 

can directly interact with ErbB4 in a heterologous system. 

Discovering an interaction between two or more proteins in a heterologous system is 

not always representative of what occurs in an in vivo model. To ascertain the plausibility of 

a direct interaction of ACPT with ErbB4 in an in vivo system, co-immunoprecipitation 

experiments were conducted on embryonic rat brain homogenate. As seen in figure 3-15, one 

isoform of endogenous ACPT is pulled down with the receptor when ErbB4 is 

immunoprecipitated. This interaction is specific since immunoprecipitation with the control 

IgG did not result in the immunodectection of ACPT. 

It can therefore be concluded that ErbB4 and ACPT interact in both a heterologous 

system and in vivo. 
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Figure 3-14. ACPT Interacts with ErbB4. Prior to harvesting, C0S7 cells were transfected with 
erbB4 only, ACPT-GFP only, or both (as indicated by the label above the blots), incubated with 
serum-free media for 90 min. and then treated either with (+) or without (-) 100 ng/ml NRGB-1 
for 5 min. Lysates were immunoprecipitated with an erbB4 antibody and subsequently analyzed 
by Western blotting. Immunoprecipitates and crude lysates were probed with anti-GFP to detect 
GFP-tagged ACPT. Results were replicated in n=5 different experiments. 
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Figure 3-15. ACPT Interacts with ErbB4 in vivo. Rat brain homogenate (H) was immunoprecipitated 
using anti-erbB4 (IP) or IgG (IgG). The samples were subsequently Western blot analyzed with 
anti-erbB4 and anti-ACPT. Results are representative of n=2 different experiments. 



3.8 A C P T Acts as a Tyrosine Phosphatase 

The interaction demonstrated to occur between the ErbB4 receptor and ACPT 

suggests that ACPT could act to regulate receptor activity. The means by which this 

alteration would most likely be achieved would require direct action on the receptor itself. 

To demonstrate this type of functional interaction between these two proteins, the 

dephosphorylation of tyrosine residues on ErbB4 by ACPT was explored. 

Tyrosine phosphatase activity is the hypothesized function of ACPT since PAP, the 

acid phosphatase to which it is highly homologous, acts as a tyrosine phosphatase towards its 

endogenous substrate, ErbB2, to regulate its kinase activity (Lin and Meng, 1996; Meng and 

Lin, 1998; Meng et al., 2000; Zhang et a l , 2001). To explore this possibility, COS7 cells 

were transfected with ErbB4, ACPT-GFP alone, or ErbB4 together with ACPT-GFP. Prior 

to cell lysis, half the cells were treated with 100 ng/ml of NRGP-1 for 5 min. In the presence 

of this ligand, ErbB4 is activated, resulting in increased phosphorylation of tyrosine residues 

on the cytoplasmic tail of the receptor (Plowman et a l , 1993). The cell lysate was then 

harvested from these cells and subjected to immunoprecipitation with anti-ErbB4. ErbB4 

immunodetection indicated that receptor protein only immunoprecipitated in the expected 

samples, confirming previous findings of no endogenous ErbB4 in COS7 cells. It also served 

to indicate the relative proteins levels of the receptor in each lane. Additional 

immunoblotting of the precipitate with an anti-phosphotyrosine antibody confirmed the 

results of earlier studies that revealed an increase in tyrosine phosphorylation of the receptor 

upon ligand exposure. When co-expressed with ACPT, this increase in tyrosine 



phosphorylation of ErbB4 was blocked (fig. 3-16). A reduction of basal tyrosine 

phosphorylation was also observed in the presence of ACPT (fig. 3-16). 

fn summary, the interaction of ACPT with the receptor results in the reduction of both 

basal and neuregulin-induced levels of tyrosine phosphorylation of ErbB4. These data 

therefore suggest that ACPT can act as a tyrosine phosphatase to regulate the activity of 

ErbB4. 
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Figure 3-16. ACPT Acts as a Tyrosine Phosphatase Towards ErbB4. Prior to harvesting, COS7 
cells were incubated with serum-free media for 90 min. and then treated either with (+) or without 
(-) 100 ng/ml NRG(3-1 for 5 min. Lysates were irrrmunoprecipitated with an erbB4 antibody and 
subsequently analyzed by Western blotting. Immunoprecipitates were probed with anti-
phosphotyrosine to detect phosphorylated erbB4. Representative blot from n=4 different 
experiments. 



3.9 ErbB4 Cleavage is Regulated by A C P T 

The lack of receptor regulation via endocytosis due to the slow internalization of 

ErbB4 from the cell surface (Baulida et al., 1996; Pinkas-Kramarski et al., 1996) has led 

researchers to search for other compensatory mechanisms. Recently, it has been shown that 

ErbB4 is cleaved by the metalloprotease T A C E into an ectodomain and a membrane-

associated fragment (Vecchi et al., 1998; Rio et al., 2000). This fragment can be further 

cleaved by y-secretase to yield a soluble fragment which can translocate to the nucleus to 

regulate transcription (Ni et al., 2001). Evidence indicates that these cleavage processes are 

regulated by the phosphorylation state of the receptor (Vecchi et al., 1998). We therefore 

investigated the role of ACPT in the regulation of ErbB4 receptor cleavage by expressing 

ErbB4 alone or together with ACPT-GFP in COS7 cells. Using an antibody directed towards 

the C-terminal region of ErbB4, cell lysates or immunoprecipitates, as indicated in the figure, 

were analyzed. 

Stimulation of the tyrosine kinase receptor by neuregulin increased the amount of the 

cleaved C-terminal ~80 kDa ErbB4 fragment as shown previously (Vecchi and Carpenter, 

1997; Zhou and Carpenter, 2000). This response to activation was prevented or reduced 

when the receptor was co-expressed with ACPT (fig. 3-17). 

If ACPT is exerting its actions via tyrosine phosphatase activity, than pre-treatment of 

the transfected cells with a tyrosine phosphatase inhibitor should result in a reversal of the 

blocked cleavage. To investigate this possibility, the cells were treated with the tyrosine 

phosphatase inhibitor, pervanadate, for 30 min. prior to harvesting. This resulted in a 

dramatic increase in cleavage in cells overexpressing ErbB4, thereby confirming earlier 



reports (Vecchi et al., 1998; Zhou and Carpenter, 2000). However, in the presence of the 

tyrosine phosphatase inhibitor, ACPT expression was unable to prevent ErbB4 cleavage 

when the two proteins were expressed together. 

It should be noted that pervanadate treatment of ErbB4, with or without the co-

expression of ACPT, resulted in a mobility shift of the cleaved fragment from the expected 

-80 kDa fragment to -89 kDa. This is consistent with previously published data (Vecchi et 

al., 1998; Zhou and Carpenter, 2000), but the observation was not commented on in those 

studies. 
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Figure 3-17. Regulation of ErbB4 Cleavage is Phosphotyrosine Dependent. C0S7 cells 
were incubated with serum-free media for 90 min. followed by a 30 min. exposure to PBS or 
100 u M pervanadate. Cells were harvested, immunoprecipitated and immunoblotted with 
anti-erbB4 and/or anti-phosphotyrosine. Representative blot from n=4 different experiments. 



3.10 A C P T Dephosphorylation of ErbB4 Regulates PC12 Cell Differentiation 

The crucial role that ErbB4 plays in neuronal development was evident from studies 

involving loss of function mutations in the gene encoding for the receptor tyrosine kinase 

(Gassmann et al., 1995; Rio et al., 1997; Golding et al., 2000). Particularly evident were the 

erroneous migration patterns of hindbrain-derived neural crest cells. To investigate the role 

that ACPT may play in neuronal development as a result of ErbB4 regulation, differentiation 

of PC 12 cells was examined. 

Members of the ErbB receptor family can regulate the differentiation of PC 12 cells 

into "neuronal-like" cells upon activation by their respective ligands. PC 12 cells transfected 

with ErbB4 have been shown to undergo neurite outgrowth in response to neuregulin 

treatment that is indistinguishable from that mediated by nerve growth factor activation of 

endogenous Trk A receptors (Vaskovsky et al., 2000). We therefore used this model to 

examine the functional significance of ACPT regulation of ErbB4. PC 12 cells transfected 

with the ErbB4 receptor were identified immunocytochemically with an ErbB4 specific 

antibody. As can be seen in figure 3-18A, activation of ErbB4 with neuregulin, promoted 

dramatic neurite outgrowth in PC 12 cells, as previously described (Vaskovsky et al., 2000). 

Co-transfection with ACPT-GFP completely prevented this neuregulin-induced neurite 

extension even after 4 days of treatment (fig. 3-18B). In contrast, when PC12 cells were 

transfected with ACPT-GFP alone and then treated with nerve growth factor, which induces 

neurite extension via TrkA, the cells were able to differentiate in an identical manner as those 

cells which were untransfected (fig. 3-18A). This indicates that although ACPT has the 



ability to block ErbB4-dependent differentiation, it is not able to block TrkA-induced 

differentiation. 

Quantitative analysis of the cells included measurement of the length of the neurite 

extensions and counting of the number of neurites per cell. Comparing the average number 

of neurites grown per cell amongst the sample groups indicated that there is no significant 

difference in the number of extensions sprouted by NGF treated cells versus ErbB4 + N R G 

cells (fig. 3-19). The remaining two sample groups failed to grow neurites upon treatment. 

Measurement of the length of the neurite extensions did not reveal any significant difference 

in neurite length when comparing neuregulin versus nerve growth factor-induced 

differentiation (fig. 3-20). This indicates that ErbB4-induced differentiation of PC12 cells 

emulates TrkA-induced differentiation and that ACPT is not able to block TrkA-induced 

signaling, but rather selectively regulates the ErbB4 tyrosine kinase pathway. 
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Figure 3-18. Effect of ACPT Expression on ErbB4-induced Differentiation of PC12 Cells. A. PC12 
cells were transfected with erbB4 and treated with 100 ng/ml NRG or transfected with ACPT-GFP and 
cultured in the presence of 50 ng/ml NGF for 4 days prior to analysis. B. Cells co-transfected with erbB4 
and ACPT-GFP and subsequently grown in the presence of 100 ng/ml NRG for 4 days. Immunofluorescent 
staining with an erbB4 specific antibody (red) or GFP visualization identified the transfected cells. Cells 
expressing both erbB4 and ACPT appear yellow. Red, green and yellow fluorescent images were 
overlayed with the bright-field view. Images are representative of results replicated in n=3 different 
experiments. Scale bar = 20pm 
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Figure 3-19. ErbB4-induced Differentiation of PC12 Cells is Prevented by A C P T . The 
average number of neurite extensions per differentiated PC 12 cell was quantitated. ErbB4 
+ 100ng/ml N R G (n=15), ACPT + 50ng/ml NGF (n=13), erbB4 + A C P T + 100ng/ml N R G 
(n=30), ACPT + 100ng/ml N R G (n=28). Expression of ACPT significantly blocked N R G -
mediated neurite outgrowth. ***, P<0.001, treatment vs. control; bars, SD. Results from 
n=3 different experiments of cultured PC 12 cells. 
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Figure 3-20. ErbB4-induced Differentiation of PC12 Cells is Not TrkA-activity Dependent. 
The average neurite length of the differentiated PC 12 cells was measured. ErbB4 
+ 1 .OOng/ml NRG (n=15), ACPT + 50ng/ml NGF (n=l 3), erbB4 + ACPT + 100ng/ml NRG 
(n=30), ACPT + 100ng/ml NRG (n=28). Expression of ACPT significantly blocked NRG-
mediated, but not NGF-mediated neurite outgrowth. ***, P<0.001, treatment vs. control; bars, SD. 
Results from n=3 different experiments of cultured PC 12 cells. 



