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Abstract

Receptor protein tyrosine phosphatases (RPTPs) represent a major research focus in 

developmental biology, oncology and immunology. Specifically, cell adhesion 

molecule-like RPTPs, including CRYPa, have recently emerged as key regulators of 

nervous system development, being involved in axonal growth and guidance, and nerve 

repair. However, very little is known about their signal transduction mechanisms since 

the identity of various interacting molecules is far from being completely elucidated. In 

this thesis I demonstrate that CRYPa has a novel, heparin-binding activity and that its 

interaction with the retinal basal lamina is mediated by the heparan sulphate chains of 

extracellular matrix proteoglycans. Using molecular modelling and site-directed 

mutagenesis, I have mapped the heparin/heparan sulphate binding site in the first 

immunoglobulin-like domain of CRYPa. I also describe the first identification of 

heterotypic ligands for a type II neural RPTP, namely the secreted isoforms of agrin and 

collagen XVIII. Given the broad functional spectrum of these molecules, a novel 

perspective towards understanding CRYPa’s functions and regulation has been opened. 

In addition, it became apparent that this RPTP itself can be phosphorylated in vivo and 

preliminary experiments suggest the existence of a -75 kDa putative substrate for its 

enzymatic activity. Altogether, these data contribute to the molecular characterisation of 

CRYPa and suggest potential ways to modulate its signalling function in pathological 

conditions.
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Chapter 1. Introduction

1.1 General introduction

Life makes no sense in a closed system. Therefore, any living entity will 

exchange matter and information with its environment. A rapid adaptation to an external 

challenge (stimulus) is the key for survival. Biochemically, a cell is just a molecular 

network. Extremely complex, as we judge it today, and also extremely efficient and 

robust. Any bit of information travelling through this network does so along signal 

transduction pathways. They consist of molecules able to "receive" (receptors), 

"integrate" (protein complexes), "translate" (enzymes) and "transmit" (activated 

molecules) a signal, ultimately to the genetic material, which (hopefully) contains the 

necessary answer. This answer is the expression of a gene (group of genes) which 

triggers a molecular response (ultimately seen as "behaviour") transmitted via a similar 

pathway.

A dynamic equilibrium between two simple biochemical reactions represents the 

major mechanism for reversible regulation of protein activity and function, during both 

signal transduction and cellular response. The transfer of a phosphate group from a 

donor ATP molecule to an amino acid side chain (serine, threonine, tyrosine or 

histidine, as known so far), catalysed by protein kinases, is thought to be the most 

common type of protein modification. The equilibrium is maintained by the opposite 

reaction, removal of phosphate groups from protein residues, catalysed by protein 

phosphatases.

Only about 0.05% of the total protein-bound phosphate in normal vertebrate 

cells is attached to tyrosine residues (for comparison phosphoserine accounts for circa 

90% and phosphothreonine for circa 10%; Hunter and Sefton, 1980). However, the 

number and diversity of cellular events thus controlled highlights its importance: cell
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growth (and oncogenesis), cell shape and attachment, cell differentiation and 

development, cell cycle control, programmed cell death (apoptosis), intracellular 

signalling, gene transcription, glucose uptake, platelet activation in blood clotting, 

angiogenesis, regulation of ion channel activity in neural transmission, regulation of the 

immune response etc. (reviewed in Hunter, 1998; Fischer, 1999).

This thesis is built around a molecule named Chick Receptor protein tYrosine 

Phosphatase a  (CRYPa), the first vertebrate receptor protein tyrosine phosphatase 

(RPTP) found localised in the plasma membrane of migrating axonal growth cones 

(Stoker et a l, 1995). Further studies confirmed its involvement in nervous system 

development, in particular in axon growth and (possibly) guidance. My main target was 

the identification of extracellular molecules signalling or modulating the signals 

transduced via CRYPa, in order to contribute to its functional characterisation in 

particular and to a better understanding of RPTPs in general.

1.2 Receptor protein tyrosine phosphatases: form and function

1.2.1 The protein tyrosine phosphatase superfamily

The possibility of finding phosphate groups covalently attached to proteins was 

suggested almost one hundred years ago and indeed in 1933 the existence of serine and 

threonine phosphate esters was reported. Tyrosine phosphorylation however was only 

discovered in 1979 and the identification of the first protein tyrosine kinases was 

reported in 1980 (reviewed in Hunter, 1998). A huge research effort in this field was 

triggered by the observation that protein tyrosine kinases, when freed from the strict 

cellular control mechanisms, are very powerful oncogenes (reviewed in Fischer, 1999). 

Hence, the search for the counter-balancing enzymes was soon open and in 1988 the 

first protein tyrosine phosphatase (PTP) was identified (Tonks et a l, 1988). A frantic 

cloning period followed and the findings were unexpected: the PTPs (EC 3.1.3.48),
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once thought to be simply some sort of scavenger enzymes, represent a large family of 

enzymes and display a great structural variability. More than 75 members have been 

identified and partially characterised in the last ten years in eukaryotes and some 

bacterial species. Initial sequence analysis of the nearly completed human genome 

revealed 112 human PTPs (International Human Genome Sequencing Consortium, 

2001).

Structural studies suggest the existence of three distinct evolutionary branches in 

the PTP superfamily, with different three-dimensional topologies (Denu and Dixon, 

1998). The first group contains the classical phosphatases and the dual specificity 

phosphatases. The classical phosphatases are distinguished by the presence of one or 

two highly conserved PTP domains of 200-300 amino acids, sharing more than 30% 

identity and containing the (I/V)HCxAGxxR(S/T)G active site motif, which includes 

the cysteine (Cys) residue essential for catalytic activity. Extensive kinetic studies led to 

a good understanding of the catalytic mechanism, formally described in two steps. In 

the first step the thiolate anion from the active site Cys attacks nucleophilically the 

phosphorus atom of the substrate (phosphotyrosine). Cleavage of the scissile P-0 bond 

is then facilitated by protonation of the phenolic oxygen by a general acid aspartate 

(Asp) residue from a neighbouring loop ("WPD"), leading to the formation of a 

phospho-cysteine intermediate. In the second step the intermediate is hydrolysed by a 

water molecule activated by the same Asp residue, which now functions as a general 

base (Li and Dixon, 2000; Barford et al., 1998). Classical PTPs can only 

dephosphorylate phosphotyrosine residues (and not phosphoserine or phosphothreonine) 

mainly due to the depth of their active-site cleft (~9 Â for PTP IB, Barford et al., 1994). 

Based on their cellular localisation they can be sub-divided into intracellular and 

receptor-like (RPTPs).
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Intracellular PTPs contain a single phosphatase domain, linked to a variety of 

localisation motifs (e.g. nuclear, endoplasmic reticulum, cytoplasmic) and other 

domains [e.g. SH2 (Src-homology 2), PDZ (PSD-95/Discs-large/ZO-l)] responsible for 

distributing the enzyme to different cellular compartments, modulating its catalytic 

activity and interaction with substrates and other binding partners, and adding 

integrative functions in the signalling networks. As a consequence of this structural 

diversity, intracellular PTPs have numerous biological functions; just a few examples 

are given here. PTP IB can directly dephosphorylate growth factor receptors such as 

EGFR (epidermal growth factor receptor) and PDGFR (platelet-derived growth factor 

receptors), but also the insulin receptor. PTP IB-/- mice have increased insulin- 

sensitivity, in a tissue-specific fashion, and are also resistant to high-fat diet induced 

obesity (reviewed in Tonks and Neel, 2001). Therefore PTP IB is thought to be a 

putative drug target for insulin-resistant states such as obesity and type II diabetes 

mellitus. The PTPs containing SH2 domains (SHPs) have also been studied in great 

detail. Homozygotic mutations in SHP-1 give rise to the motheaten (me/me) mice, 

which display a multitude of hematopoietic abnormalities leading to early death (Neel,

1993). SHP-2, homologue to the corkscrew (Csw) gene in Drosophila, plays a critical 

role in vertebrate development. Experiments in Xenopus have shown that dominant 

negative mutants of SHP-2 disrupt gastrulation, cause severe tail truncations and block 

fibroblast growth factor (FGF)-induced mesoderm induction and elongation in 

ectodermal explants, consistent with a role in FGF signalling modulation in vivo (Tang 

et al., 1995). PTP-PEST, another intracellular PTP, was shown to regulate fibroblast 

motility (focal adhesion disassembly, migration and cytokinesis), at least in part by 

dephosphorylating the docking protein plBOcas (Angers-Loustau et al., 1999).

All RPTPs known to date are type I transmembrane proteins containing a highly 

variable extracellular domain followed by a single transmembrane region and one or
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(usually) two intracellular PTP domains. Where two PTP domains are present, the 

membrane-proximal one retains most if not all the phosphatase activity. Based on the 

structure of their extracellular domains, the RPTPs are currently classified in seven 

subfamilies. A detailed description of their structure, mechanisms of regulation and 

functions will be presented in the following sub-chapters.

The dual specificity phosphatases (DSPs) can dephosphorylate both 

phosphoserine/threonine and phosphotyrosine residues. They share the overall structure 

and catalytic mechanism of classical PTPs, and their additional ability to hydrolyse 

phosphoserine/threonine has been attributed to a slight change in their active-site pocket 

leading to a smaller depth (only 6 Â) which allows the phosphate groups attached to the 

(shorter) side-chains of serine and threonine to reach the catalytic Cys residue. Despite 

this, some DSPs show a remarkable degree of specificity in vivo, primarily 

dephosphorylating only one type of phosphoamino acid. The DSP KAP for example 

dephosphorylates only Thrl60 from the activation loop of cyclin-dependent kinase 2 

(Cdk2; Poon and Hunter, 1995). Other important examples of DSPs include the MAP 

kinase phosphatases (MKPs) and the vaccinia virus protein VHl (Tonks and Neel, 

2001). Unexpectedly, the physiological substrates for some of the DSPs are not 

phosphorylated proteins, but phospholipids. PTEN for example, the only PTP clearly 

demonstrated to be encoded by a tumour supressor gene, is absolutely specific for the 

phosphate in position 3 on the sugar ring of phosphatidylinositol (3,4,5)Pg (Maehama 

and Dixon, 1998).

Another subgroup of the PTP superfamily is represented by the low molecular 

weight phosphatases (LMW-PTP). These share only little sequence and structural 

conservation with other PTPs but have a similar catalytic motif, HC(X)5R, and an Asp 

residues functions as general acid. Very little is known about their cellular functions, 

although they are highly conserved from yeast to human. LMW-PTPs can be found in
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two distinct intracellular locations, being distributed between a “cytosolic” and a 

“cytoskeleton-associated” pools. Recent studies in vitro have shown that cytosolic 

LMW-PTPs can bind and dephosphorylate activated PDGF and insulin receptors, 

modulating the onset of mitogenic processes, while the cytoskeleton-associated LMW- 

PTPs, specifically phosphorylated on two tyrosine residues by c-Src in response to 

PDGF stimulation, are involved in cytoskeletal rearrangement acting on pl90Rho-GAP 

(Taddei et al., 2000; Chiarugi et a l, 2000).

Finally, the X-ray structure of Cdc25 (Fauman et a l, 1998), the cell cycle

phosphatase that dephosphorylates the cyclin-dependent kinase p34^^^^, shows a 

distinct three-dimensional topology, suggesting that it represents a third evolutionary 

branch of the PTP superfamily.

1.2.2 The extracellular region of RPTPs

The RPTPs contain a diversity of domains in the extracellular region on which 

their sub-classification is based (Figure 1.1). These include domains reminiscent of 

classical cell adhesion molecules [immunoglobulin (Ig)-like, fibronectin type III 

(FNIII)-like and meprin/A5/p (MAM)], domains with high homology to carbonic 

anhydrases and Cys-rich domains. Some representatives contain long chains of FNIII 

and Ig modules (e.g. type II and type III RPTPs) others present very short and highly 

glycosylated domains (e.g. RPTPe, just 27 residues).

In several cases the ectodomains are cleaved by specific proteases and they can 

be shed from the cell surface, thereby either masking binding sites on putative 

interaction partners or regulating cell responsiveness to extracellular stimuli. This may 

also represent an important mechanism for cell adhesion regulation. The ectodomain 

cleavage seems to occur during the normal processing of the RPTP, which can be 

detected in two subunits: E (contains the ectodomain) and P (contains a short fragment
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Figure 1.1. Schematic representation of the receptor protein tyrosine phosphatase family. 
The subgroup classification is based on the structure of the extracellular region. The 
subfamily of LAR-like type IIA enzymes are expressed in vertebrates as two major 
isoforms, numbered 1 and 2. Isoform 1 is considered to be neural specific. In several 
cases the extracellular region is proteolytically cleaved and shed from the cell surface, 
as one of the regulatory mechanisms for these receptors. Secreted isoforms also exist 
in the case of type V receptor protein tyrosine phosphatases.
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of the ectodomain, the transmembrane region and the intact intracellular region). The 

two subunits remain attached to each other via non-covalent interactions, but, at high 

cell density, shedding of the E-subunit has been demonstrated for EAR (Streuli et a l, 

1992; Aicher et a l, 1997), RPTPp (Gebbink et a l, 1995), RPTPÔ (Pulido et a l, 1995a), 

RPTPa (Aicher et a l, 1997) and CRYPa (Stoker et a l, 1995).

The type I transmembrane organisation of RPTPs, the structural variety of their 

extracellular region and the enzymatic activity of the intracellular region had guaranteed 

the label "receptor" (or "receptor-like") for RPTPs long before any ligand had been 

identified. A major research effort has been focused in this direction in the last couple of 

years, although with only limited success. RPTP ligands still remain largely elusive and, 

with the exception of RPTPp/Ç (Meng et a l, 2000), no evidence of any effect of ligand 

binding on phosphatase activity or phosphorylation state of a known substrate has been 

provided. This is mainly due to technical difficulties usually encountered when 

attempting to obtain such proteins in quantities large enough for biochemical studies.

The very few successful cases will be detailed below.

CD45, the first RPTP characterised, was shown to be involved in multiple 

signalling events in B cells and T cells (for review see Li and Dixon, 2000). The B cell 

differentiation marker CD22 has been proposed as a ligand, however the functional 

significance seems to be unclear (Stamenkovic et a l, 1991). More recently, galectin-1 

was proposed as a physiological ligand for CD45 and their interaction was related to the 

induction of apoptosis in Jurkat T cells (Walzel et al, 1999).

A particular (non-neural) isoform of LAR interacts with the laminin/nidogen 

complex (O'Grady et a l, 1998), possibly modulating the cellular actin cytoskeletal 

structure. The laminin/nidogen-LAR interaction was completely disrupted by the 

insertion of a small exon in the fifth fibronectin III -like domain. The splicing of this
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exon was found to be regulated in a tissue-specific and temporal fashion during 

development (O'Grady et a/., 1994; Pulido et a l, 1995b).