CHAPTER IV 

Discussion 

4.1 Structural Features and Characteristics of A C P T 

Amino acid sequence analysis of the newly cloned enzyme from human testis cDNA 

revealed the presence of a string of amino acids, RHGxRxP, that are used for the 

classification of histidine acid phosphatases. The presence of an additional catalytic motif, 

HD, near the C-terminus, indicates that the novel acid phosphatase can be further sub-

classified as a high molecular weight histidine acid phosphatase (Van Etten et al., 1991). 

Other members of this family, with which ACPT shares a high degree of homology include 

prostatic, lysosomal and lysophosphatidic acid phosphatases. The ACPT sequence also 

indicates the presence of additional structural features that are shared amongst histidine acid 

phosphatase family members. These features include a signal sequence, conserved cysteine 

and proline residues, a putative transmembrane domain and multiple potential N-linked 

glycosylation sites. 

The N-terminally located signal sequence is a common feature of all of the histidine 

acid phosphatases (Pohlmann et al., 1988; Vihko et al., 1988; Sharief et al., 1989; Hiroyama 

and Takenawa, 1998). This relatively short sequence of mostly hydrophobic amino acids is 

responsible for directing the protein from the cytosol and importing it into the endoplasmic 

reticulum, mitochondria, chloroplasts or nucleus. In some instances, this sequence can be 

used to retain rather than import certain proteins into the endoplasmic reticulum (ER). Each 

destination is specified by a different type of signal peptide which is defined by its amino 



acid composition and its location within the protein. 

Proteins destined for initial transfer to the ER usually have amino-terminal signal 

peptides with a central part of the sequence composed of 5-10 hydrophobic amino acid 

residues. Most of these proteins pass from the ER to the Golgi apparatus; those with a 

specific sequence of 4 amino acids (KDEL) at their carboxyl terminus are permanently 

retained within the lumen of the ER. Mitochondria-destined proteins have signal peptides 

with positively charged amino acid residues that alternate with hydrophobic ones. Nucleus 

bound proteins carry signal peptides which are generally internally located and formed from a 

cluster of 5 basic amino acids or 2 smaller clusters of basic residues separated by ~10 amino 

acids. This sequence directs the proteins to the membranes without insertion into the ER. In 

most cases, the signal peptide is cleaved once a protein reaches its final destination, m the 

case of ACPT, the signal sequence may serve to localize the phosphatase to the endoplasmic 

reticulum or at synaptic membranes as seen in ACPT-overexpressing cells or subcellular 

fraction and immunocytochemistry studies. 

The conserved cysteine and proline residues within ACPT, implies marked tertiary 

structural similarities to the three other known histidine acid phosphatases (Peters et al., 

1989). The helices, strands and random coils that represent the secondary structure of a 

protein are arranged in a compact internal scaffold dictated by the hydrophobic interactions 

between the nonpolar side chains. In histidine acid phosphatases, there are six cysteine and 

twenty proline residues contributing to these hydrophobic interactions to aid in the formation 

of the tertiary structure by influencing the arrangement of the secondary structures. The 

cysteine residues which are positionally conserved can form three intramolecular disulphide 

bridges essential for stabilizing the tertiary structure of the protein and the highly conserved 



proline residues influence tertiary structure by their strong helix breaking potential (Peters et 

al., 1989). Conservation of these particular residues indicates that the tertiary structure of 

PAP, LAP, LyAP and ACPT is similar. 

In contrast to some of the common characteristic features, not all of the members of 

the acid phosphatase family have a transmembrane domain at the C-terminus. Although it 

has been long known that lysosomal acid phosphatase has a transmembrane domain 

(Pohlmann et al., 1988), it was not until recently that such a domain has been suggested to 

exist in PAP. No studies regarding this putative transmembrane domain have been conducted 

and any previous suggestions of the existence of this isoform have been largely ignored. In 

contrast, the presence of a transmembrane domain in lysosomal acid phosphatase has been 

well established. It has been demonstrated in baby hamster and canine kidney cells, that 

lysosomal acid phosphatase (LAP) is synthesized and transported to lysosomes as a 

transmembrane protein (Waheed et al., 1988; Prill et al., 1993). 

The transmembrane domain is the structure that forces L A P to insert into the 

lysosomal membrane in a manner that orients the N-terminus into the lumen (Waheed et al., 

1988). This results in the catalytic domains and glycosylated regions to be oriented within 

the acidic luminal environment. Once L A P is transported to the lysosomal membrane, it is 

rendered soluble when it is released into the lumen by proteolytic cleavage, thereby removing 

the C-terminal of the peptide, including the transmembrane domain and the cytosolic tail of 

18 amino acids (Waheed et al., 1988). 

If ACPT was to follow a similar orientation due to the presence of the putative C-

terminal transmembrane domain, the catalytic sites of the acid phosphatase would not be 
i 

located within the cytoplasmic space. This suggested orientation is supported by the presence 



of potential N-linked glycosylation sites. However, such an orientation would make it 

impossible for ACPT to interact with the ErbB4 receptor, as its tyrosine kinase domain is 

within the intracellular space and therefore on the opposite side of the cell membrane from 

the enzyme. Additionally, i f ACPT was to undergo proteolytic cleavage in this orientation, 

the catalytic domain would be released into the extracellular space, to float away from other 

potential membrane-anchored substrates if it were inserted into the cell surface membrane. If 

the phosphatase were inserted into an organelle membrane like L A P , cleavage of the 

transmembrane domain would release the amino terminal into the lumen of the organelle. 

Immunohistochemical studies using antibodies directed towards the N - and C-termini 

were conducted to discern the orientation of ACPT at the cell membrane and did little to 

clarify the question at hand. Although it was shown that anti-ACPT (raised against an N -

terminal epitope) could not bind to the epitope in the absence of detergent, it cannot be 

conclusively stated that this is the result of the sequence being cytoplasmically located and 

the membrane unpermeabilized, since identical results were obtained when immunostaining 

for the C-terminal with anti-GFP. The binding of an antibody to the appropriate epitope can 

occasionally be hindered in the absence of various chemicals such as detergents. This 

appeared to be a contributing factor to the lack of immunostaining with anti-GFP, as 

demonstrated by the NR1 positive control. Immunostaining of the NR1 subunit of the 

glutamate recpetor known to have an extracellularly expressed GFP tag was greatly 

attenuated in the absence of detergent. A few cells stained for anti-GFP, whereas the 

majority of the cells that expressed the tag failed to immunostain for it. These sparse patches 

of staining amidst the majority of the non-GFP immunodetecting cells was not observed in 

either set of ACPT-GFP immunostained cells. 



In contrast to the GFP tag, the peptide sequence to which the ACPT antibody is 

targeted is at the distal N-terminus, separated from the cell membrane by 261 amino acids. 

Therefore the antibody should have easy access to its binding epitope. However, without a 

means of controlling for the ability of anti-ACPT to bind to the epitope in the absence of 

detergent, the results must be viewed with considerable caution. The lack of immunostaining 

of unpermeabilized cells would suggest that ACPT is inserted into the membrane in such a 

way as to orient the N-terminus into the cytoplasm. This is only possible i f the enzyme were 

not post-translationally modified. However, members of the histidine acid phosphatase 

family are known to be heavily glycosylated proteins. Lysosomal acid phosphatase has nine 

N-glycosylation sites, consistent with its localization in the lysosomal membrane and PAP 

contains three such sites. Treatment with N-glycosidase F removed sugar residues from 

ACPT, resulting in a shift of the molecular weight of one of the two bands respresenting the 

protein. However, the lower number of N-linked glycosylation sites, as well as the possible 

presence of an endogenous, non-glycosylated form, as indicated by a lack in shift of one of 

the proteins bands upon N-glycosidase F treatment, suggests that ACPT, as with PAP, exists 

as both a glycosylated and non-glycosylated enzyme. 

If a non-glycosylated form of ACPT exists in vivo, there are two possible topological 

explanations for the data gathered. One hypothesis would suggest that the N-terminus is 

located within the cytoplasm with the C-terminus facing the extracellular space. These 

circumstances would result in N-terminal immunostaining only when the cells were 

permeabilized and GFP tag immunodectection under permeabilized or non-permeabilized 

conditions. A second possible orientation would be the presence of a hairpin turn within the 

cell membrane by the transmembrane domain, so that both the N - and C-termini are 



cytoplasmically oriented. This situation would result in immunodetection of either termini 

only under cell membrane permeabilizing conditions. 

Neither of these suggested orientations is possible for the glycosylated, insoluble form 

of ACPT. The inability to reliably immunostain for GFP in the absence of detergent in the 

blocking solution prevented us from deciphering whether or not ACPT is even located at the 

cell membrane. As already discussed, i f the glycosylated form of ACPT is located at the cell 

membrane, then its N-terminus would be within the extracellular space, away from most 

potential substrates such as ErbB4. Such an unfavourable orientation would imply that the 

glycosylated form of ACPT is located at the cell surface, but unable to accommodate 

prospective physical interactions with its substrate(s). 

Another possible solution, which not only suits a potentially glycosylated protein, but 

also supports data suggesting that the acid phosphatase is not located at the surface of the 

outer cell membrane is one involving an alternative version of receptor cycling. This 

hypothesis revolves around the formation of multivesicular bodies which would provide 

ACPT with the opportunity to form a direct physical interaction with the ErbB4 receptor. 

Multivesicular bodies (MVBs) are a form of late endosomes that play a crucial role in 

several processes, including receptor downregulation (Katzmann et al., 2002). As a key 

regulatory step in ensuring the correct duration and magnitude of cell signaling, 

downregulation involves endocytosis of a stimulated receptor into a clathrin-coated pit. From 

this endosomal compartment, membrane proteins generally follow one of two pathways: 

some proteins are rapidly recycled to the plasma membrane where they can be activated once 

more, while others are destined for lysosomal processing where they are degraded. This is a 

common constitutive process, but there are proteins that undergo a slightly modified 



endocytic pathway. It has been observed for some proteins that during the process of 

endocytosis, the endosomal membrane invaginates towards the compartmental lumen (Hirsch 

et al., 1968), forming a vesicle within a vesicle (fig. 4-1). 

The epidermal growth factor receptor is one receptor known to be internalized into 

endosomes upon ligand binding (Felder et al., 1990; Hopkins et al., 1990). It is believed that 

the endocytosed ligand-receptor complex may maintain its ability to generate cell signaling 

from this compartment, and recent data have confirmed the interaction between EGFR and 

various signaling proteins in endosomes (Cohen and Fava, 1985; Lai et al., 1989; Burke et 

al., 2001; Sorkin, 2001). If the receptor continues to signal from this locale, regulatory 

proteins such as phosphatases would be located within the vicinity in order to maintain a 

balance of cell signaling by continued receptor activity or to prepare the protein for 

degradation within the merging vacuole. 

Eventually, this late endosome/MVB fuses with a vacuole, delivering M V B vesicles 

to the lumen of the vacuole where the process of degradation begins (Futter et al., 1996; 

Dupre et al., 2001; Katzmann et al., 2002). Initially, the membrane of the M V B vesicle 

breaks down and exposes the catalytic domain of the EGF receptor to the lumen of the 

vacuole, where it is possible that a phosphatase such as ACPT may reside. Whether ACPT is 

membrane bound or not, whether it is glycosylated or non-glycosylated, or whether it is not 

expressed at the outer membrane of the cell, this sequence of events accommodates each 

potential scenario, while positioning the enzyme in a favourable orientation in regards to the 

catalytic domains of potential substrates such as the ErbB4 receptor. 



Dupre et al., Curr. Biol. (2001) 

Figure 25. Receptor Cycling via the Formation of Multivesicular Bodies. A schematic of 
the downregulation of receptor (pink) from the cell membrane. The receptor is delivered to the 
early endosomes (EE) and then to the late endosomes (LE). Invagination of the late endosome 
results in the formation of a vesicle within the late endosome to produce a multivesicular body. 
Fusion of the multivesicular body with the vacuole leads to degradation of the receptor. 



In summary, members of the high molecular weight histidine acid phosphatase 

family which includes PAP, LAP, LyAP and most recently ACPT, share two catalytic 

motifs, a signal sequence at the N-terminus and conserved cysteine and proline residues. 

As with PAP and LAP, ACPT is heavily glycosylated at its N-terminus and can also 

exist as a non-glycosylated form. At its C-terminus is a putative transmembrane 

domain. A similar domain, which is cleaved, resulting in a soluble enzyme has been 

known to exist in LAP for sometime, however the discovery of a novel isoform of PAP, 

whose only modification from the previous known form is the prescence of a putative C-

terminal transmembrane domain has recently been cloned. 

4.2 Tissue Distribution of Human A C P T cDNA 

Discovering the function of a novel protein is often guided by its tissue distribution 

pattern. Limited expression to specific tissues or higher levels of mRNA and protein in 

various regions can aid in deducing hypothetical interacting proteins that display identical or 

similar patterns of distribution and expression. In the case of PAP, this approach led to the 

discovery of an endogenous substrate expressed by prostatic epithelial cells. The epidermal 

growth factor receptor, ErbB2 can be regulated by PAP activity (Lin and Meng, 1996; Meng 

and Lin, 1998). The tyrosine phosphorylation of ErbB2 inversely correlates with the cellular 

activity of PAP (Lin et al., 1994; Lin and Meng, 1996; Meng et a l , 2000). 

It could be hypothesized that PAP can act in a similar manner towards the other 

members of the EGF receptor family, however, the expression of PAP is limited to prostatic 

epithelium while the EGF receptors are widely expressed in epithelial, mesenchymal and 



neuronal tissue (Vihko, 1979; Morris et al., 1989; Prigent and Lemoine, 1992). In contrast to 

PAP, ACPT has a more favourable expression pattern when compared to EGF receptors, in 

particular to ErbB3 and ErbB4. High levels of ACPT mRNA expression were found in brain, 

heart, liver, testis, ovary and small intestine. Immunoblotting of specific brain regions 

revealed the presence of ACPT protein in the cortex, striatum, hippocampus, cerebellum and 

hypothalamus. A doublet, mostly likely representing the glycosylated and non-glycosylated 

forms of ACPT appeared in all but the cerebellum and hypothalamus, which appear to only 

express the glycosylated form of the acid phosphatase. 

The overlapping pattern of expression of EGF receptors with an acid phosphatase that 

shares -50% homology and 46% identity with PAP suggested that ACPT may be responsible 

for EGF receptor regulation in these other tissues. With the exception of ErbBl , the 

remaining three receptors are expressed to varying degrees within the brain. However, ErbB2 

does not have high affinity for any ligand and its expression is limited to Schwann cells 

within the central nervous system, with its expression in the brain a debated topic at present 

(Press et al., 1990; Gerecke et al., 2001). In contrast ErbB3 is tyrosine kinase dead (Guy et 

al., 1994). Therefore, ErbB4, a receptor with high brain levels of expression that has been 

shown to be crucial in neuronal development is an ideal candidate substrate (Gassmann et al., 

1995; Srinivasan et a l , 1998; Golding et al., 2000). 

In conclusion, A C P T has a restricted expression pattern that includes brain, 

making it an ideal candidate for regulating the tyrosine kinase activity of the E G F 

receptors expressed there. 



4.3 A C P T Interaction with a Potential Endogenous Substrate 

The expression of ACPT in the brain is of interest because two members of the EGF 

receptor family, ErbB3 and ErbB4 are thought to be important in early neuronal development 

and differentiation. Although expression of ErbB2 has been found in Schwann cells of the 

central nervous system, its presence in the brain is currently being debated within the field 

(Press et al., 1990; Gerecke et al., 2001). In addition to it being the substrate for PAP, the 

tendency or preference of this receptor to dimerize due to the low binding affinity of this 

receptor towards ligands does not make ErbB2 an ideal potential substrate for ACPT. 

The function of ErbB3 as suggested by ErbB3(-/-) embryos revealed its crucial role in 

neuronal development. These mice exhibit striking developmental defects in the 

midbrain/hindbrain region by displaying little differentiation of the cerebellar plate (Erickson 

et al., 1997). However, the lack of an active tyrosine kinase domain suggested that any 

regulation of ErbB3 activity must be indirect (Guy et al., 1994). 

ErbB4 which has conclusively been shown to be expressed in the brain (Srinivasan et 

al., 1998) and has tyrosine kinase activity is therefore suggested to be a potential substrate for 

ACPT. In both developing and adult neurons, ErbB4 is enriched at glutamatergic synapses 

where it can associate with the post-synaptic density scaffolding protein PSD-95, a protein 

implicated in the regulation of glutamate receptor trafficking and synaptic plasticity (Garcia 

et al., 2000; Huang et al., 2000). ACPT is expressed in CNS neurons in a punctuate pattern 

and its localization overlaps with several synaptic markers, including PSD-95. m 

hippocampal interneurons that highly express ErbB4, ACPT displayed a synaptic distribution 

pattern with considerable overlap with ErbB4. In addition, it was also shown that ACPT and 



ErbB4 are both present in the synaptic membrane fraction that is enriched for postsynaptic 

proteins. Since these two proteins are co-localized at synaptic sites, it is possible that ErbB4 

can serve as a substrate for ACPT in vivo. ACPT-dependent regulation of the ErbB4 receptor 

could therefore directly influence the protein interactions of this tyrosine kinase receptor, and 

its role in synaptic development and plasticity. 

Immunoprecipitation studies indicated that ErbB4 and ACPT can physically interact 

in a heterologous system with additional functional consequences. Detection of tyrosine 

phosphorylated residues on the ErbB4 receptor demonstrated the tyrosine phosphatase 

activity of ACPT. The acid phosphatase was shown to dephosphorylate the ErbB4 receptor 

under basal conditions, and antagonized the phosphorylation induced by neuregulin-

stimulated activation of the receptor. 

The discovery that ACPT possesses tyrosine phosphatase activity like PAP, supports 

the idea that there is a distinct subtype of protein tyrosine phosphatase. Classically, protein 

tyrosine phosphatases have been viewed as a family of structurally and functionally unrelated 

tyrosine phosphatases. What little sequence homology exists amongst the numerous 

members of this family is limited to the catalytic domain which is defined by the signature 

motif [CXXXXXR(S/T) j (Hiraga and Tzuiki, 1991; Zhang et al., 1994). The cysteine and 

arginine residues within this motif are essential for enzymatic activity and as a result, each 

enzyme possessing this string of amino acids functions using the same catalytic mechanism 

(Ramponi and Stefani, 1997). 

The low molecular weight (-20 kDa) and high molecular weight phosphatases (-50 

kDa) are a sub-classification of the protein tyrosine phosphatase family. They share a high 

degree of sequence homology amongst the members within each sub-group. Members of the 



low molecular weight acid phosphatases have the [CXXXXXR(S/T)] signature motif and 

therefore are capable of phosphotyrosine phosphatase activity. However, these enzymes are 

not limited to this function. Research has revealed that the low molecular phosphatases also 

possess dual specificity, indicating that in addition to dephosphorylating tyrosine residues, 

they are capable of hydrolyzing phosphorylated serine/threonine resides (Ramponi and 

Stefani, 1997). Initial kinetic assays indicated that these phosphatases were optimally 

catalytic under acidic conditions and therefore were termed low molecular weight acid 

phosphatases (Saini et al., 1981; Taga and Van Etten, 1982; Zhang and VanEtten, 1991). 

The high molecular weight phosphatases also achieve optimal catalytic activity at an 

acidic pH, hence they can also be referred to as acid phosphatases. In addition to possessing 

a higher molecular weight, this family of phosphatases differs from the low molecular weight 

phosphatases in that it does not possess the typical catalytic motif. By virtue of their distinct 

signature motif of RHGxRxP which confers tyrosine phosphatase activity to members of this 

family, they form a distinct class of tyrosine phosphatases (Van Etten, 1982; Vincent et al., 

1992). It is to this family that PAP and ACPT belong. 

For additional proof of the existence of this newly emerging subtype of tyrosine 

phosphatase, evidence of a direct interaction of ACPT with ErbB4 and regulation of activity 

in a natural system would be required. Co-immunoprecipitating ACPT with ErbB4 from 

brain homogenate as seen in figure 3-15 demonstrates a physical interaction between these 

two proteins in vivo. 

In summary, ACPT and ErbB4 have a similar distribution pattern which 

supports the physical interaction detected in an in vivo system. The co-



immunoprecipitation of ACPT with ErbB4 indicates an interaction between these two 

proteins. The neuregulin-induced phosphotyrosine activity of ErbB4 was shown to be 

regulated by ACPT. 