The extracellular regions of both RPTPp and RPTPk have been shown to 

interact in a homophilic manner in trans, therefore these RPTPs may provide a link 

between cell-cell contact and cellular signalling events involving tyrosine 

phosphorylation (Gebbink et al, 1995; Sap et al, 1994). These interactions were found 

responsible for the neurite outgrowth promoting properties of both RPTPp and RPTPk 

(Burden-Gulley and Brady-Kalnay, 1999; Drosopoulos et a l, 1999). It is worth 

mentioning that further studies have demonstrated that RPTPp dynamically interacts in 

cis with N-cadherin, E-cadherin, and cadherin-4 (also called R-cadherin), adding to the 

growing body of evidence which implicates reversible tyrosine phosphorylation as an 

important mechanism in the control of the adhesive function of cadherins (Brady- 

Kalnay et a l, 1998; Burden-Gulley and Brady-Kalnay, 1999). Homophilic interaction 

has been recently shown for the extracellular region of RPTPô, which also supports 

adhesion of chick neurons and promotes neurite outgrowth from forebrain neurons 

(Wang and Bixby, 1999).

The ligand binding properties of RPTPp/Ç are known in by far the greatest 

detail. A truncated isoform containing only the extracellular domain (termed 

phosphacan or 3F8) has been described by Rauch et a/. (1991) and represents one of the 

major chondroitin-sulphate proteoglycans in the brain. As a consequence, a large 

number of ligands have been described, including cell adhesion molecules such as 

NgCAM, NCAM and NrCAM (Milev et a l, 1994; Sakurai et a l, 1997), GPI anchored 

proteins such as contactin (Peles et a l, 1995) and TAG-1 (Milev et a l, 1996), and small 

cytokines such as pleiotrophin (Maeda et a l, 1996) and midkine (Maeda et a l, 1999). 

The overlapping expression patterns of RPTPp/Ç, or its secreted isoform, phosphacan, 

with all the above mentioned molecules, together with the multitude of functional data
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associated with them, suggest many potential roles in vivo for the interactions observed: 

control of cell proliferation, migration, adhesion, neurite outgrowth and pathfmding in 

the developing brain. However, a direct downstream effect following ligand binding, 

has been shown only for the interaction with pleiotrophin: the phosphatase activity of 

RPTPp/Ç was inhibited and this lead to increased tyrosine phosphorylation of p-catenin 

(Meng et al., 2000).

The identity of extracellular ligands for most RPTPs remains a largely 

unmapped area. However, since more and more functional studies establish the RPTPs 

as key players in many cellular events, with potential clinical relevance, a lot of effort is 

currently being channelled in this direction.

1.2.3 The intracellular region of RPTPs

Unlike the large variability in ectodomains, the intracellular region of RPTPs 

usually contains a tandem of catalytic domains, from which the membrane-proximal one 

(Dl) accounts for the majority of catalytic activity, at least in vitro and using artificial 

substrates. Occasionally, the second phosphatase domain (D2) may display weak 

enzyme activity, as in the case of RPTPa (Wang and Pallen, 1991; Wu et al., 1997), 

CD45 (Tan et al., 1993) or LAR (Pot et al., 1991). However, D2 is generally believed to 

regulate either enzyme activity or substrate specificity of D l. Indeed, recent studies 

have demonstrated regulatory interactions between Dl and D2 in CD45 (Felberg and 

Johnson, 2000) and RPTPp (Feiken et al., 2000; Aricescu et al., 2001). In addition, D2 

seems to represent a docking port for other intracellular interaction partners, such as 

liprins (for LAR, RPTPa and RPTPô; Serra-Pages et a l, 1998; Pulido et a l, 1995) and 

possibly Trio (for LAR; Debant et a l, 1996). Interestingly, the D2 domain of RPTPô 

was found to be able to interact and inhibit the phosphatase activity of RPTPa Dl 

(Wallace et al., 1998), an observation extended later to RPTPa-D2, RPTPa-D2, LAR-
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D2, RPTPÔ-D2 and RPTPp-D2, all shown to bind RPTPa-Dl (Blanchetot and den 

Hertog, 2000). All these interaction networks between various phosphatase domains 

suggest the existence of very c omplex regulatory mechanisms inside the RPTP 

subfamily, however its relevance in vivo is not fully understood yet, since it is not clear 

how many of them are co-expressed in a temporal and spatial fashion. On the other 

hand, in many cases the key catalytic residues are well conserved in D2. X-ray 

crystallography studies revealed highly similar structures for the two phosphatase 

domains of LAR (Nam et al., 1999) and site-directed mutagenesis experiments on LAR- 

D2 and RPTPa-D2 have shown that just two amino acid substitutions, outside the 

phosphatase signature motif (the Tyr in the KNRY motif and the Asp in the WPD loop), 

are enough to generate a very active construct towards artificial substrates (Nam et al., 

1999; Buist et al., 1999). Therefore, it may well be possible that in vivo D2 itself is an 

active enzyme, at least for some RPTPs, with different substrate specificity compared to 

D l.

Several RPTPs have been found containing only a single phosphatase domain. 

Interestingly, some of these (e.g. IA-2; Lu et al., 1994) do not display detectable PTP 

activity, suggesting that either the substrates tested were not appropriate or that these 

RPTPs do not function by dephosphorylation of cytoplasmic substrates but, instead, by 

binding to phosphotyrosine-containing proteins. In fact, a novel protein interaction 

domain, termed STYX (phospho-Serine or Threonine or tYrosine interaction protein) 

has been recently described (Wishart and Dixon, 1998). This is very similar to a PTP 

domain and is able to bind phosphorylated (protein) substrates, but lacks the enzymatic 

activity. The inactive phosphatase domains currently classified as STYX are considered 

to have appeared in evolution by PTP gene duplication and variation.

The catalytic mechanism ofPTPs has been extensively studied in the last couple 

of years, and several crystal structures of phosphatase domains, alone or bound with
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various artificial substrates have been reported (reviewed in Bar ford et ah, 1998, see

1.2.1 for more details). However, their structural studies have unexpectedly raised an 

issue regarding the putative regulation of enzyme activity by dimerization, currently still 

subject to controversy. It seems that at least some representatives, including RPTPa and 

CD45 contain a so called “inhibitory wedge” made of two alpha-helices at the N- 

terminus of D l, able to sterically block the enzyme activity of the neighbouring Dl in a 

symmetrical dimer pair (dimerization induced either by the crystallisation conditions or 

by artificial ligand binding, Bilwes et al., 1996; Jiang et al., 1999; Blanchetot and den 

Hertog, 2000). On the other hand, the crystal structures obtained for RPTPp (Hoffmann 

et a l, 1997), LAR (Nam et a l, 1999) and PTP-SL/BR7 (Szedlacsek et al., 2001) 

suggest lack of reciprocal inhibition between subunits despite containing an equivalent 

wedge region. Generally, modulation of signal transduction via receptor dimerization is 

a well established mechanism in the case of receptor protein tyrosine kinases, whereby 

ligand binding induces dimerization and transactivation (reviewed in Weiss and 

Schlessinger, 1998). It is very tempting to speculate about an opposite behaviour in the 

case of at least some RPTPs. Further experiments are still needed to clarify this issue, 

ideally using the emerging physiological ligands as putative modulators of receptor 

dimerization. On the other hand, the correct evaluation of the activation state in vivo 

should assess the tyrosine phosphorylation of the known physiological substrates for 

RPTPs. A sustained research effort led to the identification of many substrates and just a 

few examples are given below for CD45 (the Src-family members Lck and Fyn: 

Mustelin et a l, 1989; Ostergaard et al., 1989; Shiroo et al., 1992), RPTPa (pl30-Cas, 

Src, Fyn: Buist et a l, 2000; Zheng et a l, 1992; den Hertog et a l,  1993), RPTPp (the

catenin pl20^^": Zondag et al, 2000), LAR (pl30-Cas, IRS-1: Weng et a l, 1999; 

Goldstein et a l, 2000) and DLAR (Abl and Ena: Wills et a l, 1999). Nevertheless, there 

are still many RPTPs for which the physiological substrate(s) still have to be identified,
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a key question for understanding their role in signalling pathways and their functions in 

vivo.

In addition to the regulatory mechanisms mentioned above (ectodomain 

shedding, inactivation by protein dimerization - still unclear whether ligand-mediated), 

reversible oxidation of the catalytic centre (the essential Cys residue) as well as 

serine/threonine and tyrosine phosphorylation have been shown to modulate the activity 

of several RPTPs. A very interesting observation, extensively supported by experiments 

in the last couple of years, is that agents like oxidants and radiation (in particular UV) 

can induce ligand-independent activation of growth-factor receptors and the 

downstream signalling cascades (Gross et al., 1999 and references therein). Oxidants 

and thiol-directed reagents cause a rapid and significant increase in the level of tyrosine 

phosphorylation in treated cells (Knebel et al., 1996). This can either happen by 

increasing the protein tyrosine kinase activity [stabilising receptor protein tyrosine 

kinase (RPTK) dimers for example] or, as it has been proven to be, by inhibiting the 

activity of the PTPs. Three RPTPs (RPTPa, RPTPa and DEP-1; Gross et al., 1999) 

have been found to be partially inactivated upon UV irradiation, most probably via an 

unidentified reactive intermediate that oxidises the catalytic Cys. In addition, hydrogen 

peroxide can inactivate PTPs (including LAR; Denu and Tanner, 1998) by oxidising the 

catalytic Cys to its sulfenic acid. The inactivation is specific in that it does not affect 

serine/threonine phosphatases, and is reversible, as one would expect for a 

physiologically relevant mechanism. This is particularly interesting considering the 

recent findings that growth factor stimulation of cultured cells leads to a transient 

increase in the cellular level of hydrogen peroxide which is required for the growth 

factor-induced tyrosine phosphorylation. An intracellular PTP (PTPIB) has been found 

to be reversibly inactivated by the hydrogen peroxide produced in response to EGF
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stimulation in A431 carcinoma cells (Lee et a l, 1998), and the same can happen for 

RPTPs as well.

Reversible protein phosphorylation seems to play an important role in the 

regulation of RPTP activity, as suggested by studies on CD45 and RPTPa, In particular, 

serine (Ser) phosphorylation of CD45 was reduced following treatment of T cell lines 

with ionomycin, which increased the intracellular calcium concentration. As a possibly 

direct consequence, the PTPase activity of CD45 was reduced (Ostergaard and 

Trowbridge, 1991). A similar effect of Ser phosphorylation on RPTPa activity has been 

described by den Hertog et al. (1995). Treatment of transfected cells expressing RPTPa 

with the phorbol ester 12-0-tetradecanoyl-phorbol-13-acetate, an activator of protein 

kinase C, induced a transient increase of RPTPa Ser phosphorylation, concomitant to an 

increase in its PTPase activity. The Ser phosphorylation sites have been identified as 

Seri 80 and Ser204, in the juxtamembrane domain, and they represent a direct substrate 

of protein kinase C (Tracy et a l, 1995). On the other hand, both CD45 and RPTPa are 

known to be regulated by tyrosine (Tyr) phosphorylation. It is difficult to study the 

effect of PTP Tyr phosphorylation on their enzymatic activity due to their efficient 

autodephosphorylation ability. Nevertheless, work on CD45 demonstrated that its 

phosphorylation on two Tyr residues, by the p50csk kinase, creates a binding site for 

another kinase, p561ck, and also causes an increase in the PTPase activity (Autero et al.,

1994). As for RPTPa, it is Tyr phosphorylated at least on a C terminal residue (Y789), 

which creates a binding site for the adapter protein Grb2, without concomitant Sos 

recruitment (den Hertog and Hunter, 1996; den Hertog et al., 1994; Su et a l, 1994). 

Grb2 attachment may modulate the accessibility of various substrates to RPTPa. In 

addition, Tyr?89 phosphorylation enhances the activity and specificity of RPTPa 

towards Src pTyr527, as compared to pTyr416 (Zheng et a l, 2000).
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1.2.4 In vivo functions of RPTPs

Novel reports eonceming putative functions for RPTPs are currently being 

published almost weekly, mostly from tissue culture and biochemical experiments. 

However, the results reported are often contradictory, highly dependent on the 

experimental design, and rarely tested and confirmed by in vivo experiments. A typical 

example is that of the RPTPp/Ç, a type V RPTP. As mentioned above, this is by far the 

best characterised RPTP in terms of ligand binding properties, being shown to interact 

with a multitude of proteins, either cell surface attached or from the extracellular matrix 

or circulating cytokines. In addition, a splicing isoform containing only the extracellular 

region, termed phosphacan, represents one of the most abundant chondroitin sulphate 

proteoglycans in the brain. Just recently, however, the phenotype of mice deficient in 

this RPTP has been reported and absolutely none of the predicted abnormalities has 

been found (Harroch et al., 2000). This may be due either to a redundancy of RPTPs 

within the central nervous system, or to other compensation mechanisms at downstream 

levels, reflecting the robustness of the cellular signal transduction pathways. 

Alternatively, this could be taken as a warning for potential lack of applicability of in 

vitro observations to the in vivo situation. Similar comments are valid for members of 

other RPTP subfamilies, such as RPTPa, RPTPp or RPTPk.

In particular, the case of RPTPp is worth detailing. Initial expression studies 

have suggested a crucial role for this RPTP in angiogenesis, since it is expressed at high 

levels in a developmentally regulated fashion, in the forming capillaries of early mouse 

embryos (Sommer et a l, 1997; Fuchs et a l, 1998). This triggered a high interest in the 

light of the new anti-eancer therapies based on angiogenesis inhibitors (reviewed in 

Kerbel, 2000). RPTPp was also found to be localised on axonal growth cones and in 

vitro experiments have confirmed its role in modulating the N-eadherin-stimulated 

outgrowth of the retinal ganglion cells neurites (Burden-Gulley and Brady-Kalnay,
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1999). Surprisingly, mice deficient in RPTPp have no apparent vascular or neural 

phenotype. Recently, however, a multitude of highly similar receptors has been 

described, including RPTPX, RPTPij/, RPTPo and RPTPp. This suggests that a high 

level of functional redundancy may indeed protect the stability of key signalling 

pathways and prevent generation of clear phenotypes in single knockout experiments.

At the moment, the detailed molecular mechanisms underlying signal transduction via 

RPTPp and its homologues are not known, since no structural data are available for the 

extracellular region domains. Such experiments may reveal key residues involved in the 

receptor-ligand interactions, presumably highly conserved in the whole subfamily, and 

may allow the design of an inhibitory domain able to disrupt such interactions 

efficiently.

For some RPTPs however, consistent in vitro and in vivo results have been 

reported. In particular, the involvement of type II RPTPs in neural development (mainly 

in axon growth and guidance) has very strong experimental support (reviewed in Stoker, 

2001). This subject will be discussed in detail in the sub-chapter 1.3.2.