4.4 Downstream Signaling of ErbB4 

Downregulation and desensitization of receptors commonly occurs via a rapid 

internalization trafficking pathway involving endocytosis. However, ErbB4 receptors have 

been found to be inefficiently internalized and are therefore endocytosis impaired (Baulida et 

al., 1996). Instead, it has been discovered that ErbB4 undergoes sequential proteolytic 

cleavage upon agonist binding (Vecchi and Carpenter, 1997; Zhou and Carpenter, 2000), thus 

providing a possible alternative mechanism for receptor downregulation. Metalloprotease 

cleavage by T A C E results in a -120 kDa ectodomain (Rio et al., 2000) which is shed into the 

extracellular space and an -80 kDa membrane-associated fragment (Vecchi and Carpenter, 

1997; Vecchi et al., 1998) which is then cleaved by y-secretase activity. This results in the 

release of a heavily phosphorylated -80 kDa molecule which retains catalytic activity (Vecchi 

and Carpenter, 1997). Recent data shows that the cleaved fragment translocates to the 

nucleus where it may mediate protein phosphorylation important for the regulation of gene 

expression (Ni et al., 2001). 

These cleavage processes are regulated by the phosphorylation state of the receptor 

(Vecchi et al., 1998). Thus, regulation of ErbB4 phosphorylation within a cell could lead to 

the regulation of gene expression important for the development or differentiation of a cell. 

In the presence of ACPT, it was shown that the basal and neuregulin-induced cleavage of 



ErbB4 was reduced. Treatment with the tyrosine phosphatase inhibitor pervanadate reversed 

the effect of ACPT. It was noted that in the presence of pervanadate, the cleaved fragment 

ran at a higher molecular weight, consistent with previous studies (Vecchi et al., 1998; Zhou 

and Carpenter, 2000). It is possible that pervanadate, by inhibiting other tyrosine 

phosphatases is indirectly responsible for this mobility shift. 

Because pervanadate is not a specific inhibitor of ACPT, it inhibits the activity of all 

tyrosine phosphatases present in the lysate. The activity attributed to these other tyrosine 

phosphatases cannot be accounted for even though their actions can result in significant 

changes in the sequence of usual signaling events. Changes in phosphorylation can result in 

alterations of receptor conformation and interactions with recruited adaptor proteins. This 

consequently affects any signaling cascade dependent on these intermediate molecules. It is 

known that the ErbB4 receptor is doubly cleaved (Vecchi and Carpenter, 1997; Vecchi et al., 

1998; N i et al., 2001 ; Lee et al., 2002). If the use of pervanadate were to indirectly inhibit the 

activity of y-secretase, while leaving T A C E unaffected, then the receptor will have only been 

cleaved once, resulting in a larger than predicted or expected fragment. Alternatively, 

another protease may be recruited to cleave and release the cytoplasmic tail of ErbB4. It is 

unlikely that this "backup" protease would recognize and cleave the receptor in the identical 

fashion of y-secretase. 

It appears that ACPT activity can influence proteolytic cleavage of the ErbB4 

receptor. This implies that the phosphatase interacts with the receptor prior to the 

disassociation of the ErbB4 catalytic tail. In vivo co-immunoprecipitation studies support 

this hypothesis. When using an ErbB4 antibody directed to the N-terminus for 

immunoprecipitation, the C-terminus can only be isolated prior to its cleavage from the 



remainder of the receptor. Since the phosphorylated tyrosine residues on ErbB4 are located 

on the C-terminal fragment, this indicates that this is the interaction site for ACPT. 

Therefore co-immunoprecipitating ACPT with this antibody was only possible when the 

receptor was not cleaved. 

These data suggest that ACPT can regulate neuregulin-induced cleavage of 

ErbB4 by altering the tyrosine phosphorylation state of the receptor, thereby indirectly 

influencing ErbB4 activity-dependent downstream regulation of gene expression. 

4.5 Possible Role in Differentiation 

If ACPT alters the tyrosine kinase activity of ErbB4, the signaling cascades activated 

by this receptor should also be affected. The importance of ErbB4 during development 

would suggest that regulation of the receptor by ACPT could modulate neuronal 

differentiation or development. When the ErbB4 receptor is transfected into PC 12 cells, the 

cells are able to differentiate in response to neuregulin (Vaskovsky et al., 2000). 

The sustained activity of the Ras dependent MAPK/Erk pathway by NGF-stimulated 

TrkA receptors is the traditional method of inducing neurite sprouting in PC 12 cells (Gotoh 

et al., 1990; Gomez and Cohen, 1991). NGF binding to the TrkA receptor induces 

dimerization, autophosphorylation and subsequent recruitment of molecules such as the 

guanine nucleotide exchange protein son of sevenless (SOS) (Nakamura et al., 1996). 

Recruitment of SOS leads to the exchange of bound GDP for GTP thereby activating the 

small G protein ras. This triggers a cascade or series of phosphorylation events beginning 

with the serine/threonine kinase Raf, involving the tyrosine/threonine kinase MAP/Erk and 



ending with the serine/threonine kinase erk (fig. 4-2). NGF is both necessary and sufficient 

for differentiation of the cells into sympathetic neuron-like cells (Tischler and Greene, 1975; 

Greene and Tischler, 1976). 

This same signaling cascade can be initiated by neuregulin-induced activation of the 

ErbB4 receptor(Chao, 1992; Schlessinger and Ullrich, 1992). However, activation of the ras-

Erk/MAP pathway can only result in neurite sprouting when the activity is sustained and only 

cells overexpressing EGF receptors are capable of this type of activity (Traverse et al., 1992; 

Traverse et al., 1994; Marshall, 1995). PC12 cells which endogenously express ErbBl , 

ErbB2 and ErbB3 promote cell survival when stimulated, even though the same pathway is 

activated (Marshall, 1995; Vaskovsky et al., 2000). To account for the distinct cellular 

responses to the activation of one signaling cascade, it has been suggested that signaling 

molecules such as suc-associated neurotrophic factor-induced tyrosine phosphorylated target 

are only activated in response to specific growth factors. It has also been suggested that the 

difference in duration of tyrosine phosphorylation between TrkA and the EGF receptors may 

be due to the presence of a protein tyrosine phosphatase which dephosphosphorylates the 

activated EGF receptor, but not TrkA (Yamada et al., 1997). 
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Figure 26. TrkA and ErbB4 Signaling Cascade in PC12 Cells. The intracellular signaling 
intermediates involved in the differentiation of PCI 2 cells upon TrkA and ErbB4 activation. 



It was determined that regulating the phosphorylation of ErbB4 by co-expressing the 

receptor with tyrosine phosphatase ACPT blocked neuregulin-induced neurite outgrowth. To 

determine if the regulation of neurite growth was specific to dephosphorylation of the ErbB4 

receptor, we examined the effect of ACPT on neurite outgrowth upon treatment with nerve 

growth factor, which induces PC 12 differentiation via the TrkA receptor (Greene and 

Tischler, 1976). Overexpression of ACPT did not prevent nerved growth factor-induced 

outgrowth. Since neurite outgrowth in response to either neuregulin or nerve growth factor is 

dependent on the activation of the M A P kinase pathway (Vaskovsky et al., 2000), these 

results indicate that ACPT is working upstream of this cascade, most likely directly on the 

activated ErbB4 receptor, but not on the TrkA receptor. 

It is therefore evident that the regulation of tyrosine phosphorylation of the 

ErbB4 receptor by ACPT influences neuregulin-induced neurite outgrowth of PC12 

cells. This data suggests that ACPT plays an important role in neuronal differentiation 

and development. 

4.6 General Overview 

For many years, the endogenous substrates for the various members of the histidine 

acid phosphatase family have been unknown. The discovery that ErbB2 can be 

dephosphorylated by PAP in prostatic epithelial cells (Meng and Lin, 1998; Zhang et al., 

2001) suggests that other members of this family may be capable of regulating tyrosine 

kinase receptors. We have now identified a novel histidine acid phosphatase, ACPT, which 

can dephosphorylate the ErbB4 receptor and inhibit the ligand-induced proteolytic cleavage 



of this receptor. ACPT physically associates with ErbB4 in a heterologous system and in 

vivo, and in neurons the two proteins are co-localized at synaptic sites. When co-expressed 

with ErbB4 in PC 12 cells, ACPT prevents the neuregulin-induced differentiation indicating a 

possible role for the phosphatase in regulating ErbB4 function. 

4.7 Future Directions 

There are several experiments which could be performed to address issues raised by 

the results in this present study and to further uncover the signaling mechanism that utilizes 

ErbB4 and ACPT in concert. 

A) Is ACPT membrane expressed? 

The presence of a putative transmembrane domain at the C-terminus of ACPT raised 

questions regarding its ability to access the phosphorylation site of the ErbB4 receptor. The 

presence of glycosylation sites at the N-terminus typically suggests that the enzyme would be 

inserted into the membrane with its catalytic domain facing the extracellular space 

surrounding the cell or within an organelle membrane with the catalytic region facing the 

luminal domain and therefore physically incapable of associating with the catalytic domain of 

the receptor kinase. Experiments attempting to resolve the question of ACPT membrane 

orientation were not only inconclusive, but fueled the hypothesis that the enzyme is not 

located at the cell surface, but rather inserted into a membrane of an organelle. 

An alternative approach to this question could involve treating ACPT-GFP expressing 

cells with trypsin prior to harvesting. A mild preparation of trypsin would cleave and remove 



cell surface expressed proteins upon incubation with cells. To serve as a positive control, one 

sample set would be incubated with PBS in the absence of trypsin. Harvesting these cells and 

immunoblotting with anti-GFP would reveal a decrease in full-length ACPT in the trypsin 

treated cells versus the control sample if the protein is located on the cell surface with the C-

terminus extracellularly expressed. Stripping and reprobing the membranes with anti-ACPT 

would therefore reveal only the cleaved product in the trypsin-treated cells and the full-length 

enzyme in PBS-treated cells. Alternatively, i f the N-terminus is extracellularly located i f 

ACPT is cell surface expressed, immunoblotting with anti-ACPT would result in a decrease 

in full-length protein in the trypsin treated cells and probing with anti-GFP would reveal the 

presence of a cleaved fragment. 

If ACPT is not located on the cell surface membrane, trypsin treatment would not 

result in enzyme cleavage. Therefore immunoblotting with anti-GFP or anti-ACPT would 

not reveal any notable changes, suggesting that ACPT is located within the membrane of an 

internal organelle. 

B) Does ACPT Affect the Translocation of the Cleaved ErbB4 Fragment 

Experiments conducted on a fragment of the cytoplasmic tail of the ErbB4 receptor in 

COS7 cells has shown that this fragment can transloca^ to the nucleus (Ni et al., 2001) 

where it may mediate protein phosphorylation important for the regulation of gene 

expression. Since ACPT activity appears to affect ErbB4 cleavage as shown in this study, it 

would be of interest to explore its possible connection to gene regulation in the proposed 

pathway. 



To begin, it would be necessary to determine i f the interaction of ACPT with ErbB4 

could alter the amount of cleaved fragment located within the cell nucleus. 

Immunocytochemical examination of COS7 cells tranfected with an ErbB4 receptor 

containing an internal HA-tag located on the C-terminal end, slightly downstream of the 

transmembrane domain (erb-int) compared to ACPT and erb-int co-transfected cells would 

give insight into the effect of ACPT activity. Should this experiment prove successful, a 

decrease in nuclear localized H A would be observed in the cells co-expressing ACPT. 

In addition to conducting this experiment in COS7 cells, it would be necessary to 

repeat the protocol in neurons in order to verify that this regulation occurs in neurons as well. 

C) Is ErbB4 Regulated by ACPT Along the Endocytic Pathway? 

Most research concerning the involvement of multivesicular bodies in the endocytic 

cycling pathway has been focused on ErbBl . As a member of the same receptor tyrosine 

kinase family, it can be hypothesized that ErbB4 participates in this pathway as well. This 

would provide ACPT with ample opportunity to interact with ErbB4. 

To determine i f ErbB4 is incorporated into and continues to signal from 

multivesicular bodies it is necessary to be able to differentiate between signals generated 

from the M V B from plasma membrane-derived signals. Following the protocol of Wang et 

al. (Wang et al., 2002), the specific activation of endosome-associated receptor without 

activation of plasma membrane-associated receptor and without disruption of the overall 

endocytic pathway can be detected. This method involves a series of treatments of various 

agonists and antagonists. Freshly plated ErbB4 transfected cells in serum-free medium, prior 

to treatment express the non-phosphorylated receptor at the plasma membrane. Application 



of a tyrosine kinase inhibitor followed by treatment with a solution containing the ErbB4 

agonist neuregulin and a receptor internalization inducer such as AG1478 causes activation 

of the cycling pathway and therefore the internalization of the receptor or its cytoplasmic tail 

to be internalized into endosomes, while remaining nonphosphorylated. Subsequent washes 

and incubation of the cells in serum-free medium leads to the specific activation of the 

endosome-associated kinase (i.e. the receptor is located in endosomes and is heavily 

phosphorylated). 

At this stage, the cells can be fixed and immunostained for the cytoplasmic tail of the 

ErbB4 receptor and phosphorylated tyrosine residues. Immunofluorescent analysis of cells 

will reveal co-localization in staining of the two antibodies i f there is specific activation of 

endosome-associated receptor. 

During the execution of this protocol, samples co-expressing ErbB4 and ACPT 

should be run in parallel. If ACPT activity is localized within the multivesicular bodies of 

the endocytic pathway, then a striking difference in ErbB4 endosomal signaling should be 

observed. 



Abbreviations 

ACPT - testicular acid phosphatase 

ATP - adenosine triphosphate 

CNS - central nervous system 

div - days in vivo 

D M E M - Dulbecco's modified Eagle's medium 

E C L - enhanced chemiluminescence 

EGF - epidermal growth factor 

EGFR - epidermal growth factor receptor 

ER - endoplasmic reticulum 

ESTs - expressed sequence tags 

FRAP - fluoride resistant acid phosphatase 

GFP - green fluorescent protein 

GTP - guanosine triphosphate 

IB - immunoblot 

Ins(l,4,5)P3 - inositol-l,4,5-triphosphate 

InsP - inositol phosphate 

IP - immunoprecipitation 

LAP - lysosomal acid phosphatase 

L P A - lysophosphatidic acid 

LyAP - lysophosphatidic acid phosphatase 

M A P K - mitogen-activated kinase 



M V B - multivesicular body 

NGF - nerve growth factor 

N R G - neuregulin 

PA - phosphatidic acid 

PAP - prostatic acid phosphatase 

PBS - phosphate buffered saline 

PC 12 cells - pheochromocytoma cells 

PCR - polymerase chain reaction 

PDL - poly-D-lysine 

PFA - paraformaldehyde 

PI-3K - PI-3 kinase 

PKC - protein kinase C 

PNGase F - N-glycosidase F 

PSD - post-synaptic density 

SIP - sphingosine 1-phosphate 

SDS-PAGE - sodium dodecyl sulphate polyacrylamide gel electrophoresis 

SOS - son of sevenless 

T A C E - tumour necrosis factor-alpha-converting enzyme 



References 

Aicardi J (1994) The place of neuronal migration abnormalities in child neurology. Can J 

Neurol Sci 21:185-193. 

Arregui CO, Balsamo J, Lilien J (2000) Regulation of signaling by protein-tyrosine 

phosphatases: potential roles in the nervous system. Neurochem Res 25:95-105. 

Bajjalieh SM, Martin TF, Floor E (1989) Synaptic vesicle ceramide kinase. A calcium-

stimulated lipid kinase that co-purifies with brain synaptic vesicles. J Biol Chem 

264:14354-14360. 

Batty IR, Nahorski SR, Irvine RF (1985) Rapid formation of inositol 1,3,4,5-

tetrakisphosphate following muscarinic receptor stimulation of rat cerebral cortical 

slices. Biochem J 232:211-215. 

Baulida J, Kraus M H , Alimandi M , Di Fiore PP, Carpenter G (1996) A l l ErbB receptors 

other than the epidermal growth factor receptor are endocytosis impaired. J Biol 

Chem 271:5251-5257. 

Beerli RR, Hynes N E (1996) Epidermal growth factor-related peptides activate distinct 

subsets of ErbB receptors and differ in their biological activities. J Biol Chem 

271:6071-6076. 

Bell R M , Coleman R A (1980) Enzymes of glycerolipid synthesis in eukaryotes. Annu Rev 

Biochem 49:459-487. 

Ben-Baruch N , Yarden Y (1994) Neu differentiation factors: a family of alternatively spliced 

neuronal and mesenchymal factors. Proc Soc Exp Biol Med 206:221-227. 



Bishop WR, R. M . Bell (1988) Assembly of phospholipids into cellular membranes: 

biosynthesis, transmembrane movement and intracellular translocation. Annu Rev 

Cell Biol 4:579-610. 

Brindley D N , English D, Pilquil C, Buri K , Ling ZC (2002) Lipid phosphate phosphatases 

regulate signal transduction through glycerolipids and sphingolipids. Biochim 

Biophys Acta 1582:33-44. 

Burke P, Schooler K , Wiley HS (2001) Regulation of epidermal growth factor receptor 

signaling by endocytosis and intracellular trafficking. Mo l Biol Cell 12:1897-1910. 

Burke TR, Jr., Zhang Z Y (1998) Protein-tyrosine phosphatases: structure, mechanism, and 

inhibitor discovery. Biopolymers 47:225-241. 

Caffrey JJ, Hidaka K, Matsuda M , Hirata M , Shears SB (1999) The human and rat forms of 

multiple inositol polyphosphate phosphatase: functional homology with a histidine 

acid phosphatase up-regulated during endochondral ossification. FEB S Lett 442:99-

104. 

Carpenter G, Cohen S (1976) 1251-labeled human epidermal growth factor. Binding, 

internalization, and degradation in human fibroblasts. J Cell Biol 71:159-171. 

Carraway K L , 3rd, Sweeney C (2001) Localization and modulation of ErbB receptor tyrosine 

kinases. Curr Opin Cell Biol 13:125-130. 

Chao M V (1992) Growth factor signaling: where is the specificty? Cell 68:995-997. 

Chen X , Levkowitz G, Tzahar E, Karunagaran D, Lavi S, Ben-Baruch N , Leitner O, Ratzkin 

BJ, Bacus SS, Yarden Y (1996) An immunological approach reveals biological 



differences between the two NDF/herègulin receptors, ErbB-3 and ErbB-4. J Biol 

Chem 271:7620-7629. 

Chevalier S, Landry D, Chapdelaine A (1988) Phosphotyrosine phosphatase activity of 

human and canine acid phosphatases of prostatic origin. Prostate 12:209-219. 

Chi H, Tiller GE, Dasouki MJ , Romano PR, Wang J, O'Keefe R J, Puzas JE, Rosier RN, 

Reynolds PR (1999) Multiple inositol polyphosphate phosphatase: evolution as a 

distinct group within the histidine phosphatase family and chromosomal localization 

of the human and mouse genes to chromosomes 10q23 and 19. Genomics 56:324-

336. 

Cohen S, Fava R A (1985) Internalization of functional epidermal growth 

factor:receptor/kinase complexes in A-431 cells. J Biol Chem 260:12351-12358. 

Craven SE, El-Husseini A E , Bredt DS (1999) Synaptic targeting of the postsynaptic density 

protein PSD-95 mediated by lipid and protein motifs. Neuron 22:497-509. 

Damjanov I, Mildner B, Knowles BB (1986) Immunohistochemical localization of the 

epidermal growth factor receptor in normal human tissues. Lab Invest 55:588-592. 

Dixon M , Lumsden A (1999) Distribution of neuregulin-1 (nrgl) and erbB4 transcripts in 

embryonic chick hindbrain. Mol Cell Neurosci 13:237-258. 

Drenckhahn D, Waheed A , Van Etten R (1987) Demonstration of prostatic-type acid 

phosphatase in non-lysosomal granules in the crypt epithelium of the human 

duodenum. Histochemistry 88:47-52. 

Dupre S, Volland C, Haguenauer-Tsapis R (2001) Membrane transport: ubiquitylation in 

endosomal sorting. Curr Biol 11 :R932-934. 



Elenius K , Paul S, Allison G, Sun J, Klagsbrun M (1997a) Activation of HER4 by heparin-

binding EGF-like growth factor stimulates chemotaxis but not proliferation. Embo J 

16:1268-1278. 

Elenius K, Choi CJ, Paul S, Santiestevan E, Nishi E, Klagsbrun M (1999) Characterization of 

a naturally occurring ErbB4 isoform that does not bind or activate phosphatidyl 

inositol 3-kinase. Oncogene 18:2607-2615. 

Elenius K , Corfas G, Paul S, Choi CJ, Rio C, Plowman GD, Klagsbrun M (1997b) A novel 

juxtamembrane domain isoform of HER4/ErbB4. Isoform-specific tissue distribution 

and differential processing in response to phorbol ester. J Biol Chem 272:26761-

26768. 

Epstein JI, Kuhajda FP, Lieberman PH (1986) Prostate-specific acid phosphatase 

immunoreactivity in adenocarcinomas of the urinary bladder. Hum Pathol 17:939-

942. 

Erickson SL, O'Shea K S , Ghaboosi N , Loverro L, Frantz G, Bauer M , Lu L H , Moore M W 

(1997) ErbB3 is required for normal cerebellar and cardiac development: a 

comparison with ErbB2-and heregulin-deficient mice. Development 124:4999-5011. 