Two groups have recently generated RPTPa deficient mice by gene targeting 

(Elchebly et a l, 1999; Wallace et a l, 1999), Multiple defects in the central and 

peripheral nervous system have been observed, including: reduction and hypocellularity 

of the anterior and posterior pituitary, a severe depletion of luteinizing hormone- 

releasing hormone (LHRH)-reactive cells in the hypothalamus, a 50-75% reduction of 

the choline acetyl-transferase-positive cells in the forebrain, slower conduction velocity 

in the peripheral nerves and hypomyelination. It would also be of interest to find out the 

visual system phenotype (intraretinal and the retinal-superior colliculus projection), 

once the detailed analysis has been completed, in order to compare these results with the 

chick data in vivo (F. Rashid-Doubell, I. McKinnell, A. Aricescu and A. Stoker, 

manuscript submitted).
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A recent study has shown that transcriptional levels of several RPTP genes, 

including LAR and RPTPa, are significantly altered following experimental sciatic 

nerve crush in rats (Haworth et a l, 1998). Specifically, the RPTPa mRNA was 

increased by 50% after 3 days, while LAR expression dropped by 50%. This suggests 

that, in addition to the growth and guidance roles during embryo development, type II 

RPTPs might be involved in nerve repair. Accordingly, recent experiments by two 

groups on different LAR-deficient mouse strains have shown that axons of sciatic 

nerves regenerate more slowly after crush injuries (Van der Zee et a l, 2000; Xie et a l, 

2001) compared to control animals, indicating a requirement for LAR in the repair 

process. On the other hand, preliminary results obtained on RPTPa-deficient mice 

suggest that their peripheral motor nerve axons regenerate significantly faster than in 

control animals (M. Tremblay, personal communication).

RPTPÔ, another member of the type Ila subfamily, has recently been implicated 

in the regulation of hippocampal synaptic plasticity and in processes related to learning 

and memory, following analysis of deficient mice (Uetani et al, 2000). It may be 

speculated that RPTPô, whose extracellular region is known to bind in a homophilic 

manner (Wang and Bixby, 1999), might be involved in cell-cell interactions and 

synaptogenesis. On the other hand RPTPô may regulate, via direct dephosphorylation, 

ion channel activity at the synapse level. Such an interaction has recently been 

demonstrated for RPTPe, where a substrate-trapping mutant associates with the voltage- 

gated potassium channel Kv2.1 (Peretz et a l, 2000). RPTPe deficient mice exhibit 

hypomyelination of sciatic nerve axons together with increased activity and 

hyperphosphorylation of Kv2.1 and Kvl.5 channel a-subunits in sciatic nerve tissue and 

in primary Schwann cells. Therefore it seems that in vivo RPTPe antagonises activation 

of Kv channels by tyrosine kinases and is involved in Schwann cell function.

31



The hematopoietic system represents another well-documented field in which 

RPTPs are involved. Specifically, the type I subfamily member CD45, with many splice 

isoforms, is expressed abundantly on all nucleated hematopoietic cells (Alexander,

2000). The extracellular region of CD45 does not resemble cell adhesion molecules, 

although a single FNIII domain has been identified (Figure 1.1). Gene targeting of exon 

6, in mice, abolished expression of all CD45 isoforms in B cells and most T cells 

(Kishihara et al., 1993). As a consequence, in CD45® °̂" ’̂̂’ mice, B cells developed 

normally while T cell development was severely impaired. CD45 is also involved in 

modulating signalling events downstream of the T cell receptor (TCR) (reviewed in 

Frearson and Alexander, 1997; den Hertog et al., 1999). CD45 can dephosphorylate the 

inhibitory C-terminal pTyr residues in Lck and Fyn, triggering the activation of these 

Src-family protein tyrosine kinases and therefore phosphorylation of the TCR complex, 

including CD3e and TCRÇ on so-called Immunoreceptor Tyrosine-based Activation 

Motifs (ITAMs). This generates binding sites for SH2-containing signalling molecules 

including the protein tyrosine kinase ZAP-70, thereby initiating subsequent intracellular 

signalling (Qian and Weiss, 1997). CD45 seems to be essential for TCR signalling since 

Lck and Fyn are inactive in CD45' ' thymocytes, the TCR complex is not 

phosphorylated and downstream signalling is abolished.

Most recently, a new research area regarding the involvement of RPTPs in 

human diseases has been opened. Studies of obese humans and rodents demonstrate that 

the expression and/or activity of specific PTPs, including the type II RPTP LAR, are 

significantly increased in muscle, liver and adipose tissue (Zabolotny et a l, 2001 and 

references therein). In cell cultures LAR overexpression inhibits tyrosine 

phosphorylation of the insulin receptor and insulin receptor substrate 1 (IRSl) thereby 

modulating insulin signalling (Zhang et al., 1996; Li et al., 1996). LAR transgenic mice 

that overexpress human LAR specifically in muscle, to levels comparable to those
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reported in obese (insulin-resistant) humans, manifest whole-body insulin resistance 

(Zabolotny et al., 2001). This seems to be caused by LAR-induced dephosphorylation 

of specific pTyr residues on the 1RS proteins, mainly IRS2, which reduced their 

association to other downstream molecules in the insulin signalling pathway such as 

p85a and PI3K. Therefore, it appears that overexpression of LAR and (possibly) other 

PTPs with similar substrate specificities has an important pathogenic role in the 

development of insulin resistance, thus representing potential targets in antidiabetic 

therapies.

Conclusions

Receptor protein tyrosine phosphatases are a diverse family of receptor 

enzymes, both at structural and functional levels. Twenty RPTPs have been identified in 

the human genome so far (Figure 1.2). Many questions are still to be answered 

regarding the identity of the ligands for the extracellular domains of most 

representatives and the molecular mechanisms by which these receptor-ligand 

interactions modulate the enzyme activity and trigger intracellular signalling reactions. 

More important is to fully characterise the functions of these receptors in vivo, since in 

most cases these could have clinical significance. In particular, modulating the functions 

of cell adhesion molecule-like RPTPs, many of them involved in nervous system 

development and nerve repair, may be useful in certain pathological conditions.

33



- 1 11 ■1
1 2  3

Hits: 4 1 1
10

1
n
1

12

3
13

Hits:

9 @ _ g

1 "9 9 I  1 sI 1 J U . 1 i 1 1 1 1 9

14 15 16 17 18 19 20 21 2 2  X Ï MT
1 2 3?

Chromosome Cytogenetic Gene Name RPTP Type
map
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RPTPti, HPTP-J
1 lp34 / " W LAR Ila
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2 2q35-q36.1 Ptprn IA2 VI
3 3p21-pl4 RPTPy V
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7 7q36 Ptprn2 IA2P VI
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10 10q26 Ptpre RPTPs IV
11 l lpl l .2 Ptprj DEPUHPTPq III
12 12 Ptprr PTPBR7, PTP-SL VII
12 12pl3.3-pl3.2 Ptpro GLEPP1,PTP-U2 III
12 12ql5-q21 Ptprb RPTPp III
18 18pll.2 Ptprm RPTPp II b
19 19pl3.3 Ptprs RPTPa Ila
19 19ql3.4 Ptprh SAP-1, PTPRH III
20 ? L0C82334 “RPTPa-like” IV
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Figure 1.2. The human receptor protein tyrosine phosphatases.
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1.3 Axon growth and guidance mechanisms. The role of RPTPs

1.3.1 Introduction

The nervous system is an extremely efficient information-processing unit, built 

as a very complex and precise network of excitable cells (the neurons) intimately 

associated with essential support cells (the glia). Over a trillion neurons are present in 

an adult human brain and each one makes (on average) about one thousand connections 

with target cells (Tessier-Lavigne and Goodman, 1996). The accuracy of this 

connectivity pattern, established mainly during embryogenesis, is vital for the proper 

functioning of the nervous system. Of course, the physical establishment of the neural 

networks represents only the initial step in their development (so-called "activity- 

independent"). They will be subsequently refined and strengthened under the influence 

of the precise patterns of electrical activity in neurons (Tessier-Lavigne and Goodman, 

1996).

Many neurons must send long cellular extensions (axons) in order to reach 

targets located as far away as over a thousand times the diameter of their cell body. 

Axon growth is in fact a very special form of cellular movement in which only a very 

small part of the cell, the growth cone, is motile. This motility is a direct expression of 

the continuous remodelling of the growth cone cytoskeleton, which mainly consists of a 

very dense network of actin filaments. The complex environment surrounding the 

growth cone, which provides numerous signals, largely determines the rate and 

direction of axon growth. All these signals are continuously being "recorded" by the 

growth cone's highly specialised plasma membrane, via its large collection of receptors, 

then integrated down the signalling pathways and finally transferred to the dynamic 

actin cytoskeleton thus modulating its polymerization rate and direction.

According to Tessier-Lavigne and Goodman (1996), four types of mechanisms 

contribute to guiding growth cones through their environment: contact attraction.

35



chemoattraction, contact repulsion and chemorepulsion. However, the molecular basis 

of these mechanisms seems to be rather complicated. One cannot find discrete classes of 

diffusible (long-range) and non-diffusible (short-range) factors, some attractive and 

others repulsive. A diffusible chemotropic factor can act locally and function in a 

contact-dependent fashion by binding to extracellular matrix components or to cell 

surfaces. On the other hand, nondiffusible molecules are sometimes expressed in linear 

gradients over a certain area, hence behaving as chemotropic cues, like the bona fide 

diffusible factors (Mueller, 1999). In addition, the way the axon reacts to extracellular 

signals is highly dependent on its own physiological state. For example, a single growth 

cone can respond to the same diffusible cue (such as neurotrophins and netrins) in a 

manner dependant on the cytosolic level of cAMP, resulting in either attraction or 

repulsion (see netrins paragraph below).

Many of the ligand-receptor pairs that control axon growth and guidance have 

been described in the last ten years (extensively reviewed in Tessier-Lavigne and 

Goodman, 1996; Mueller 1999; Chisholm and Tessier-Lavigne, 1999; Van Vactor and 

Lorenz, 1999; Stoker, 2001). Recent advances concerning the most important ones, as 

currently understood, will be briefly discussed below, followed by a review of the role 

played by RPTPs in these processes.

Cell adhesion molecules (CAMs), A common observation regarding nervous 

system development is that growing axons usually travel in large fascicles (tracts) which 

follow pre-defined pathways, established by so-called "pioneer" axons. Therefore, the 

cell-cell adhesion between axons comprising a fascicle is an essential phenomenon, and 

is one in which CAMs are actively involved. Two major types of protein-protein 

interactions support the CAM functions and represent criteria for their classification: 

calcium-mediated protein binding involving cadherins such as N- and R-cadherin (both
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shown to be able to promote neurite outgrowth) and direct protein binding, usually 

mediated by immunoglobulin-like domains (the Ig-CAM superfamily) (reviewed in Van 

Vactor, 1998; Doherty et al., 2000).

The Ig-CAMs, all of them type I transmembrane proteins, usually contain a large 

ectodomain but only very short intracellular regions, lacking obvious motifs that would 

promote interaction with other signalling molecules. Therefore they were thought to 

promote axonal growth by directly modulating the adhesion of the growth cone to 

cellular substrates, predominantly in a homophilic fashion. Recent results however have 

challenged this view. NCAM and LI (reviewed in Walsh and Doherty, 1997) and also 

N-cadherin (Peluso, 2000), following homophilic binding, can interact most probably in 

cis with FGF receptors within the growth cone. This interaction activates a receptor 

tyrosine kinase signalling cascade involving activation of PLCy to generate 

diacylglycerol (DAG), hydrolysis of DAG to arachidonic acid by DAG lipase, an 

arachidonic acid-induced increase in calcium channel permeability and activation of

Ca^"^/calmodulin-activated kinase (Williams et al., 1995).

As mentioned above, CAMs are seen as key promoters of axonal fasciculation. 

However, as axons approach their distinct targets, they need to defasciculate. A very 

interesting mechanism regulating the affininy of homophilic binding has been recently 

described for NCAM, by controlled addition/removal of the negatively charged 

carbohydrate polysialic acid (PSA; Rutishauser and Landmesser, 1996). The addition of 

PSA to the NCAM extracellular region reduces the NCAM-mediated adhesion, a 

phenomenon described for motor neurons as axons defasciculate in the plexus region of 

the chick embryo limb before reaching the appropriate muscular targets. PSA removal 

by endoneuraminidase N leads to accumulation of significant projection errors (Van 

Vactor, 1998).
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Extracellular matrix (ECM) molecules and their receptors, A large number of 

ECM molecules including laminins, various collagen types, tenascins, thrombospondin, 

fibronectin, heparan sulphate and chondroitin sulphate proteoglycans can act either as 

promoters or inhibitors of neurite outgrowth in vitro (Tessier-Lavigne and Goodman, 

1996). Most of them are also expressed along axon growth pathways in vivo, at key 

developmental stages. Several classes of axonal receptors for ECM molecules are 

known, including integrins, Ig superfamily proteins and proteoglycans.

Amongst these receptors, integrins are probably understood in the greatest detail. 

They are known to form heterodimers between one a  (out of eighteen identified to date) 

and one p (out of eight described) subunit, resulting in more than twenty receptor 

combinations (Humphries, 2000). Integrins can bind a wide panel of ECM constituents, 

such as laminin, fibronectin, vitronectin and collagens. Cell culture experiments have 

definitively established integrins as key regulators of focal adhesion complexes, 

therefore linking cell-matrix contact events with the actin cytoskeleton reorganisation. 

Despite this, targeted disruptions of integrin function in vertebrates have generated no 

significant axonal phenotypes (Van Vactor, 1998). This may be due to such a high 

variability and possibly redundancy in the integrin family. In Caenorhabditis elegans 

however, mutations in the a-integrin gene ina-1 resulted in disruption of the axon 

fasciculation in several pathways (Baum and Garriga, 1997).

The role played by heparan sulphate proteoglycans (HSPGs) in axon growth has 

also attracted a significant interest in the last couple of years. Since most of this thesis 

will analyse their relationship with the type II RPTP CRYPa, they will be discussed in 

more detail in the following chapters. It is worth mentioning here that, as soon as 

specific antibodies became available, the ECM HSPGs were found to be localised in the 

basement membranes and all along axon tracts during the time of active axon outgrowth 

in embryogenesis (Halfter, 1993). Experiments in Xenopus reported by Walz et al.
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(1997) have demonstrated that both heparitinase treatment and addition of soluble 

heparan sulphate significantly affect retinotectal pathfmding. On the other hand, 

heparitinase but not chondroitinase ABC pre-treatment of basal laminae inhibits the 

growth rate of retinal axons (Chai and Morris, 1999). The current view is that HSPGs 

act as promoters of neurite outgrowth, as opposed to the effect exerted by chondroitin 

sulphate proteoglycans, most probably by binding, clustering and presenting small 

circulating heparin-binding molecules (such as growth factors) to their growth cone 

receptors. Indeed this seems to be the case at least for the fibroblast growth factors, 

where a HSPG plays a key role in the receptor complex, stabilising the interaction 

between FGFs and their protein tyrosine kinase receptors. Results reported in this thesis 

demonstrate, for the first time, that ECM HSPGs can also function as ligands for an 

axon growth promoting RPTP.

Unexpected but very interesting results concerning an ECM protein abundant in 

the developing brain, laminin-1, have been recently reported (Hopker et al., 1999). 

Laminin-1 has the ability to convert netrin-1-induced growth cone attraction into 

repulsion. The molecular mechanism involved is not fully understood yet but seems to 

rely on the reduction of cytosolic cAMP levels via the a6p i integrin receptor. Cytosolic 

cAMP concentration is known to modulate netrin response (see netrins paragraph 

below). On the other hand, in the developing retina, laminin-1 is concentrated in the 

basal laminae and is an excellent growth substrate for pioneer axons. However, the 

axons must leave the eye at the optic nerve head, a region expressing high levels of the 

chemoattractant netrin-1. It seems that laminin-1 modulation of netrin signalling can 

help the axons leave the vitreal side of the retina and dive into the optic nerve.

Receptor protein tyrosine kinases (RPTK), Protein tyrosine phosphorylation, as 

discussed above, is a key signalling mechanism. Therefore it is not surprising that a
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variety of RPTKs have been shown to modulate axon growth and target innervation. 

These include FGF receptors (McFarlane et a l, 1995 and 1996), neurotrophin receptors 

of the Trk family (Barbacid, 1995) and the Drosophila Derailed (Callahan et a l, 1995). 

The Eph receptors, the largest RPTK subfamily, with 14 representatives described to 

date, are also major modulators of axon growth and guidance. The interaction between 

Eph receptors and their ephrin ligands is involved in many key processes in vertebrate 

neural development including the organisation of the retinotectal system, the 

establishment of topographic maps, forebrain and hindbrain patterning and the 

formation of certain commissures (reviewed in Flanagan and Vanderhaeghen, 1998; 

Wilkinson, 2001). The ephrin ligands act as contact-dependent repulsive factors for 

retinal, motor and cortical axons, and for neural crest cells (Drescher, 1997). In addition, 

ephrin A5 seems to play a role in axon fasciculation and in formation of axon branches 

(Caras, 1997).

Probably the most exciting feature of the Eph-ephrin signalling system seems to 

be their ability to initiate "bi-directional signalling", which means that the ligand and the 

receptor can switch roles and initiate signalling events in their respective cells following 

ligation (Wilkinson, 2001). The activation of Eph receptors following ephrin binding 

leads to phosphorylation of at least ten tyrosine residues in their cytoplasmic region 

(Kalo and Pasquale, 1999); some of these are required for upregulation of the tyrosine 

kinase activity, others represent docking sites for SH2 domain-containing adapter 

proteins (Mellitzer et a l, 2000). The regulation of growth cone dynamics via Eph 

receptors involves modulation of the actin cytoskeleton; however, the exact molecular 

mechanisms behind this process are still unclear. A recent report shows that a novel 

guanine nucleotide exchange factor for Rho GTPases, termed ephexin, binds to the 

EphA receptors and mediates ephrin-A-induced growth cone collapse (Shamah et a l, 

2001). On the other hand, in the opposing cell, clustering of ephrin-A ligands (GPI
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anchored) leads to increased pi-integrin-mediated adhesion and formation of filopodia, 

which involves the Fyn tyrosine kinase activity (Davy et al., 1999).

Another interesting observation supports the idea that, in certain circumstances, 

Eph receptor activation can promote cell adhesion rather than repulsion. Ephrin-A5 and 

EphA7 are co-expressed in the lateral edges of the neural plate and promote adhesion 

during neural tube closure (Holmberg et a l, 2000).

Netrins and their receptors, Netrins are a small family of secreted guidance 

molecules, highly conserved in evolution, which can exert both attractive and repulsive 

effects on growing axons, depending on the corresponding receptor expressed at a 

certain time and location. Initially netrins were identified as chemoattractant molecules 

expressed at the midline of the nervous system - CNS of insects and vertebrates and 

nerve cord of nematodes - (reviewed in Tessier-Lavigne and Goodman, 1996). 

Subsequently it was demonstrated that netrins are not the only midline chemoattractants 

since loss of netrin function results only in partially penetrant defects in the midline 

projections and midline cells from netrin knockout mice still retain a weak 

chemoattractant activity (Serafini et al., 1996). Netrins are also involved in axon 

guidance during visual system development, attracting retinal ganglion cells' axons into 

the optic nerve (Deiner et al., 1997). The attractive effect of netrins is mediated by 

neuronal receptors of the DCC ("Deleted in Colorectal Cancer") family: UNC-40 in C. 

elegans. Frazzled in Drosophila, neogenin and DCC in vertebrates (reviewed in 

Mueller, 1999).

Netrins can also have a repulsive activity for some axons that project away from 

the midline in C. elegans (Tessier-Lavigne and Goodman, 1996), but also in vertebrates 

netrin-1 can repel trochlear motor axons (Colamarino and Tessier-Lavigne, 1995). The 

receptors involved in this repulsive function belong to the UNC-5 family which, like
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DCC, are type I transmembrane proteins of the Ig superfamily. Although it seems that 

an UNC-5 receptor is usually sufficient to mediate repulsion, further complications arise 

from the studies suggesting that UNC-5 may have to associate with DCC to form a 

receptor complex which converts attraction to repulsion (reviewed in Chisholm and 

Tessier-Lavigne, 1999).

Recent reports have added an unexpected new dimension to our understanding 

of axon guidance signalling: the same extracellular cue (netrin-1) is able to elicit 

completely opposite responses from the growth cone (i.e. attractive or repulsive) 

depending on the intrinsic metabolic state of the growth cone (Ming et aL, 1997; Song 

et aL, 1997; reviewed in Mueller, 1999). DissociatQd Xenopus spinal neurons, exposed 

to gradients of soluble netrin-1 released from a micropipette, changed their growth 

direction being attracted towards the pipette tip. However, when a nonhydrolysable 

analogue of cAMP (Rp-cAMPS) or a specific inhibitor of protein kinase A (KT5720) 

were added to the culture medium, netrin-1 induced repulsive turning of the same 

growth cone. Importantly, addition of a blocking antibody against DCC abolished both 

the attractive and repulsive responses induced by netrin-1. The downstream signalling 

pathway responsible for this behaviour is still far from being clear, nevertheless cAMP 

and PKA are known to have negative effects on the small GTPase RhoA, an important 

regulator of the actin cytoskeleton. In neuron-like PC 12 cells and in primary neuron 

cultures RhoA activation leads to rapid growth cone collapse and neurite retraction (or 

neurite growth inhibition), and these effects are prevented by a specific RhoA inhibitor 

(Tigyi et al., 1996; Kozma et al., 1997).

Slit proteins and their Robo receptors. The recent research efforts aimed at fully 

characterising the molecular axon guidance mechanisms at the midline in Drosophila 

have unveiled a new molecular system involved in repulsive signalling: the interaction
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between the type I receptor proteins Robo {roundabout), their soluble ligands (Slit 

family) and a type II transmembrane protein Comm (commissureless), a modulator of 

Robo expression.

The Robo protein family, with a CAM-like extracellular region have been 

considered for a long time as receptors for a putative midline repellent molecule 

(reviewed in Mueller, 1999; Brose and Tessier-Lavigne, 2000). The expression of Robo 

on the grovvdh cone surface correlates with the axons' inability to cross the midline. 

Longitudinally projecting neurons, whose axons never cross the midline, express 

constantly high levels of Robo; commissural neurons however, whose axons cross the 

midline only once and then grow alongside it, downregulate Robo expression while they 

cross the midline. When Robo function is lost these axons will cross and recross the 

midline freely, hence the "roundabout" phenotype. The Comm protein, expressed by the 

midline glial cells, was found responsible for downregulating the Robo expression level 

during midline crossing. How it works exactly is unclear, it seems to be transferred via 

an unknown mechanism into the axon growth cone's plasma membrane (Tear et a l, 

1996).

Recently, the midline repellent ligands for Robo receptors have been identified 

as members of the Slit protein family. These are large (-200 kDa) secreted proteins, 

well conserved across species, and can function in repelling migrating cells and axons 

but also, unexpectedly, in stimulating elongation and branching of spinal sensory axons 

(reviewed in Brose and Tessier-Lavigne, 2000). Subsequent studies have established the 

importance of the Slit-Robo signalling system in the retinal axon growth and 

pathfmding (Erskine et aL, 2000; Ringstedt et al., 2000). Robol and Robo2 are 

expressed in the retinal ganglion cell (RGC) layer, while Slit2 is strongly expressed in 

the retina, along the optic stalk and in the ventral diencephalon but it is absent from the
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ventral midline where the optic chiasm forms. Slit2 can also inhibit RGC axon 

outgrowth in vitro.

Finally, a recent report has revealed a very interesting functional link between 

the netrin-1/DCC and Slit/Robo signalling mechanisms (Stein and Tessier-Lavigne,

2001). As discussed above, axonal growth cones that cross the nervous system midline 

are attracted towards it by netrins, signalling via their DCC receptors. In order to cross 

the growth cones must lose responsiveness to the netrin attractant, despite maintaining 

the expression of DCC at constant levels, and must also upregulate Robo in order to 

become repelled by Slit. The authors have shown that upregulation of Robo silences the 

attractive effect of netrin-1, but not its growth-stimulatory effect, through direct binding 

between the cytoplasmic domain of Robo to that of DCC. This receptor silencing 

mechanism requires activation of Robo via ligand binding (either Slit or a growth factor 

in case of chimaeric Robo constructs containing growth factor receptor-derived 

extracellular regions). This Robo-DCC binding relation is asymmetric: "activation" of 

Robo causes binding to DCC but "activation" of DCC does not cause binding to Robo. 

The functional consequence of such a "hierarchical" organization of guidance receptors 

is thought to be a better synchronisation of repulsion and loss of attraction, thus 

ensuring that the growth cone will not stall at the midline.

Semaphorins, neuropilins andplexins, Semaphorins are one of the largest 

families of guidance molecules consisting of more than thirty members (Mueller, 1999; 

Chisholm and Tessier-Lavigne, 1999). All members are characterised by the presence of 

a -500 amino-acid "sema" domain but outside of this there is little conservation. Some 

representatives are secreted, others are transmembrane type I proteins or membrane 

attached via a GPI linkage.
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Semaphorins are best known as repulsive guidance cues. The secreted Sema 3A 

is an extremely potent inducer of growth cone collapse. However, when attached to 

beads it can repel sensory neuron axons without inducing full growth cone collapse (Fan 

and Raper, 1995). This situation might have relevance in vivo since Sema 3 A contains a 

highly basic region at the C terminus that might represent a proteoglycan attachment 

site. Sema 3A can also promote axon fasciculation in vivo, by repelling responsive 

axons and thus forcing them together when present in their surrounding environment. 

However, the Drosophila transmembrane Sema-la seems to be required for 

defasciculation of motor axons. Therefore, it appears that the membrane attachment 

state is a key modulator of semaphorin function (Chisholm and Tessier-Lavigne, 1999).

Neuropilins were the first semaphorin receptors identified (He and Tessier- 

Lavigne, 1997; Kolodkin et a l, 1997). They contain a long extracellular region with 

several domains known to be involved in protein-protein interactions, but their 40 

amino acid long intracellular region, highly conserved in vertebrates, contains no 

obvious motif. In fact the intracellular region of neuropilin-1 is not even required for its 

biological activity (Nakamura et aL, 1998). The observation that although neuropilin-1 

is required for Sema 3 A action (binding it with high affinity) yet appears to be incapable 

of transmitting a signal inside the growth cone, has prompted the search for a co­

receptor. Recent reports (Tamagnone et aL, 1999; Takahashi et aL, 1999) have 

identified this co-receptor as a member of the plexin family. Certain semaphorins, other 

than Sema 3 A, can bind directly to plexins. For example, in Drosophila plexin-A is a 

functional receptor for semaphorin-la, human plexin-Bl is a receptor for the 

transmembrane semaphorin Sema 4D and plexin-Cl is a receptor for the GPI-anchored 

semaphorin Sema 7A. Interestingly, plexins themselves contain a sema domain in their 

extracellular region. In the case of plexin-A 1 this sema domain prevents its activation in 

the basal state, via an autoinhibitory mechanism; binding to the Sema 3A-neuropilin-l
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complex releases this inhibition (Takahashi and Strittmatter, 2001). The intracellular 

domain of plexins is responsible for triggering the growth cone's response to 

semaphorins, such as collapse, repulsion, or turning. Details of the downstream 

signalling pathways are only now emerging; it seems that monomeric G proteins, the 

Racl GTPase and a family of neuronal proteins called CRMPs are all involved but it is 

not yet clear exactly how (Nakamura et a l, 2000). Very recently Driessens et a l  (2001) 

found that plexin-Bl receptor interacts directly with active Rac and regulates the actin 

cytoskeleton by activating Rho, thus establishing the Rho family GTPases as key 

intermediates in semaphorin signalling.

Finally it is worth mentioning that, as discussed for netrins, the interpretation of 

semaphorin signals is also highly dependent on the physiological state of the growth 

cone (as a result of many other signals). For example, elevated levels of cGMP can 

convert the Sema 3 A response of Xenopus spinal growth cones from repulsion to 

attraction (Song et a l, 1998).

Nogo and the Nogo receptor. Axons in the embryonic CNS and also in the adult 

peripheral nervous system can grow and regenerate efficiently after injury. 

Unfortunately, this is not the case in the adult CNS. Significant research efforts have 

been directed towards understanding this phenomenon and the first encouraging results 

demonstrate that axons themselves do not lose the ability to regrow in a permissive 

environment. Therefore, there must be external inhibitory factors responsible for their 

growth arrest in vivo. Such factors seem to be present in the glial scar which forms at 

the site of injury, where chondroitin sulphate proteoglycans and possibly other 

associated molecules appear to be involved, but also in the myelin that ensheats axons 

in the white matter tracts of the adult CNS (reviewed in Brittis and Flanagan, 2001). 

Very exciting results have been obtained using a monoclonal antibody (IN-1) raised
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against a 250 kDa neurite inhibitory protein of the CNS myelin: IN-1 treatment of rats 

with a spinal cord injury caused a marked improvement of corticospinal axon 

regeneration and locomotor function recovery (Bregman et aL, 1995; Merkler et aL, 

2001).