Erlich S, Goldshmit Y , Lupowitz Z, Pinkas-Kramarski R (2001) ErbB-4 activation inhibits 

apoptosis in PC12 cells. Neuroscience 107:353-362. 

Falls DL, Rosen K M , Corfas G, Lane WS, Fischbach GD (1993) ARIA, a protein that 

stimulates acetylcholine receptor synthesis, is a member of the neu ligand family. Cell 

72:801-815. 



Felder S, Miller K , Moehren G, Ullrich A , Schlessinger J, Hopkins CR (1990) Kinase 

activity controls the sorting of the epidermal growth factor receptor within the 

multivesicular body. Cell 61:623-634. 

Fukuda M , Mikoshiba K (1997) The function of inositol high polyphosphate binding 

proteins. Bioessays 19:593-603. 

Fukushima N , Chun J (2001) The L P A receptors. Prostaglandins Other Lipid Médiat 64:21-

32. 

Fukushima N , Kimura Y , Chun J (1998) A single receptor encoded by vzg-l/lpAl/edg-2 

couples to G proteins and mediates multiple cellular responses to lysophosphatidic 

acid. Proc Natl Acad Sci U S A 95:6151-6156. 

Futter CE, Pearse A , Hewlett LJ , Hopkins CR (1996) Multivesicular endosomes containing 

internalized EGF-EGF receptor complexes mature and then fuse directly with 

lysosomes. J Cell Biol 132:1011-1023. 

Gamett DC, Cerione R A (1994) Oncogenically activated or ligand-stimulated neu kinase 

stimulates neurite outgrowth in PC 12 cells. FEBS Lett 351:335-339. 

Gamett DC, Greene T, Wagreich AR, Kim HH, Koland JG, Cerione R A (1995) Heregulin-

stimulated signaling in rat pheochromocytoma cells. Evidence for ErbB3 interactions 

with Neu/ErbB2 and p85. J Biol Chem 270:19022-19027. 

Garcia RA, Vasudevan K, Buonanno A (2000) The neuregulin receptor ErbB-4 interacts with 

PDZ-containing proteins at neuronal synapses. Proc Natl Acad Sci U S A 97:3596-

3601. 



Gassmann M , Casagranda F, Orioli D, Simon H , Lai C, Klein R, Lemke G (1995) Aberrant 

neural and cardiac development in mice lacking the ErbB4 neuregulin receptor. 

Nature 378:390-394. 

Geier C, von Figura K , Pohlmann R (1989) Structure of the human lysosomal acid 

phosphatase gene. Eur J Biochem 183:611-616. 

Gerecke K M , Wyss JM, Karavanova I, Buonanno A, Carroll SL (2001) ErbB transmembrane 

tyrosine kinase receptors are differentially expressed throughout the adult rat central 

nervous system. J Comp Neurol 433:86-100. 

Goetzl EJ, An S (1998) Diversity of cellular receptors and functions for the lysophospholipid 

growth factors lysophosphatidic acid and sphingosine 1-phosphate. Faseb J 12:1589-

1598. 

Golding JP, Trainor P, Krumlauf R, Gassmann M (2000) Defects in pathfmding by cranial 

neural crest cells in mice lacking the neuregulin receptor ErbB4. Nat Cell Biol 2:103-

109. 

Goldman R, Levy R B , Pelés E, Yarden Y (1990) Heterodimerization of the erbB-1 and erbB-

2 receptors in human breast carcinoma cells: a mechanism for receptor 

transregulation. Biochemistry 29:11024-11028. 

Gomez N , Cohen P (1991) Dissection of the protein kinase cascade by which nerve growth 

factor activates M A P kinases. Nature 353:170-173. 

Gotoh Y , Nishida E, Yamashita T, Hoshi M , Kawakami M , Sakai H (1990) Microtubule-

associated-protein (MAP) kinase activated by nerve growth factor and epidermal 

growth factor in PC 12 cells. Identity with the mitogen-activated M A P kinase of 

fibroblastic cells. Eur J Biochem 193:661-669. 



Gottschalk S, Waheed A, Schmidt B, Laidler P, von Figura K (1989) Sequential processing 

of lysosomal acid phosphatase by a cytoplasmic thiol proteinase and a lysosomal 

aspartyl proteinase. Embo J 8:3215-3219. 

Graus-Porta D, Beerli RR, Hynes N E (1995) Single-chain antibody-mediated intracellular 

retention of ErbB-2 impairs Neu differentiation factor and epidermal growth factor 

signaling. Mol Cell Biol 15:1182-1191. 

Greene L A , Tischler AS (1976) Establishment of a noradrenergic clonal line of rat adrenal 

pheochromocytoma cells which respond to nerve growth factor. Proc Natl Acad Sci U 

S A 73:2424-2428. 

Guan K L , Dixon JE (1991) Evidence for protein-tyrosine-phosphatase catalysis proceeding 

via a cysteine-phosphate intermediate. J Biol Chem 266:17026-17030. 

Guo D, Dormer DB (1996) Tumor necrosis factor promotes phosphorylation and binding of 

insulin receptor substrate 1 to phosphatidylinositol 3-kinase in 3T3-L1 adipocytes. J 

Biol Chem 271:615-618. 

Gusterson B, Cowley G, Smith JA, Ozanne B (1984) Cellular localisation of human 

epidermal growth factor receptor. Cell Biol Int Rep 8:649-658. 

Guy P M , Platko JV, Cantley L C , Cerione RA, Carraway K L , 3rd (1994) Insect cell-expressed 

pl80erbB3 possesses an impaired tyrosine kinase activity. Proc Natl Acad Sci U S A 

91:8132-8136. 

Hackel PO, Zwick E, Prenzel N , Ullrich A (1999) Epidermal growth factor receptors: critical 

mediators of multiple receptor pathways. Curr Opin Cell Biol 11:184-189. 



Hecht JH, Weiner JA, Post SR, Chun J (1996) Ventricular zone gene-1 (vzg-1) encodes a 

lysophosphatidic acid receptor expressed in neurogenic regions of the developing 

cerebral cortex. J Cell Biol 135:1071-1083. 

Heinrikson R L (1969) Purification and characterization of a low molecular weight acid 

phosphatase from bovine liver. J Biol Chem 244:299-307. 

Heldin CH, Ostman A (1996) Ligand-induced dimerization of growth factor receptors: 

variations on the theme. Cytokine Growth Factor Rev 7:3-10. 

Hiraga A, Tzuiki S (1991) Rat liver protein-tyro sine phosphatase: purification and 

characterization of two isoforms. Adv Prot Phosphatases 6:251-264. 

Hiroyama M , Takenawa T (1998) Purification and characterization of a lysophosphatidic 

acid-specific phosphatase. Biochem J 336 ( Pt 2):483-489. 

Hiroyama M , Takenawa T (1999) Isolation of a cDNA encoding human lysophosphatidic 

acid phosphatase that is involved in the regulation of mitochondrial lipid biosynthesis. 

J Biol Chem 274:29172-29180. 

Hirsch JG, Fedorko M E , Cohn Z A (1968) Vesicle fusion and formation at the surface of 

pinocytic vacuoles in macrophages. J Cell Biol 38:629-632. 

Hopkins CR, Gibson A , Shipman M , Miller K (1990) Movement of internalized ligand-

receptor complexes along a continuous endosomal reticulum. Nature 346:335-339. 

Horan T, Wen J, Arakawa T, Liu N , Brankow D, Hu S, Ratzkin B, Philo JS (1995) Binding 

of Neu differentiation factor with the extracellular domain of Her2 and Her3. J Biol 

Chem 270:24604-24608. 



Huang Y Z , Won S, A l i DW, Wang Q, Tanowitz M , Du QS, Pelkey K A , Yang DJ, Xiong 

WC, Salter M W , Mei L (2000) Regulation of neuregulin signaling by PSD-95 

interacting with ErbB4 at CNS synapses. Neuron 26:443-455. 

Huijbregts RP, Topalof L , Bankaitis V A (2000) Lipid metabolism and regulation of 

membrane trafficking. Traffic 1:195-202. 

Huttner WB, Schiebler W, Greengard P, De Camilli P (1983) Synapsin I (protein I), a nerve 

terminal-specific phosphoprotein. III. Its association with synaptic vesicles studied in 

a highly purified synaptic vesicle preparation. J Cell Biol 96:1374-1388. 

Irvine RP, Letcher A J , Lander DJ, Downes CP (1984) Inositol trisphosphates in carbachol-

stimulated rat parotid glands. Biochem J 223:237-243. 

Jones JT, Akita RW, Sliwkowski M X (1999) Binding specificities and affinities of egf 

domains for ErbB receptors. FEBS Lett 447:227-231. 

Jones JT, Ballinger M D , Pisacane PI, Lofgren JA, Fitzpatrick V D , Fairbrother WJ, Wells JA, 

Sliwkowski M X (1998) Binding interaction of the heregulinbeta egf domain with 

ErbB3 and ErbB4 receptors assessed by alanine scanning mutagenesis. J Biol Chem 

273:11667-11674. 

Kainulainen V , Sundvall M , Maatta JA, Santiestevan E, Klagsbrun M , Elenius K (2000) A 

natural ErbB4 isoform that does not activate phosphoinositide 3-kinase mediates 

proliferation but not survival or chemotaxis. J Biol Chem 275:8641-8649. 

Karunagaran D, Tzahar E, Beerli RR, Chen X , Graus-Porta D, Ratzkin BJ, Seger R, Hynes 

NE, Yarden Y (1996) ErbB-2 is a common auxiliary subunit of NDF and EGF 

receptors: implications for breast cancer. Embo J 15:254-264. 



Katzmann DJ, Odorizzi G, Emr SD (2002) Receptor downregulation and multivesicular-body 

sorting. Nat Rev Mol Cell Biol 3:893-905. 

Kimura N , Sasano N (1986) Prostate-specific acid phosphatase in carcinoid tumors. 

Virchows Arch A Pathol Anat Histopathol 410:247-251. 

Komurasaki T, Toyoda H , Uchida D, Morimoto S (1997) Epiregulin binds to epidermal 

growth factor receptor and ErbB-4 and induces tyrosine phosphorylation of epidermal 

growth factor receptor, ErbB-2, ErbB-3 and ErbB-4. Oncogene 15:2841-2848. 

Kranenburg O, Moolenaar W H (2001) Ras-MAP kinase signaling by lysophosphatidic acid 

and other G protein-coupled receptor agonists. Oncogene 20:1540-1546. 

Kraus M H , Issing W, Mik i T, Popescu NC, Aaronson SA (1989) Isolation and 

characterization of ERBB3, a third member of the ERBB/epidermal growth factor 

receptor family: evidence for overexpression in a subset of human mammary tumors. 

Proc Natl Acad Sci U S A 86:9193-9197. 

Kuciel R, Bakalova A , Mazurkiewicz A, Bilska A, Ostrowski W (1990) Is the subunit of 

prostatic phosphatase active? Reversible denaturation of prostatic acid phosphatase. 

Biochem Int 22:329-334. 

Lai WH, Cameron PH, Doherty JJ, 2nd, Posner BI, Bergeron JJ (1989) Ligand-mediated 

autophosphorylation activity of the epidermal growth factor receptor during 

internalization. J Cell Biol 109:2751-2760. 

Lam K W , Lee P, Eastlund T, Yam LT (1980) Antigenic and molecular relationship of human 

prostatic acid phosphatase isoenzymes. Invest Urol 18:209-211. 



Lee HJ, Jung K M , Huang Y Z , Bennett L B , Lee JS, Mei L, K im TW (2002) Presenilin-

dependent gamma-secretase-like intramembrane cleavage of ErbB4. J Biol Chem 

277:6318-6323. 

Lee MJ, Van Brocklyn JR, Thangada S, Liu C H , Hand AR, Menzeleev R, Spiegel S, Hla T 

(1998) Sphingosine-1 -phosphate as a ligand for the G protein-coupled receptor EDG-

1. Science 279:1552-1555. 

Lin CR, Chen WS, Kruiger W, Stolarsky LS, Weber W, Evans R M (1984) Expression 

cloning of human EGF receptor complementary DNA: gene amplification and three 

related messenger R N A products in A431 cells. Science 224:843-848. 

Lin MF, Clinton G M (1986) Human prostatic acid phosphatase has phosphotyrosyl protein 

phosphatase activity. Biochem J 235:351-357. 

Lin MF, Meng TC (1996) Tyrosine phosphorylation of a 185 kDa phosphoprotein (ppl85) 

inversely correlates with the cellular activity of human prostatic acid phosphatase. 

Biochem Biophys Res Commun 226:206-213. 

Lin MF, Lee CL, L i SS, Chu T M (1983) Purification and characterization of a new human 

prostatic acid phosphatase isoenzyme. Biochemistry 22:1055-1062. 

Lin MF, Garcia-Arenas R, Xia X Z , Biela B, Lin FF (1994) The cellular level of prostatic acid 

phosphatase and the growth of human prostate carcinoma cells. Differentiation 

57:143-149. 

Luchter-Wasylewska E (2001) Cooperative kinetics of human prostatic acid phosphatase. 

Biochim Biophys Acta 1548:257-264. 

Majerus PW (1992) Inositol phosphate biochemistry. Annu Rev Biochem 61:225-250. 



Manning G, Whyte DB, Martinez R, Hunter T, Sudarsanam S (2002) The protein kinase 

complement of the human genome. Science 298:1912-1934. 

Marshall CJ (1995) Specificity of receptor tyrosine kinase signaling: transient versus 

sustained extracellular signal-regulated kinase activation. Cell 80:179-185. 

Massague J (1996) TGFbeta signaling: receptors, transducers, and Mad proteins. Cell 85:947-

950. 

McTigue JJ, Van Etten R L (1978) An essential active-site histidine residue in human 

prostatic acid phosphatase. Ethoxyformylation by diethyl pyrocarbonate and 

phosphorylation by a substrate. Biochim Biophys Acta 523:407-421. 

Meng TC, Lin M F (1998) Tyrosine phosphorylation of c-ErbB-2 is regulated by the cellular 

form of prostatic acid phosphatase in human prostate cancer cells. J Biol Chem 

273:22096-22104. 

Meng TC, Lee MS, Lin M F (2000) Interaction between protein tyrosine phosphatase and 

protein tyrosine kinase is involved in androgen-promoted growth of human prostate 

cancer cells. Oncogene 19:2664-2677. 

Menniti FS, Oliver K G , Putney JW, Jr., Shears SB (1993) Inositol phosphates and cell 

signaling: new views of InsP5 and InsP6. Trends Biochem Sci 18:53-56. 

Moghal N , Sternberg PW (1999) Multiple positive and negative regulators of signaling by the 

EGF-receptor. Curr Opin Cell Biol 11:190-196. 



Morris M F , Waheed A , Risley JM, Van Etten R L (1989) Carbohydrate removal fails to 

eliminate the heterogeneity of human prostatic acid phosphatase. Clin Chim Acta 

182:9-20. 

Moscoso L M , Chu GC, Gautam M , Noakes PG, Merlie IP, Sanes JR (1995) Synapse-

associated expression of an acetylcholine receptor-inducing protein, ARLA/heregulin, 

and its putative receptors, ErbB2 and ErbB3, in developing mammalian muscle. Dev 

Biol 172:158-169. 

Moss DW, Raymond FD, Wile DB (1995) Clinical and biological aspects of acid 

phosphatase. Crit Rev Clin Lab Sci 32:431-467. 

Nakamura T, Sanokawa R, Sasaki Y , Ayusawa D, Oishi M , Mori N (1996) N-Shc: a neural-

specific adapter molecule that mediates signaling from neurotrophin/Trk to 

Ras/MAPK pathway. Oncogene 13:1111-1121. 

Nguyen L, Chapdelaine A, Chevalier S (1990) Prostatic acid phosphatase in serum of patients 

with prostatic cancer is a specific phosphotyrosine acid phosphatase. Clin Chem 

36:1450-1455. 

Ni C Y , Murphy MP, Golde TE, Carpenter G (2001) gamma -Secretase cleavage and nuclear 

localization of ErbB-4 receptor tyrosine kinase. Science 294:2179-2181. 

Novak U , Walker F, Kaye A (2001) Expression of EGFR-family proteins in the brain: role in 

development, health and disease. J Clin Neurosci 8:106-111. 

Ostanin K, Harms EH, Stevis PE, Kuciel R, Zhou M M , Van Etten R L (1992) 

Overexpression, site-directed mutagenesis, and mechanism of Escherichia coli acid 

phosphatase. J Biol Chem 267:22830-22836. 



Peschon JJ, Slack JL, Reddy P, Stocking K L , Sunnarborg SW, Lee DC, Russell WE, Castner 

BJ, Johnson RS, Fitzner JN, Boyce RW, Nelson N , Kozlosky CJ, Wolfson MF, 

Rauch CT, Cerretti DP, Paxton RJ, March CJ, Black R A (1998) An essential role for 

ectodomain shedding in mammalian development. Science 282:1281-1284. 

Peters C, Geier C, Pohlmann R, Waheed A, von Figura K , Roiko K , Virkkunen P, Henttu P, 

Vihko P (1989) High degree of homology between primary structure of human 

lysosomal acid phosphatase and human prostatic acid phosphatase. Biol Chem Hoppe 

Seyler 370:177-181. 

Pinkas-Kramarski R, Soussan L, Waterman H , Levkowitz G, Alroy I, Klapper L, Lavi S, 

Seger R, Ratzkin BJ, Sela M , Yarden Y (1996) Diversification of Neu differentiation 

factor and epidermal growth factor signaling by combinatorial receptor interactions. 

Embo J 15:2452-2467. 

Pinkas-Kramarski R, Shelly M , Guarino BC, Wang L M , Lyass L, Alroy I, Alimandi M , Kuo 

A, Moyer JD, Lavi S, Eisenstein M , Ratzkin BJ, Seger R, Bacus SS, Pierce JH, 

Andrews GC, Yarden Y , Alamandi M (1998) ErbB tyrosine kinases and the two 

neuregulin families constitute a ligand-receptor network. Mol Cell Biol 18:6090-

6101. 

Plowman GD, Culouscou JM, Whitney GS, Green JM, Carlton GW, Foy L, Neubauer M G , 

Shoyab M (1993) Ligand-specific activation of HER4/pl80erbB4, a fourth member of 

the epidermal growth factor receptor family. Proc Natl Acad Sci U S A 90:1746-1750. 

Pohlmann R, Krentler C, Schmidt B, Schroder W, Lorkowski G, Culley J, Mersmann G, 

Geier C, Waheed A , Gottschalk S, et al. (1988) Human lysosomal acid phosphatase: 

cloning, expression and chromosomal assignment. Embo J 7:2343-2350. 



Press MF, Cordon-Cardo C, Slamon DJ (1990) Expression of the HER-2/neu proto-oncogene 

in normal human adult and fetal tissues. Oncogene 5:953-962. 

Prigent SA, Lemoine NR (1992) The type 1 (EGFR-related) family of growth factor receptors 

and their ligands. Prog Growth Factor Res 4:1-24. 

Prigent SA, Lemoine NR, Hughes C M , Plowman GD, Selden C, Gullick WJ (1992) 

Expression of the c-erbB-3 protein in normal human adult and fetal tissues. Oncogene 

7:1273-1278. 

Prill V , Lehmann L, von Figura K , Peters C (1993) The cytoplasmic tail of lysosomal acid 

phosphatase contains overlapping but distinct signals for basolateral sorting and rapid 

internalization in polarized M D C K cells. Embo J 12:2181-2193. 

Ramponi G, Stefani M (1997) Structural, catalytic, and functional properties of low M(r), 

phosphotyrosine protein phosphatases. Evidence of a long evolutionary history. Int J 

Biochem Cell Biol 29:279-292. 

Riese DJ, 2nd, Bermingham Y , van Raaij T M , Buckley S, Plowman GD, Stern DF (1996) 

Betacellulin activates the epidermal growth factor receptor and erbB-4, and induces 

cellular response patterns distinct from those stimulated by epidermal growth factor or 

neuregulin-beta. Oncogene 12:345-353. 

Rio C, Buxbaum JD, Peschon JJ, Corfas G (2000) Tumor necrosis factor-alpha-converting 

enzyme is required for cleavage of erbB4/HER4. J Biol Chem 275:10379-10387. 

Rio C, Rieff HI, Qi P, Khurana TS, Corfas G (1997) Neuregulin and erbB receptors play a 

critical role in neuronal migration. Neuron 19:39-50. 

Roche K W , Raymond L A , Blackstone C, Huganir R L (1994) Transmembrane topology of the 

glutamate receptor subunit GluR6. J Biol Chem 269:11679-11682. 



Roiko K, Janne OA, Vihko P (1990) Primary structure of rat secretory acid phosphatase and 

comparison to other acid phosphatases. Gene 89:223-229. 

Saftig P, Hartmann D, Lullmann-Rauch R, Wolff J, Evers M , Koster A , Hetman M , von 

Figura K , Peters C (1997) Mice deficient in lysosomal acid phosphatase develop 

lysosomal storage in the kidney and central nervous system. J Biol Chem 272:18628-

18635. 

Saini MS, Buchwald SL, Van Etten RL, Knowles JR (1981) Stereochemistry of phospho 

transfer catalyzed by bovine liver acid phosphatase. J Biol Chem 256:10453-10455. 