The myelin-associated neurite growth inhibitor recognised by the IN-1 antibody 

has been recently cloned and named Nogo (Chen et aL, 2000; GrandPré et aL, 2000; 

Prinjha et aL, 2000). Three Nogo isoforms have been described, the 250 kDa one being 

Nogo-A. All are transmembrane proteins although the exact topology is still 

controversial, and they are expressed on the surface of oligodendrocytes. The potent 

inhibitory function seems to be located in a 66 amino acid region (termed Nogo-66) 

exposed on the extracellular surface, although a cytoplasmic N-terminus region (termed 

amino-Nogo) may contribute to the inhibition of axon regeneration at sites of 

oligodendrocyte lysis. An 85 kDa GPI-anchored protein expressed by spinal cord axons, 

termed NgR, was recently cloned and shown to be a functional receptor for Nogo-66 

(Fournier et aL, 2001). Some neuronal populations, such as retinal ganglion cells, do not 

respond to Nogo-66 and do not express NgR either. However, ectopic expression of 

NgR in such cells converts their growth cones to a Nogo-66 sensitive state (it induces 

growth cone collapse). Therefore, NgR seems to be sufficient to bind Nogo-66 and, 

most probably, it will mediate signal transduction into the growth cone cytoplasm as a 

part of a receptor complex with a transmembrane protein. Such a protein is still to be 

identified. Nevertheless, molecules able to block the Nogo-66/NgR interaction may 

have great pharmaceutical potential as promoters of axonal regeneration for certain 

neuronal types.

47



1.3.2 Receptor protein tyrosine phosphatases in axon growth and guidance

A large body of evidence has established that regulated tyrosine phosphorylation 

is an essential mechanism for controlling various axon growth and guidance events. 

Studies in the early 1990s have shown that protein tyrosine kinase (PTK) inhibitors can 

potentiate substrate-induced neurite outgrowth (Bixby and Jhabvala, 1992) and 

modulate growth cone morphology (Wu and Goldberg, 1993). Specific RPTKs such as 

the FGF receptors and the Eph receptors (see above), but also non-receptor PTKs like 

Src, Fyn, Yes, Lyn and Abl (reviewed in Desai et aL, 1997; Korey and Van Vactor,

2000) are known to play important roles in controlling growth cone behaviour. Since 

tyrosine phosphorylation is a reversible event (with a high turnover rate), the PTPs must 

play equally important roles. Moreover, the RPTPs containing CAM-like ectodomains 

are particularly well equipped to play a significant role by combining their catalytic 

function with cell adhesion, a key process for the growth cone. In addition, RPTPs may 

trigger signalling events following binding to soluble ligands. Early studies have 

confirmed that RPTPs are present in the right place at the right time, i.e. on the 

membrane of growing axons (Tian et aL, 1991; Yang et aL, 1991; Stoker et aL, 1995). 

Since then, an impressive research effort has provided proof that RPTPs also do the 

predicted job: they modulate axon growth not only in vitro but also in vivo, in a variety 

of animal models such as Drosophila, leech, Xenopus, chicken and mouse (reviewed in 

Stoker and Dutta, 1998; Van Vactor, 1998; den Hertog et aL, 1999; Stoker, 2001). The 

main findings will be summarised below.

Drosophila axon guidance in the neuromuscular system. Drosophila genome 

analysis suggests that there might be up to eight RPTP genes (Morrison et aL, 2000). 

Five of them are characterised thus far and, remarkably, four of these are selectively 

expressed in CNS axons (Sun et aL, 2001 and references therein). These four enzymes
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(DPTPIOD, DLAR, DPTP69D and DPTP99A, all being type II or type III RPTPs) 

regulate axon guidance decisions (Desai et aL, 1996, 1997; Krueger et a l, 1996; Sun et 

a l, 2000, 2001). Mutants lacking DLAR or DPTP69D alone display altered guidance of 

the intersegmental nerve b (ISNb) axons in the neuromuscular system (Desai et a l,

1996; Krueger et a l,  1996). When two or more RPTPs are eliminated the observed 

phenotypes becomes more drastic. For example, when DLAR and DPTP69D are both 

missing, the ISN stalls at its second intermediate target (Desai et a l, 1997). Removal of 

DLAR, DPTP69D and DPTP99A prevents the ISN root from extending even beyond its 

first intermediate target. Single mutants lacking DPTPIOD or DPTP99A did not show 

clear phenotypes in the neuromuscular system. Recently though. Sun et a l  (2001) have 

reported a very detailed study of these RPTPs, by analysing double-, triple- and 

quadruple-mutant embryos lacking all possible RPTP combinations. A very complex 

interaction pattern has emerged: at various choice points (groups of) RPTPs can either 

be functionally redundant, compete or collaborate.

DPTPIOD for example regulates, together with the other three RPTPs, the 

outgrowth and bifurcation of the SNa (segmental nerve a) motor nerve but loss of 

DPTPIOD partially suppresses the ISN truncation phenotype observed in the DLAR, 

DPTP69D and DPTP99A triple mutant. Again, DPTPIOD acts together with the other 

three RPTPs to facilitate ISNb defasciculation at the exit junction in order to innervate 

the ventrolateral muscles (VLM). ISN axon guidance at several decision points is 

severely disrupted in the quadruple mutants, however other guidance decisions are only 

moderately affected (Sun et a l, 2001). This may be due to competitive interactions 

between these RPTPs or may suggest that additional RPTPs could be involved or 

simply that tyrosine phosphorylation is not a significant signalling mechanism for every 

guidance decision.
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The signalling pathways downstream of Drosophila RPTPs have recently begun 

to be unveiled. The protein tyrosine kinase Abl functions as an antagonist of DLAR in 

regulating the entry of ISNb into the VLM field (Wills et a l, 1999). This requires the 

Abl kinase function but also the presence of Ena, an Abl substrate in vivo. Both Abl and 

Ena can associate with the DLAR membrane-distal phosphatase domain and both can 

serve as substrates for DLAR in vitro. On the other hand Abl can phosphorylate DLAR 

in vitro, suggesting a very interesting cross-regulatory mechanism between these 

enzymes.

At least three signalling pathways might be modulated by the DLAR/Abl couple 

(reviewed in Lanier and Gertler, 2000):

- regulation of cadherin/catenin-dependent cell adhesion: LAR associates with the 

cadherin/catenin complex and loss of Abl expression significantly exacerbates 

axonogenesis defects observed after Armadillo (p-catenin) disruption.

- regulation of the actin cytoskeleton via Ena: Ena can modulate actin polymerization 

possibly by interacting with the actin monomer-binding protein profilin.

- regulation of the actin cytoskeleton via the guanine nucleotide exchange factor Trio: 

the small GTPase Racl seems to play a role in the DLAR signalling pathway and 

human LAR can bind the Rac-activating protein Trio; however, DTrio lacks the Ser/Thr 

kinase domain necessary for human TRIO in order to bind LAR.

The most probable outcome of the relevant interactions will be a modulatory effect on 

the growth cone motility, allowing it to slow down, pause, turn, explore choice points, 

reactivate growth and finally innervate the appropriate target.

Drosophila axon guidance at the midline. As already mentioned above, the 

CNS midline produces both attractive and repulsive signals, thus influencing growth 

cones' behaviour. Sun et al. (2000) have recently shown that RPTPs are involved in
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modulating the response to repulsive signals. Specifically, Drosophila mutants that lack 

both DPTPIOD and DPTP69D produce a phenotype in which a subset of longitudinal 

axons are re-routed across the midline. Elimination of all four neural RPTPs leads to 

conversion of most longitudinal pathways into commissures. DPTPIOD and DPTP69D 

genetically interact with Robo, Slit and Comm. The comm/Ptpl 0D/Ptp69D triple 

mutant axons are able to cross the midline, which suggests that Robo-mediated 

repulsion from the midline is reduced in the absence of RPTPs. Robo/PTP10D/Ptp69D 

triple mutants have a severe phenotype in which most of the axons converge on the 

midline into a thick bundle (similarly to the slit phenotype). The removal of just one 

copy of slit from the PtplOD/Ptp69D double mutant significantly enhances its 

phenotype, whereby more axons cross the midline and the longitudinal tracts move 

closer together. However, the RPTP genes did not interact with netrin-1 or 2, showing 

specificity in affecting the repulsive system rather than a generalised suppression of any 

phenotype that reduces midline crossing (Sun et al., 2000). Taken together, all the 

above observations suggest that RPTPs are positive regulators of the Robo signalling 

pathways. It is still unclear whether RPTPs modulate Robo by direct dephosphorylation 

or they are placed in separate pathways that only interact further downstream. 

Interestingly, recent results suggest that Abl tyrosine kinase and its substrate Ena play 

direct and opposing roles in Robo signal transduction (Bashaw et a l, 2000). Both 

proteins can directly bind to Robo's cytoplasmic domain and it appears that Robo itself 

is a substrate for Abl. As discussed above, at least one Drosophila RPTP, DLAR, can 

interact with and dephosphorylate Abl and Ena, but others such as DPTPIOD and 

DPTP69D might do as well (Wills et a l, 1999). A detailed study of all these putative 

interactions might therefore contribute to understanding the molecular mechanisms of 

RPTP involvement in midline guidance.
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Drosophila retinal axon guidance. The analysis of Drosophila photoreceptor 

axon guidance has provided further insights into the in vivo functions of RPTPs. Adult 

Drosophila visual system development is a very neat model for axon guidance studies. 

Axons of the eight photoreceptors in each ommatidium fasciculate together and project 

as a single bundle towards the optic lobes of the brain. Once there, the axons 

defasciculate and connect to distinct optic lobe layers. R1-R6 axons project to the 

lamina, while R7 and R8 project to separate layers of the medulla. Garrity et al. (1999) 

found that DPTP69D is required for lamina target specificity. In DPTP69D mutants R l- 

R6 project through the lamina and terminate in the medulla. Immunohistochemical 

analysis confirmed that DPTP69D is localised in the R1-R6 growth cones and various 

deletion constructs used for phenotypic rescue demonstrate that both the DPTP69D 

phosphatase activity and the integrity of the FNIII-like domains in the extracellular 

region are required for correct targeting.

A recent report shows that DPTP69D is also required for the correct targeting of 

R7 (Newsome et a l, 2000). Mutant R7 axons fail to reach their target in the medulla, 

stopping instead at the same level as the R8 axons. The authors conclude that DPTP69D 

plays a permissive rather than an instructive role (as suggested before) possibly by 

reducing the adhesion of R1-R6 and R7 growth cones to the pioneer R8 axon, thus 

allowing them to respond independently to specific targeting cues. However, further 

investigations are required in order to characterise the DPTP69D signalling pathway(s) 

and hence to understand the observed phenotypes.

Comb cell processes and mutual avoidance. Comb cells are present in pairs in 

the peripheral body wall in each of the mid-body segments of embryonic Hirudo 

leeches. Their spindle-shaped cell bodies are aligned along the antero-posterior axis and 

produce approximately 70 neurite-like parallel processes, each bearing large growth
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cones. Half of these processes extend anterolaterally and half posteromedially in a 

striking, oblique pattern thought to provide a scaffold for the developing oblique muscle 

layer of the embryo; after these muscles are established the Comb cells (CC) die (Baker 

and Macagno, 2000). The CC processes rarely branch and never overlap with one 

another, a phenomenon called "mutual avoidance". They express on the surface 

(including the growth cones) high levels of a LAR-like RPTP, termed HmLAR2 

(Gershon et al., 1998). A series of experiments support the hypothesis that HmLAR2 is 

able to mediate the mutual avoidance by CC processes. Antibodies against HmLAR2 

extracellular region, injected into Hirudo embryos, cause a severe disruption of the 

regular parallel pattern and frequent cross-overs can be observed (Gershon et al., 1998). 

The same cross-over phenotype was observed following HmLAR2 elimination via RNA 

interference (Baker and Macagno, 2000); in addition this caused a marked reduction in 

CC processes' length (or growth rate) and significant growth cone collapse.

Interestingly, the extracellular region of HmLAR2 seems to exhibit homophilic binding 

and it was suggested that this might be responsible for the mutual avoidance of sibling 

processes by triggering growth cone retraction in case of contact.

In vitro studies: RPTPs as promoters o f  neurite outgrowth, A large number of 

RPTPs are expressed in the nervous system and in most cases in vitro studies suggest 

their involvement in axon growth modulation.

CRYPa, the chick orthologue of RPTPa, was the first vertebrate RPTP found 

expressed on the membrane of migrating growth cones, both on lamellipodia and 

filopodia (Stoker et al., 1995). The CRYPa extracellular region, unlike HmLAR2 or 

other CAM-like RPTPs, does not bind in a homophilic manner (Haj et al., 1999). A 

soluble form of the ectodomain however, is able to cause a significant axon growth 

reduction when added to retinal ganglion cells plated on retinal basal lamina. This
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substrate contains physiological ligands (Ledig et al., 1999a) and presumably the 

ectodomain competes with the endogenous CRYPa for ligand binding. Therefore, it 

was inferred that the interaction between the growth cone CRYPa and its ligands plays 

a key role in promoting retinal axon growth. Similar results were obtained when the 

above interaction was blocked with anti-CRYPa antibodies. On the other hand, recent 

results suggest that overexpression of an inactive, putative dominant negative, CRYPa 

intracellular construct in Xenopus retinal ganglion cells enhances neurite outgrowth in a 

substrate-dependent manner (Johnson et a l, 2001). The fact that blocking CRYPa- 

ligand interaction slows down the axons, while competing with its phosphatase function 

enhances neurite outgrowth, suggests that binding of CRYPa ligands causes a reduction 

of its phosphatase activity which in turn leads to growth promotion. A more detailed 

discussion will be presented in subchapter 1.4.

RPTPÔ is a type Ila RPTP whose extracellular domain promotes cell adhesion, 

possibly via its homophilic binding properties (Wang and Bixby, 1999). A variety of 

neuronal populations such as forebrain, ciliary ganglion, retinal and cerebellar neurons 

were found to adhere strongly on substrates coated with a RPTPô ectodomain-Fc fusion 

protein. RPTPÔ can also promote neurite outgrowth but only from forebrain neurons, 

which suggests that adhesion and neurite growth promotion are separate functions. A 

soluble form of RPTPô ectodomain was also able to induce significant neurite 

outgrowth when added to forebrain neurons plated on a poly-D-lysine substrate. In 

addition. Sun et al. (2000) have recently shown that RPTPô can also function as a 

chemoattractant for neurites of forebrain neurons in culture. An RPTPÔ ectodomain 

concentration gradient released from a micropipette induced increased growth rates but 

also caused turning of growth cones towards the gradient source, in a manner which 

resembles the netrin- or neurotrophin-mediated attraction mentioned earlier in this 

chapter. However, RPTPô chemoattractant effect triggers different molecular
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mechanisms inside the growth cone, since it is not influenced by variations in cyclic 

nucleotides concentration, while tyrosine phosphatase inhibitors can prevent it. 