Sawyer C, Hiles I, Page M , Crompton M , Dean C (1998) Two erbB-4 transcripts are 

expressed in normal breast and in most breast cancers. Oncogene 17:919-924. 

Schlessinger J, Ullrich A (1992) Growth factor signaling by receptor tyrosine kinases. 

Neuron 9:383-391. 

Sciorra V A , Morris A J (2002) Roles for lipid phosphate phosphatases in regulation of 

cellular signaling. Biochim Biophys Acta 1582:45-51. 

Sharief FS, L i SS (1992) Structure of human prostatic acid phosphatase gene. Biochem 

Biophys Res Commun 184:1468-1476. 

Sharief FS, Lee H , Leuderman M M , Lundwall A , Deaven L L , Lee C L , L i SS (1989) Human 

prostatic acid phosphatase: cDNA cloning, gene mapping and protein sequence 

homology with lysosomal acid phosphatase. Biochem Biophys Res Commun 160:79-

86. 



Shinghal R, Scheller R H , Bajjalieh S M (1993) Ceramide 1-phosphate phosphatase activity in 

brain. J Neurochem 61:2279-2285. 

Sibilia M , Wagner EF (1995) Strain-dependent epithelial defects in mice lacking the EGF 

receptor. Science 269:234-238. 

Sibilia M , Steinbach JP, Stingl L, Aguzzi A , Wagner EF (1998) A strain-independent 

postnatal neurodegeneration in mice lacking the EGF receptor. Embo J 17:719-731. 

Silverman JD, Kruger L (1988) Acid phosphatase as a selective marker for a class of small 

sensory ganglion cells in several mammals: spinal cord distribution, histochemical 

properties, and relation to fluoride-resistant acid phosphatase (FRAP) of rodents. 

Somatosens Res 5:219-246. 

Sorkin A (2001) Internalization of the epidermal growth factor receptor: role in signalling. 

Biochem Soc Trans 29:480-484. 

Sorkin A, Carpenter G (1993) Interaction of activated EGF receptors with coated pit adaptins. 

Science 261:612-615. 

Sorkin A, Di Fiore PP, Carpenter G (1993) The carboxyl terminus of epidermal growth factor 

receptor/erbB-2 chimerae is internalization impaired. Oncogene 8:3021-3028. 

Sparks JW, Brautigan D L (1986) Molecular basis for substrate specificity of protein kinases 

and phosphatases. Int J Biochem 18:497-504. 

Srinivasan R, Poulsom R, Hurst HC, Gullick WJ (1998) Expression of the c-erbB-4/HER4 

protein and mRNA in normal human fetal and adult tissues and in a survey of nine 

solid tumour types. J Pathol 185:236-245. 



Steiner H, Blum M , Kitai ST, Fedi P (1999) Differential expression of ErbB3 and ErbB4 

neuregulin receptors in dopamine neurons and forebrain areas of the adult rat. Exp 

Neurol 159:494-503. 

Streb H, Irvine RE, Berridge MJ , Schulz I (1983) Release of Ca2+ from a nonmitochondrial 

intracellular store in pancreatic acinar cells by inositol-1,4,5-trisphosphate. Nature 

306:67-69. 

Sweeney C, Lai C, Riese DJ, 2nd, Diamonti AJ , Cantley L C , Carraway K L , 3rd (2000) 

Ligand discrimination in signaling through an ErbB4 receptor homodimer. J Biol 

Chem 275:19803-19807. 

Taga E M , Van Etten R L (1982) Human liver acid phosphatases: purification and properties 

of a low-molecular-weight isoenzyme. Arch Biochem Biophys 214:505-515. 

Threadgill DW, Dlugosz A A , Hansen L A , Tennenbaum T, Lichti U , Yee D, LaMantia C, 

Mourton T, Herrup K , Harris RC, et al. (1995) Targeted disruption of mouse EGF 

receptor: effect of genetic background on mutant phenotype. Science 269:230-234. 

Tischler AS, Greene L A (1975) Nerve growth factor-induced process formation by cultured 

rat pheochromocytoma cells. Nature 258:341-342. 

Traverse S, Gomez N , Paterson H , Marshall CJ, Cohen P (1992) Sustained activation of the 

mitogen-activated protein (MAP) kinase cascade may be required for differentiation 

of PC12 cells. Biochem J 288:351-355. 

Traverse S, Seedorf K, Paterson H , Marshall CJ, Cohen P, Ullrich A (1994) EGF triggers 

neuronal differentiation of PC 12 cells that overexpress the EGF receptor. Curr Biol 

4:694-701. 



Tzahar E, Pinkas-Kramarski R, Moyer JD, Klapper L N , Alroy I, Levkowitz G, Shelly M , 

Henis S, Eisenstein M , Ratzkin BJ, Sela M , Andrews GC, Yarden Y (1997) Bivalence 

of EGF-like ligands drives the ErbB signaling network. Embo J 16:4938-4950. 

Ullah A H , Dischinger HC, Jr. (1993) Identification of active-site residues in Aspergillus 

ficuum extracellular pH 2.5 optimum acid phosphatase. Biochem Biophys Res 

Commun 192:754-759. 

Ullrich A, Schlessinger J (1990) Signal transduction by receptors with tyrosine kinase 

activity. Cell 61:203-212. 

van der Geer P, Hunter T, Lindberg R A (1994) Receptor protein-tyrosine kinases and their 

signal transduction pathways. Annu Rev Cell Biol 10:251-337. 

Van Etten R L (1982) Human prostatic acid phosphatase: a histidine phosphatase. Ann N Y 

Acad Sci 390:27-51. 

Van Etten RL, Davidson R, Stevis PE, MacArthur H , Moore D L (1991) Covalent structure, 

disulfide bonding, and identification of reactive surface and active site residues of 

human prostatic acid phosphatase. J Biol Chem 266:2313-2319. 

Vaskovsky A, Lupowitz Z, Erlich S, Pinkas-Kramarski R (2000) ErbB-4 activation promotes 

neurite outgrowth in PC12 cells. J Neurochem 74:979-987. 

Vecchi M , Carpenter G (1997) Constitutive proteolysis of the ErbB-4 receptor tyrosine 

kinase by a unique, sequential mechanism. J Cell Biol 139:995-1003. 

Vecchi M , Baulida J, Carpenter G (1996) Selective cleavage of the heregulin receptor ErbB-4 

by protein kinase C activation. J Biol Chem 271:18989-18995. 



Vecchi M , Rudolph-Owen L A , Brown CL, Dempsey PJ, Carpenter G (1998) Tyrosine 

phosphorylation and proteolysis. Pervanadate-induced, metalloprotease-dependent 

cleavage of the ErbB-4 receptor and amphiregulin. J Biol Chem 273:20589-20595. 

Vihko P (1979) Human prostatic acid phosphatases: purification of a minor enzyme and 

comparisons of the enzymes. Invest Urol 16:349-352. 

Vihko P, Virkkunen P, Henttu P, Roiko K, Solin T, Huhtala M L (1988) Molecular cloning 

and sequence analysis of cDNA encoding human prostatic acid phosphatase. FEBS 

Lett 236:275-281. 

Vincent JB, Crowder M W , Averill B A (1992) Hydrolysis of phosphate monoesters: a 

biological problem with multiple chemical solutions. Trends Biochem Sci 17:105-

110. 

Vincent SR, Schultzberg M , Dalsgaard CJ (1982) Fluoride-resistant acid phosphatase in the 

rat adrenal gland. Brain Res 253:325-329. 

Waheed A, Van Etten RL, Gieselmann V , von Figura K (1985) Immunological 

characterization of human acid phosphatase gene products. Biochem Genet 23:309-

319. 

Waheed A, Gottschalk S, Hille A , Krentler C, Pohlmann R, Braulke T, Hauser H , Geuze H, 

von Figura K (1988) Human lysosomal acid phosphatase is transported as a 

transmembrane protein to lysosomes in transfected baby hamster kidney cells. Embo J 

7:2351-2358. 

Walker R A (1998) The erbB/HER type 1 tyrosine kinase receptor family. J Pathol 185:234-

235. 



Wang Y , Pennock S, Chen Z, Wang Z (2002) Endosomal signaling of epidermal growth 

factor receptor stimulates signal transduction pathways leading to cell survival. Mol 

Cell Biol 22:7279-7290. 

Woldeyesus MT, Britsch S, Riethmacher D, Xu L, Sonnenberg-Riethmacher E, Abou-

Rebyeh F, Harvey R, Caroni P, Birchmeier C (1999) Peripheral nervous system 

defects in erbB2 mutants following genetic rescue of heart development. Genes Dev 

13:2538-2548. 

Wu J, Cunnick J M (2002) Trans-regulation of epidermal growth factor receptor by 

lysophosphatidic acid and G protein-coupled receptors. Biochim Biophys Acta 

1582:100-106. 

Yamada M , Ikeuchi T, Hatanaka H (1997) The neurotrophic action and signaling of 

epidermal growth factor. Prog in Neurobiol 51:19-37. 

Yarden Y , Schlessinger J (1987a) Epidermal growth factor induces rapid, reversible 

aggregation of the purified epidermal growth factor receptor. Biochemistry 26:1443-

1451. 

Yarden Y , Schlessinger J (1987b) Self-phosphorylation of epidermal growth factor receptor: 

evidence for a model of intermolecular allosteric activation. Biochemistry 26:1434-

1442. 

Yousef G M , Diamandis M , Jung K, Diamandis EP (2001) Molecular cloning of a novel 

human acid phosphatase gene (ACPT) that is highly expressed in the testis. Genomics 

74:385-395. 



Zhang K , Sun J, Liu N , Wen D, Chang D, Thomason Aj Yoshinaga SK (1996) 

Transformation of NIH 3T3 cells by HER3 or HER4 receptors requires the presence 

of HER1 or HER2. J Biol Chem 271:3884-3890. 

Zhang X Q , Lee MS, Zelivianski S, Lin M F (2001) Characterization of a prostate-specific 

tyrosine phosphatase by mutagenesis and expression in human prostate cancer cells. J 

Biol Chem 276:2544-2550. 

Zhang Z Y , VanEtten R L (1991) Pre-steady-state and steady-state kinetic analysis of the low 

molecular weight phosphotyrosyl protein phosphatase from bovine heart. J Biol Chem 

266:1516-1525. 

Zhang Z Y , Wang Y , Dixon JE (1994) Dissecting the catalytic mechanism of protein-tyrosine 

phosphatases. Proc Natl Acad Sci U S A 91:1624-1627. 

Zhou W, Carpenter G (2000) Heregulin-dependent trafficking and cleavage of ErbB-4. J Biol 

Chem 275:34737-34743. 

Zhou W, Carpenter G (2002) ErbB-4: a receptor tyrosine kinase. Inflamm Res 51:91-101. 

Zimmerberg J (2000) Are the curves in all the right places? Traffic 1:366-368. 