Considering that the ectodomain of most type Ila RPTPs is cleaved post-translationally 

and can be shed from the cell surface, the case described above defines a novel axon 

guidance cue which might be functionally relevant in vivo.

RPTPp and RPTPk are type lib RPTPs whose ectodomains can also bind in a 

homophilic fashion (Brady-Kalnay et a l, 1993; Gebbink et a l, 1993; Zondag et a l,

1995). RPTPp is expressed in a subset of ganglion cells during retinal development and 

in defined layers of the optic tectum. Retinal ganglion cells in culture express RPTPp 

along their axons and on the growth cones. Therefore it has been suggested that, 

together with CRYPa and CRYP-2, RPTPp plays a role in axon growth and guidance in 

the retinotectal system (Ledig et a l, 1999). RPTPp is also known to interact with three 

different calcium-dependent CAMs: N-, R- and E-cadherin (Brady-Kalnay et a l, 1998). 

Recent experiments in vitro have demonstrated that RPTPp plays a dual role in the 

regulation of neurite outgrowth during retinal development (Burden-Gulley and Brady- 

Kalnay, 1999). Firstly, it is able to promote neurite outgrowth and cell migration when 

used as a culture substrate; this effect is blocked by antibodies against the RPTPp 

extracellular region. Secondly, it associates with N-cadherin in the retinal ganglion cells 

and it was suggested that it can modulate N-cadherin-dependent neurite outgrowth. 

Indeed, downregulation of RPTPp expression caused a significant decrease in axon 

growth on a N-cadherin substrate but not on laminin or LI. Moreover, overexpression 

of a catalytically inactive RPTPp mutant has also induced a significant reduction in 

neurite outgrowth on N-cadherin. It is well established that tyrosine phosphorylation of 

the cadherin/catenin complex correlates with suppression of cadherin-mediated 

adhesion. The results mentioned above support therefore the idea that RPTPp might 

play a significant role in dephosphorylating a component of the N-cadherin signalling
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complex. In this way it may modulate the N-cadherin homophilic adhesion that seems to 

be responsible for promoting axon growth on an N-cadherin substrate.

A soluble RPTPk ectodomain-Fc construct can also stimulate neurite outgrowth 

when added to cerebellar neurons in culture (Drosopoulos et al., 1999). It is still unclear 

whether the homophilic binding properties of RPTPk are required for this response. An 

indication of the putative molecular mechanisms involved was obtained by using a 

peptide able to prevent the adapter molecule Grb2 from coupling (via its SH2 domain) 

to upstream signalling molecules and a drug (PD 098059) which inhibits the MEKl 

kinase. Both reagents significantly inhibit the response triggered by RPTPk-Fc, 

suggesting that this involves the coupling of Grb2 to a MAPK signal transduction 

cascade.

The type V RPTPÇ/p is another RPTP able to control cell adhesion and axonal 

growth but through a different mechanism to those described above. RPTPÇ/p is not 

expressed by neurons, but instead it is supplied in trans by glial cells as a ligand for a 

large number of proteins such as NCAM, NrCAM, TAGl/Axonin-1, NgCAM/Ll, 

contactin; it also binds tenascin and pleiotrophin (reviewed in Peles et al., 1998). The 

neurite outgrowth responses to interactions between RPTPÇ/p and its ligands are either 

stimulatory (binding to NrCAM and contactin) or inhibitory (binding to NgCAM/Ll). 

They are dependent on the neuronal cell type studied, probably due to unique receptor 

complexes in the responding cells since most of the proteins known to interact with 

RPTPÇ/p do interact with other signalling molecules as well. It is worth mentioning that 

phosphacan, a secreted isoform corresponding to the RPTPÇ/p ectodomain, is a 

chondroitin sulphate proteoglycan expressed at very high levels in the brain and a very 

potent inhibitor of neurite growth. The nature of signals transmitted into the axonal 

growth cone following RPTPÇ/p binding is still to be characterised. Contactin for 

example is a GPI-anchored protein which seems to form a co-receptor together with a
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large transmembrane protein called Caspr (Peles et a l, 1997). Its cytoplasmic domain 

contains a proline-rich region able to bind SH3 domains of downstream signalling 

proteins. Another protein that binds contactin in cis and seems to be important for 

neurite extension induced by RPTPÇ/p is NrCAM. This associates with ankyrin, a 

spectrin-binding protein that links the actin cytoskeleton to the plasma membrane. In 

addition, NrCAM contains a potential binding site for PDZ domain-containing proteins 

on its C-terminal tail (Peles et al., 1998).

It is difficult to assess at the moment the relevance in vivo for all the results 

listed above. In addition to the Drosophila work, mentioned at the beginning of this 

sub-chapter, several animal models have provided evidence supporting the involvement 

of RPTPs in axon growth and guidance processes. For instance in Xenopus 

overexpression of a RPTPô (putative) dominant negative construct inhibited retinal 

ganglion cell (RGC) axon outgrowth in vivo, while similar LAR and CRYPa constructs 

had no effect (Johnson et a i, 2001). In chick however, ectopical expression of a 

CRYPa ectodomain construct in the developing optic tectum produced a wide panel of 

phenotypes, including premature stalling and arborisation of RGC fibres, excessive pre­

tectal arbor formation and poor convergence onto terminal zones (Rashid-Doubell, 

McKinnell, Aricescu and Stoker, manuscript submitted). These data support the idea 

that the interaction between CRYPa and its tectal ligands are necessary for promoting 

growth of retinal axons over the tectum and for their correct topographic termination. 

RPTPa, RPTPÔ, RPTPe and LAR-deficient mice, as mentioned above, all have neural 

defects; some of them may be due to axon growth and/or guidance impairment. Sciatic 

nerve axons of LAR-deficient mice do regenerate more slowly after crush injuries (Van 

der Zee et al., 2000; Xie et al., 2001). The RPTPa mRNA levels are significantly 

increased following sciatic nerve crush in rats (Haworth et al., 1998); interestingly.
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peripheral motor nerve axons of RPTPa-deficient mice appear to regenerate much faster 

than controls (M. Tremblay, personal communication).

The above mentioned results are more than sufficient to trigger interest into the 

role played by RPTPs during neural development and regeneration. However, as stated 

several times, very little is known about the molecular mechanisms behind their 

functions. Detailed mapping of the molecular interactions involving RPTPs is badly 

needed and represents the key for designing molecules able to modulate their functions 

in pathological conditions.

1.4 The receptor protein tyrosine phosphatase CRYPa

CRYPa (Chick Receptor tYrosine Phosphatase a) is a type Ila RPTP, strongly 

expressed in both the central and peripheral nervous systems (Stoker, 1994). Its 

mammalian orthologue, termed RPTPa, has been identified and cloned in rat (Yan et 

al., 1993; Pan et a l, 1993; Walton et al., 1993; Zhang et al., 1994), mouse (Wagner et 

al., 1994) and human (Pulido et al., 1995). The human Ptprs gene was mapped to 

chromosome 19pl3.3 by FISH analysis (Wagner et al., 1996).

The CRYPa gene produces two major transcripts in the embryonic brain (Stoker, 

1994) encoding the isoforms termed CRYPa 1 and CRYPa2 (Figure 1.3). Several small 

cDNA fragments have also been identified suggesting that additional isoforms might 

well be expressed. This seems to be a common feature of type Ila RPTPs, since all their 

RNAs appear to undergo extensive alternative splicing (Pulido et al., 1995 and 

references therein). This may have significant functional consequences in vivo; 

however, very little is known about how many of the putative isoforms are really 

translated and what their expression pattern could be. The two major isoforms 

mentioned above show that CRYPa is a type I transmembrane protein with a CAM-like 

ectodomain and a tandem of catalytic (tyrosine phosphatase) domains in the
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Chick Receptor Tyrosine Phosphatase a (CRYPa)

Receptor?

Substrates 
and other 
binding 
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<  O glycosylation 
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Figure 1.3. CRYPa schematic structure and putative post-translational modifications. 
The extracellular region of CRYPa 1 isoform consists of three Ig-like domain and four 
FN lll-like domains. The CRYPa? isoform has four additional FN Ill-like domains 
(referred to as FN4-FN7) spliced-in. The whole ectodomain can be proteolytically 
cleaved and shed from the cell surface. The intracellular region consists of a tandem 
of protein tyrosine phosphatase domains. Various putative sites for N-glycosylation as 
well as Ser/Thr and Tyr phosphorylation were predicted using the program Prosite 
(Hofmann et al ,  1999). The 0-glycosylation sites were predicted by the NetOGlyc 2.0 
server (Hansen et al ,  1995).
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intracellular region. The CRYPa 1 isoform contains three Ig-like and four FNIII-like 

domains in its extracellular region. CRYPa2 contains four additional FNIII-like 

domains spliced in (Figure 1.3). Northern blot analysis demonstrates that alternative 

splicing of CRYPa RNA in the brain is developmentally regulated (Stoker, 1994). A 

7.7 kb mRNA, corresponding to the CRYPa2 isoform, was detected at highest levels 

between embryonic day 4 (E4) and E8, then decreases rapidly. A 6.6 kb mRNA, 

corresponding to the CRYPa 1 isoform, appears at low levels before E6, then its amount 

increases towards El 0-El 2, followed by stabilisation at an intermediate level after El 4. 

Developmentally regulated expression of CRYPa isoforms has also been observed by in 

situ mRNA hybridisation in the retina (Haj et a l, 1999) and in the spinal cord (Chilton 

and Stoker, 2000). At E6, only CRYPa 1 is expressed by the RGC neurons, suggesting 

that this is the isoform involved in the intraretinal axon growth/guidance events (which 

take place between E3 and E7). At E8 and ElO, however, both isoforms are expressed 

by RGCs, suggesting that CRYPa2 is upregulated in these cells only after their axons 

have reached the optic tectum. CRYPa 1 but not CRYPa2 is also highly expressed in 

other retinal cells, such as the amacrine neurons (Haj et a l, 1999).

In the spinal cord, a detailed analysis of various developmental stages (E4, E6, 

E8 and ElO) shows that CRYPa 1 is specifically expressed in ventral horn motoneurons 

while CRYPa2 is predominantly expressed in the ventricular/subventricular region, 

probably being involved in the maturation of nascent neurons and glia (Chilton and 

Stoker, 2000).

Northern hybridisation at E l6 shows that in addition to brain and spinal cord, 

where CRYPa 1 is the major isoform expressed, CRYPa mRNA is also present in the 

retina, breast muscle, heart, gut and lung (albeit at lower levels and mainly as the 

CRYPa2 isoform). The signal is extremely weak in the liver and absent in blood RNA 

(Stoker, 1994).

60



Immunohistochemical analysis in early embryogenesis has confirmed that 

CRYPa protein is predominantly expressed in the nervous system and suggests that it 

may play important roles during neural development. At E3, CRYPa is detected 

prominently in axons, co-localised with the neurofilament-associated antigen 3A10, in 

most CNS nerve fibres including segmental nerve roots, the ventral commissure and the 

lateral spinal cord axons (Stoker et al., 1995). At E4, high-level expression is detected 

in the segmental nerves, commissural axons, axons in the dorsal and ventral funiculi, 

and dorsal root ganglia (DRG). This pattern is consistent with the in situ hybridisation 

results at E4 (Stoker, 1994). In cranial regions, CRYPa is detected in various nerve 

fibre layers of the brain and in the peripheral nerves (Stoker et al., 1995) but also in 

hindbrain motor nuclei (J. Chilton, personal communication).

In the developing retina, at E6, CRYPa expression is clearly restricted to the 

RGC fibre layer. Towards ElO and E l4, as the retina differentiates, CRYPa expression 

can also be detected in the inner plexiform layer in addition to the RGC axons (Ledig et 

al., 1999b). In the optic tectum, the RGC axons’ target, the first retinal axons arrive at 

E6 at the anterior pole and begin to form the superficial "'stratum opticum". In addition, 

a deeper network (the circumferential tectobulbar processes) is generated. CRYPa 

protein can be detected in both these layers.

The axonal localisation of CRYPa is also maintained in tissue culture, where 

both E7 DRG neurons and E6 RGCs contain high levels of CRYPa along their neurites 

and on their growth cones, both on lamellipodia and filopodia (Stoker et al., 1995;

Ledig et al., 1999a). As mentioned earlier in this chapter, both cell adhesion and 

signalling by tyrosine phosphorylation are key molecular mechanisms modulating 

growth cone behaviour. Since CRYPa contains a CAM-like extracellular region, has 

tyrosine phosphatase enzyme activity and is expressed on the axonal growth cones 

during key developmental stages, it has all it needs in order to play an important role
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during nervous system development, in particular in axon growth and guidance 

processes. This hypothesis has been recently tested both in vitro and in vivo. Ledig et al. 

(1999a) have observed, using RGC cultures, that blocking the interaction between 

CRYPa (endogenously expressed in the growth cones) and its putative ligands 

(localised in the retinal basal lamina as shown by Haj et ah, 1999) results in a strong 

reduction of axon growth and a significant change in the growth cone morphology, 

reducing the size of growth cone lamellipodia. These effects were obtained using 

reagents that interfere either with the "receptor side" (anti-CRYPa antibodies) or with 

the "ligand side" (the basal laminae were blocked with a soluble form of the CRYPa 

extracellular region) and, importantly, were strictly substrate-dependent (neither of 

these reagents significantly affected axon growth or morphology on non-physiological 

substrates). These results suggest that the interactions between CRYPa and its basal 

lamina ligand(s) are important for promotion of retinal axon growth and for the 

maintenance of growth cone lamellipodia.

The Xenopus CRYPa has recently been cloned and its expression pattern in the 

developing retina matches very well the chick description (Johnson and Holt, 2000). 

Expression of a putative dominant negative mutant, containing only a catalytically 

inactive intracellular region, had no clear effect on RGC axon growth or guidance in 

vivo (Johnson et al., 2001). However, in vitro, the same construct expressed in RGCs 

significantly enhanced neurite outgrowth in a substrate-dependent manner. This 

apparently contradicts the findings of Ledig et al. (1999).

How can these results fit together? To be honest, I believe that nobody can 

answer this at the moment, simply because almost nothing is known about the signalling 

mechanisms in which CRYPa is involved. We know very little about the putative 

binding partners and we have no clue concerning the regulation of its catalytic activity. 

Therefore, just a few speculative points will be mentioned below.
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Overexpression of the catalytically inactive construct presumably prevents 

dephosphorylation of CRYPa substrates by competing with or blocking the endogenous 

enzyme. Interestingly, the "dominant negative" construct has a "growth promoting" 

effect only on basal laminae which still have the endfeet of Müller glial cells attached. 

This effect means that the axons grow exactly as well as they normally do on basal 

laminae from which the endfeet (and indeed a lot of other molecules) are removed by a 

harsh 2% Triton-XlOO wash. CRYPa binds ligands on both the glial endfeet and on the 

basal lamina itself (Haj et al., 1999; Aricescu et a l, submitted). If we accept that 

CRYPa enzymatic activity is modulated by ligand binding (as it has been suggested for 

other RPTPs) then it follows that the bare basal lamina ligands maintain CRYPa in an 

inactive form, thereby allowing efficient axon growth. On basal lamina with glial 

endfeet, other ligands may activate CRYPa so the expression of the "dominant 

negative" construct is required to "stimulate" outgrowth. Why does blocking the 

CRYPa-ligand interaction on basal laminae plus glial endfeet result in growth 

reduction, as described by Ledig et al. (1999)?

First of all, their blocking experiments will prevent CRYPa interacting with 

both the basal lamina and the glial endfeet ligands. Therefore, if those exert opposite 

effects, the outcome will become unpredictable since their relative "signalling weight" 

is unknown. The finding that, on basal laminae without glial endfeet, the addition of 

anti-CRYPa antibody (which blocks ligand binding) results in a significant reduction of 

neurite outgrowth fits in well with the Xenopus story (if we accept that ligand binding 

induces CRYPa inactivation).

On the other hand, one should keep in mind that the CRYPa ectodomain is 

CAM-like. It may well be the case that disrupting its interaction with the glial endfeet 

simply impairs a cell-cell adhesion process, which will subsequently affect growth rate.
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The basal lamina ligands, which are not cell adhesion molecules (as described in this 

thesis), may well be involved in a completely different signalling pathway.

Nevertheless, all these uncertainties clearly show that identifying the ligands, 

substrates and other interaction partners are key steps towards integrating CRYPa in 

one or several signalling pathways which will contribute to understanding the functions 

of this protein in vitro and in vivo. As mentioned several times in this chapter, in ovo 

experiments on chicken embryos and the analysis of RPTPa transgenic mice together 

with gene and protein expression studies show that CRYPa/RPTPa is an important 

player during the nervous system development and regeneration.

1.5 The aim of this thesis

It is now well accepted that reversible protein tyrosine phosphorylation is a key 

signalling mechanism in virtually all major cellular processes in eukaryotic cells. 

Nervous system development and regeneration, in particular axon growth and guidance, 

are no exception.

Many RPTPs have a predominantly neural expression pattern, in particular those 

classified as type Ila (Figure I.l). These include our molecule of interest, CRYPa. A lot 

of progress has been made in the last couple of years towards understanding the 

functional importance of such RPTPs. But how are these functions achieved? What are 

the molecular mechanisms behind them? What could and should be done to modulate 

these functions in pathological conditions?

The aim of this thesis is to contribute towards answering these questions by 

identifying molecules that interact with CRYPa. In particular, most of the research 

effort was spent finding ligands for CRYPa. This issue represents a major challenge for 

several research groups in both academic and industrial environments and so it is for our 

laboratory. Chapter 3 describes a sustained but unsuccessful attempt to identify such

64



ligands by expression cloning. A detailed analysis of CRYPa ectodomain binding 

properties and molecular structure has provided the first hints about the nature of (at 

least a subclass of) physiological ligands. This is described in Chapter 4. Chapter 5 

deals with the identification of two such ligands and the characterisation of their 

interactions with CRYPa. Finally, in Chapter 6 ,1 present the current state of my efforts 

to identify CRYPa physiological substrates and to understand the significance of these 

findings in vivo.
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Chapter 2. General methods

2.1 DNA methods

2.1.1 Plasmid DNA preparation -  microprep

Principle: Bacterial colonies are disrupted using an alkaline solution and the lysate is 

directly loaded in an agarose gel, in order to check for the presence of recombinant 

plasmids. This method is based on the “Rapid disruption of bacterial colonies” method 

described in Sambrook et al. (1989), however it was optimised so that instead of using 

four separate solutions only one is needed and various incubation intervals have been 

removed. It allows rapid and simultaneous screening of several dozens of colonies and 

can easily detect recombinant plasmids that differ by 10-20% in size.

Materials: All chemicals were from Sigma and growth media from Gibco ERL.

- lysis/loading buffer: 10 mM Tris base, 1 mM ethylenediaminetetraacetic acid (EDTA),

10% w/v sucrose, 0.25% w/v sodium dodecyl sulphate (SDS), 

100 mM NaOH, 60 mM KCl, 0.05% bromophenol blue. This 

buffer is stable at -20°C.

- agar plate containing the appropriate medium and selective antibiotic, or sterile 96 

well plate containing 100 pl/well liquid medium and selective antibiotic;

- non-sterile 96 well plate for colony lysis;

- agarose gel of desired concentration for nucleic acids separation.

1. Pre-warm the lysis/loading buffer 5 minutes at 65°C.

2. Distribute 15 pi lysis/loading buffer per well in the non-sterile 96 well plate, 

according to the number of colonies to be screened.
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3. Pick a colony using a pipette tip, gently touch the surface of the replica plate or liquid 

medium in the sterile 96 well plate, then transfer the cells left on the tip to a 

corresponding well in the plate containing lysis/loading buffer.

4. Mix the lysing cells a couple of times by rotating the tip end in the well, then repeat 

step 3 until the desired number of colonies has been selected.

5. Load the 15 pi lysates in the agarose gel and separate the nucleic acids by 

electrophoresis.

6. Cultures from colonies containing recombinant plasmids can now be generated using 

the replica plate(s).

2.1.2 Plasmid DNA preparation -  miniprep

Principle: Plasmid DNA is extracted from cells using an alkaline lysis method 

(Sambrook et a l, 1989) and then purified on a glass fibre matrix column. We currently 

use the GFX MicroPlasmid Prep Kit (Amersham Pharmacia Biotech), which allows fast 

production of plasmid DNA suitable for restriction analysis, automated sequencing and 

transfection in eukaryotic cells. The usual yield for high copy number plasmids is 5-10 

pg/ml of culture.

Materials:

- bacterial cultures (5ml), grown overnight;

- GFX MicroPlasmid Prep Kit (Amersham Pharmacia Biotech), containing:

solution I: 100 mM Tris.HCl, pH 7.5, 10 mM EDTA, 400 pg/ml RNase I; 

solution II: 190 mM NaOH, 1% w/v SDS;

solution III: a proprietary acetate-buffered solution containing chaotropic 

salt;

wash buffer: 10 mM Tris.HCl, pH 8.0, 1 mM EDTA, 80% v/v ethanol;
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- GFX glass fibre matrix spin columns.

The whole procedure is done at room temperature.

1. Transfer 1.5 ml bacterial culture to an Eppendorf tube and pellet the cells by 

centrifugation, 5 minutes at 13,000 rpm.

2. Discard the supernatant and resuspend the cells (completely) in 150 pi solution I.

3. Add 150 pi solution II and mix the tube content by inversion, 5-6 times. Incubate 5 

minutes.

4. Add 300 pi solution III and mix the tube content by inversion, 10-20 times ensuring 

that the flocculent precipitate is evenly dispersed.

5. Centrifuge the lysate 5 minutes at 13,000 rpm.

6. Transfer the supernatant to a fresh Eppendorf tube and repeat step 5 in order to 

remove completely all debris.

7. Transfer the supernatant onto a GFX glass fibre column, incubate 1 minute at room 

temperature and then spin the column 30 sec at 13000 rpm.

8. Wash the column with 400 pi wash buffer by centrifuging 1 minute at 13,000 rpm.

9. Transfer the column to a clean Eppendorf tube. Add 100 pi DNAase/RNAase free 

water per column, incubate 1 minute, then elute the plasmid DNA by spinning 1 

minute at 13,000 rpm. The plasmid prep must be stored at -20°C to avoid 

degradation.

2.1.3 Plasmid DNA preparation -  maxiprep

Principle: Plasmid DNA is extracted from cells using an alkaline lysis method 

(Sambrook et al., 1989) and then purified on an anion-exchange resin column. We
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currently use the Qiagen Maxiprep kit, which allows fast production of large quantities 

of plasmid DNA (up to 500pg) suitable for restriction analysis, automated sequencing 

and transfection in eukaryotic cells.

Materials: Common chemicals were from Sigma and growth media from Gibco BRL.

- bacterial cultures (100ml), grown overnight;

- Qiagen Maxiprep kit, containing:

- buffer PI: 50 mM Tris.Cl, pH 8.0, 10 mM EDTA; 100 pg/ml RNase A;

- buffer P2: 200 mM NaOH, 1% w/v SDS;

- buffer P3: 3 M potassium acetate, pH 5.5;

QIAGEN-tip 500 anion-exchange resin columns;

equilibration buffer (QBT): 50 mM 3-(N-Morpholino)propanesulphonic acid 

(MOPS), pH 7.0, 750 mM NaCl, 15% v/v isopropanol, 0.15% v/v Triton X- 

100;

wash buffer (QC): 50 mM MOPS, pH 7.0, 1 M NaCl, 15% v/v isopropanol;

- elution buffer (QF): 50 mM Tris.HCl, pH 8.5, 1.25 M NaCl, 15% v/v

isopropanol;

70% v/v ethanol.;

TE buffer: 10 mM Tris.HCl, pH 8.0, 1 mM EDTA.

1. Pick a single colony from a fresh agar plate and inoculate a 5ml starter culture in the 

appropriate liquid medium. Grow for 8 hours at 37°C, with shaking.

2. Transfer the starter culture in 100 ml fresh medium and grow at 37°C, with vigorous 

shaking, overnight.

3. Collect the bacterial cells by centrifugation, 10 minutes at 7,000 rpm, at 4°C.

4. Discard the supernatant and resuspend the pellet in 10 ml buffer PI.
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5. Add 10 ml buffer P2, mix gently (by inversion, 5-6 times) and incubate at room 

temperature for 5 minutes, for complete lysis.

6. Add 10 ml of ice-cold buffer P3, mix immediately by inversion 5-6 times and 

incubate on ice 20 minutes to enhance precipitation of bacterial debris.

7. Centrifuge the lysate 30 minutes at 20,000g, at 4°C. Remove the supernatant 

(containing the plasmid DNA) promptly.

8. Equilibrate a QIAGEN-tip 500 column by applying 10 ml buffer QBT and allow it 

to empty by gravity flow.

9. Apply the supernatant from step 7 on the column and allow it to pass through by 

gravity flow.

10. Wash the column twice with 30 ml buffer QC.

11. Elute the bound DNA with 15 ml buffer QF.

12. Precipitate the DNA by adding 10.5 ml isopropanol, at room temperature. Mix 

thoroughly and centrifuge immediately for 30 minutes at 15,000g, at 4°C.

13. Discard the supernatant and resuspend the DNA pellet in 1 ml 70% ethanol, at room 

temperature.

14. Centrifuge 5 minutes at 13,000 rpm, room temperature.

15. Discard the supernatant, briefly dry the pellet (let the ethanol to evaporate) and 

dissolve the DNA in 100 pi buffer TE or sterile, DNAase-RNAase free MilliQ 

water.

16. Determine the DNA concentration by measuring the absorbance of a 1:300 diluted 

solution at 260nm. The original sample concentration will be: A260 * 50 (pg/ml 

concentration of a DNA solution whose absorbance at 260nm is 1) * 300 (dilution 

factor). Store the DNA at -20°C.
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2.1.4 Plasmid DNA extraction from fixed mammalian cells

Principle: Mammalian cell lines transformed with an origin-defective SV40 virus (e.g. 

C0S7, 293T) are very good hosts for cDNA expression. These cell lines express the 

wild-type SV40 large T antigen, therefore they are able to replicate transfected plasmids 

containing an SV40 virus-derived origin of replication to a very high copy number 

(10,000 to 100,000 copies/cell). The transfected cells are removed from the growing 

substrate and lysed in a buffer containing SDS and EDTA. The plasmids thus released 

are then purified and transformed into bacteria for further amplification.

Materials: All chemicals were purchased from Sigma.

- lysis buffer: 10 mM Tris.Cl, pH 8, 10 mM EDTA, 0.5% w/v SDS, 10 mg/ml

proteinase K;

- phenol-chloroform-isoamyl alcohol mix (25:24:1);

- chloroform;

- absolute and 70% v/v ethanol;

- yeast tRNA (carrier);

- 3 M sodium acetate, pH 5.2;

- 19G needles (BDH);

- TE buffer: 10 mM Tris.HCl, pH 8.0, 1 mM EDTA.

1. Fix the transfected cells [either with 4% (w/v) paraformaldehyde or methanol or 60% 

(v/v) acetone/3 % (v/v) formaldehyde] and stain for expression of the protein of 

interest.

2. Collect the stained cells from the plastic tissue culture dish using a 19G needle (the 

cells will remain attached to a small piece of plastic but this will not affect further 

processing).
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3. Transfer the cells in 150 |al lysis buffer and incubate 4 hours at 55°C, to allow 

proteinase K digestion.

4. Add 150 pi phenol-chloroform-isoamyl alcohol and mix well.

5. Centrifuge 10 minutes at 13,000 rpm, at 4°C, and collect the upper (aqueous) layer.

6. Add 150 pi chloroform and mix well.

7. Repeat step 5.

8. Add 10 pg carrier tRNA, then 15 pi sodium acetate solution and 300 pi ice-cold 

absolute ethanol. Let the nucleic acids precipitate overnight at -20°C.

9. Centrifuge 30 minutes at 13,000 rpm, at 4°C.

10. Discard the supernatant and wash the pellet with 300 pi 70% ethanol.

11. Centrifuge 5 minutes at 13,000 rpm, at 4°C. Remove the ethanol, let the tubes dry 

briefly and dissolve the nucleic acids in 10 pi TE buffer or sterile, DNAase-RNAase 

free MilliQ water. The plasmid DNA can be transformed into competent bacteria.

2.1.5 Restriction enzyme cleavage of DNA

Principle; Double-stranded DNA can be cleaved at specific sites by restriction enzymes 

which recognise, bind and cleave within or adjacent to a particular sequence (for more 

details see Sambrook et al., 1989). In particular type II restriction nucleases are widely 

used for cloning purposes, since most of them recognise and cut in a strictly predictable 

fashion sequences of four, five or six nucleotides in length. A large number of enzymes, 

requiring different reaction conditions, and purchased from various suppliers, has been 

used for the experiments described in this thesis, therefore the protocol below is just a 

general outline.
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Materials:

- restriction nuclease specific for the sequence of interest, with appropriate buffer, 

purchased from the most convenient manufacturer (we currently use Promega, New 

England Biolabs, Amersham Pharmacia Biotech and Gibco BRL).

1. Prepare a reaction mix containing an aliquot of DNA to be analysed, in the buffer

suitable for the restriction enzyme to be used, and 1 unit restriction nuclease per pg 

of DNA.

2. Incubate the reaction mix at the optimum temperature for the restriction enzyme 

used, for minimum 2 hours (if complete digestion is required).

3. If necessary, and possible, heat-inactivate the enzyme according to the 

manufacturer’s instructions. If the enzyme cannot be heat-inactivated, it may be 

removed via phenol extraction (as described in 2.1.4), by using a reaction-cleanup 

kit or by agarose gel electrophoresis.

4. Check the restriction pattern by agarose gel electrophoresis.

2.1.6 Klenow filling of DNA recessed 3’ termini

Principle: The Klenow (large) fragment of the E. coli DNA polymerase I has the ability 

to fill in, in the presence of dNTPs, recessed 3’ termini generated by some restriction 

nucleases. This will result in generation of “blunt ends” which can be ligated with 

similar blunt-ended DNA fragments.

Materials:

- Klenow fragment of the E. coli DNA polymerase I (Promega);

- 1 mM (each) dNTP mix or separate dNTPs, depending on the sequence to be filled 

(Bioline).

73



1. When a restriction digestion is complete, add 1 pi dNTPs for each 10 pi reaction mix.

2. Add lU  Klenow fragment of the E. coli DNA polymerase I for up to 5 pg DNA in the 

reaction mix and incubate for 15 minutes at room temperature.

3. Heat-inactivate the Klenow fragment and (possibly) restriction enzyme(s) by 

incubating 10 minutes at 75°C.

2.1.7 Alkaline phosphatase treatment of DNA fragments

Principle: Alkaline phosphatase removes the 5’ phosphate residues from DNA, RNA, 

dNTPs and rNTPs. This is particularly useful when a cloning vector was opened with a 

single restriction enzyme or enzymes generating compatible overhangs, in order to 

prevent vector self-ligation. Calf intestinal alkaline phosphatase is commonly used, 

however it is very difficult to heat-inactivate it completely (this is absolutely required in 

order to achieve an efficient ligation later on). Therefore, shrimp alkaline phosphatase is 

currently used, which is heat-inactivated in 20 minutes at 65°C.

Materials:

- shrimp alkaline phosphatase and buffer, commercially available (Roche Molecular 

Biochemicals).

1. Add lU shrimp alkaline phosphatase and the appropriate amount of buffer directly to 

a restriction reaction containing up to 2 pg of linearised DNA.

2. Incubate 1 hour at 37°C.

3. Heat inactivate the phosphatase (and possibly the restriction enzyme) by incubating 

20 minutes at 65°C.
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2.1.8 Agarose gel electrophoresis

Principle: DNA molecules, negatively charged at neutral pH, migrate toward the anode 

in an electric field. DNA fragments between 200 bp and 50 kb in length can migrate 

through an agarose gel of the desired concentration (usually between 0.3 and 2%) when 

exposed to an electric field of constant strength and direction (usually in a horizontal 

configuration) and will separate according to their size and conformation.

Materials: All chemicals were purchased from Sigma.

- agarose, molecular biology grade;

- gel running buffer:

- Tris-acetate-EDTA (TAE): 40 mM Tris-acetate, pH 7.8, 1 mM EDTA, or

- Tris-borate-EDTA (TBE): 45 mM Tris-borate, pH 7.8, 1 mM EDTA;

- 10 mg/ml ethidium bromide stock solution;

- gel-loading buffer (6x stock): 0.25% bromophenol blue, 0.25% xylene cyanol FF, 

40% (w/v) sucrose in water; store at 4°C.

1. Prepare a gel-casting device of a size according to the number of samples to be 

analysed.

2. Add the required amount of powdered agarose to a glass flask containing TAE or 

TBE buffer in order to achieve efficient separation for the fragments of interest (for a 

detailed description see Sambrook et a l, 1989). Heat the slurry in a microwave oven 

until the agarose is completely dissolved.

3. Let the solution cool down to 60°C and add ethidium bromide to a final concentration 

of 0.5 pg/ml.

4. Pour the warm agarose solution into the casting device and let the gel set, at room 

temperature.
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5. Remove the well-forming comb and place the gel in the electrophoresis apparatus. 

Cover the gel with a thin (1mm) layer of running buffer.

6. Prepare the DNA samples by mixing the desired amount with gel-loading buffer. 

Load the samples into the pre-formed wells and apply a voltage of 8V/cm gel.

7. When the dyes from the loading buffer have migrated an appropriate distance, turn 

off the current and visualise the gel on an ultraviolet transilluminator (302nm).

2.1.9 Purification of DNA fragments from agarose gels

Principle: Glass and silica matrices have the ability to bind DNA very efficiently at 

high salt concentrations (>3M) and acidic pH (<7.5). The protocol described below 

(Boyle and Lew, 1995) uses a cheap silica alternative to commonly used “glassmilk” 

kits (e.g. GeneClean II, Bio-101) and can be easily adapted for “cleaning-up” PGR 

products or DNA fragments present in other enzymatic reactions.

Materials: All chemicals were purchased from Sigma.

- silica (Sigma Cat. No. S-563I);

- phosphate buffered saline (PBS): 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HP04 , 1.76

mM KH2PO4;

- 3 M and 6 M sodium iodide solutions;

- wash buffer: 10 mM Tris.HCl, pH 7.5, 50 mM NaCl, 2.5 mM EDTA, 50% v/v 

ethanol;

1. Prepare the silica suspension (100 mg/ml) by mixing 10 g silica in 100ml PBS and 

allowing the silica to settle 2 hours at room temperature. The supernatant, containing 

the fine particulate matter is discarded and the procedure repeated 2 times. Finally 

resuspend the silica pellet in 3 M Nal at 100 mg/ml (assuming minimal loss of silica
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during the washing steps) and keep this suspension at 4°C, in the dark. The binding 

capacity o f 1 mg silica is approximately 5 pg.

2. Isolate the DNA fragment of interest from an agarose gel by excising the gel slice 

with a sharp scalpel.

3. Add 3 volumes of 6 M Nal to the gel slice and let it melt by incubating for 5 minutes 

at 55°C, mixing occasionally.

4. Add the appropriate volume of silica suspension, mix and incubate on ice for 10 

minutes, mixing occasionally by inversion.

5. Centrifuge 30 sec at 13,000 rpm at room temperature. Discard the supernatant and 

add 500 pi wash buffer. Gently resuspend the silica pellet.

6. Repeat step 5 twice.

7. Centrifuge 30 sec at 13,000 rpm at room temperature and remove any trace of wash 

buffer.

8. Add one pellet volume of distilled water and elute the DNA by incubating 1 minute at 

55°C. Gently resuspend the silica and incubate another minute at 55°C.

9. Centrifuge 30 sec at 13,000rpm at room temperature and collect the supernatant 

containing the DNA fragment of interest.

2.1.10 Ligation of DNA fragments

Principle: Double stranded DNA fragments containing either blunt or compatible ends

can be ligated by formation of new phosphodiester bonds between phosphate residues

located at the 5’ termini and adjacent 3’-hydroxyl groups. This reaction is catalysed by

DNA ligases (T4 DNA ligase is commonly used) in the presence of ATP.

Materials:

- T4 DNA ligase and buffer (300 mM Tris.HCl, pH 7.8, 100 mM MgCb, 100 mM DTT,

10 mM ATP), commercially available (Promega).
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1. Set up a 10 |il reaction containing: 100-200 ng vector DNA, an equimolar amount (or 

up to 3 times molar excess) insert DNA, 1 pi of lOx ligase buffer and T4 DNA ligase 

(0.1 Weiss units).

2. Incubate the reaction at least 10 hours at 16°C.

3. Use 1-2 pi of the reaction to transform competent E. coli bacteria.

2.1.11 Preparation of electrocompetent £. coli

Principle: Boring series of distilled water washes of bacteria, in order to remove any

trace of salt from the culture broth.

Materials: All chemicals were from Sigma and growth media from Gibco BRL.

- 500 ml sterile LB medium (dissolve 5 g bacto-tryptone, 2.5 g bacto-yeast extract and 5

g NaCl in 500ml water, then sterilise by autoclaving 20 minutes at 15 Ib/sq.in. on liquid

cycle);

- 2x500 ml bottles with sterile MilliQ water, cooled on ice;

- sterile 2 1 conical flask;

- 50 ml sterile 10% glycerol solution.

1. Set a 50 ml bacterial culture in LB medium and let it grow overnight at 37°C, with 

vigorous shaking.

2. Next morning transfer 500 ml sterile LB medium in the 2 1 conical flask and inoculate 

it with the 50 ml overnight culture. The ODeoo should be approximately 0.2.

3. Incubate the new culture at 37°C, with vigorous shaking.

4. Check the ODeoo after 2 hours, and every half an hour after that, until it reaches 0.6-

0.7.
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5. Put the flask on ice for 30 minutes. From now on, always keep the cells cold (on ice 

or in a centrifuge cooled at 4°C.

6. Cool down on ice four 50 ml Falcon tubes and cool the appropriate centrifuge rotor to 

4°C. Place the 500 ml sterile water bottles and the 10% glycerol solution on ice.

7. Transfer 50 ml culture in each Falcon tube, centrifuge 10 minutes at 6,000rpm, at 

4°C.

8. Discard the supernatant, add again 50 ml culture in each tube and spin down for 10 

minutes at 6,000rpm, at 4°C.

9. Discard the supernatant, add 25 ml culture in each tube and spin down for 10 minutes 

at 6,000rpm, at 4°C.

10. Resuspend the bacterial pellets in 45 ml ice-cold sterile MilliQ water, by vortexing 

briefly (quite tricky).

11. Centrifuge the tubes for 10 minutes at 6,000rpm, at 4°C.

12. Discard the supernatant, add again 45 ml ice-cold sterile MilliQ water in each tube

and resuspend the cells by vortexing briefly (should be much easier now).

13. Centrifuge the tubes for 10 minutes at 6,000 rpm, at 4°C.

14. Discard the supernatant, add again 45 ml ice-cold sterile MilliQ water in each tube

and resuspend the cells by vortexing briefly (should be very easy now).

15. Centrifuge the tubes for 10 minutes at 6,000rpm, at 4°C.

16. Discard the supernatant, add 10ml ice-cold 10% glycerol per tube and

resuspend the pellet by vortexing. Pool all the cell suspensions together (40 ml in total).

17. Centrifuge the tubes for 10 minutes at 6,000rpm, at 4°C.

18. Discard the supernatant and resuspend the bacterial pellet in 2 ml ice-cold 10% 

glycerol.

19. Place 40 1.5ml Eppendorf tubes on dry ice. Aliquot 80 pi bacterial suspension in 

each tube, place it back on dry ice and then store at -70°C.
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2.1.12 Transformation of bacteria by electroporation

Principle: Electroporation is a method of introducing macromolecules such as DNA 

into cells by using a brief electrical pulse to cause transient membrane pore formation. 

This method usually produces better results than chemical transformation. The 

conditions described below are optimised for the Electroporator II (Invitrogen). 

Materials: Growth media were purchased from Gibco BRL.

- electrocompetent bacteria;

- DNA to be transformed;

- LB liquid medium;

- LB-agar bacterial plates, with selective antibiotic.

1. Thaw the required number of electrocompetent cell aliquots on ice. Also place on ice 

the equivalent number of electroporation cuvettes (0.1cm wide).

2. Check that the electroporator is set as follows: armed; 1800V; 1500; pulse.

3. Check that the power supply is OFF. Connect the electroporator. Turn ON the power 

supply and set it to: 1500V, 25mA, 25W.

4. Set the cbarge/pulse switch to CHARGE and allow the unit to develop a full charge 

(30 seconds).

5. Leaving the arm/disarm dial in the ARMED position, charge and discharge the unit 

twice (by pressing PULSE) without a cuvette in place.

6. Recharge the unit.

7. Mix the DNA (1-4pi) with the cells and transfer the mixture in the cuvette. Replace 

cap and dry the cuvette surface. Set the arm/disarm dial to DISARMED and insert the 

cuvette into the unit. Switch the arm/disarm dial back to ARMED.
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8. Flip the charge/pulse switch to PULSE position. At this step the bacteria are 

transformed.

9. Remove the cuvette and immediately add 1ml LB, at room temperature. Transfer the 

suspension in a 2059 Falcon tube and incubate it at 37°C, with shaking, for 30 minutes 

in order to allow the expression of the antibiotic resistance gene(s).

10. Plate aliquots of transformed bacteria on selective agar plates.

2.1.13 Polymerase Chain Reaction (PCR)

Principle: “Classic” PCR is used to amplify a DNA segment flanked by two regions of 

known sequence for which complementary oligonucleotides (primers) can be designed 

and synthesised. A thermostable, primer dependent, DNA polymerase will synthesise, in 

the presence of deoxynucleotides, the sequence of interest, as defined by the chosen 

primer pair. A cycle of DNA thermal dénaturation (generating single-stranded 

templates), annealing (when the primers attach to the complementary sequence in the 

template) and DNA synthesis is then repeated around 30 times. The products from a 

reaction cycle will serve as templates for the next one, therefore each cycle will double 

the amount of the desired product.

Materials:

- thermostable DNA polymerase and the corresponding buffer, many types

commercially available (e.g. Stratagene);

- dNTPs mix, 12.5mM each (Bioline);

- template-specific oligonucleotides (usually 20-25 bp long) (Hybaid);

- template DNA.

1. Prepare the reaction mix containing 2 ng DNA template, 200 pM dNTPs, 1 pM 

primers (each), reaction buffer and the appropriate number of units of DNA
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polymerase, according to manufacturer’s instructions. Use molecular biology grade 

water to adjust the final volume to 50 pi. Cover the reaction mix with a thin layer of 

mineral oil if using a thermal cycler not equipped with a heated lid.

2. Set the parameters (temperature and duration) for the 3 steps of the reaction cycle, 

according to the primers, template, size of the fragment to be amplified and 

polymerase used.

3. Check the reaction product by electrophoresis in an agarose gel in order to determine 

its size.

2.1.14 Site-directed mutagenesis

Principle: Oligonucleotide-based site directed mutagenesis is performed directly on a 

supercoiled double-stranded DNA plasmid template by using a pair oligonucleotides, 

complementary to each other and to opposite strands of the vector and containing the 

desired mutation in a central position. The oligonucleotides are extended during 

temperature cycling by using the Pfu Turbo DNA polymerase, generating mutated 

plasmids. The “parental” templates are subsequently digested with Dpnl, a restriction 

nuclease specific for methylated and hemimethylated DNA (as the template and hybrid 

molecules will be if isolated from a standard E. coli strain).

Materials:

- mutagenic oligonucleotides, 35-40 bp long, >60% GC, Tm>78°C (Hybaid);

- DNA plasmid template, ideally purified using the maxiprep method;

- Pfu Turbo DNA polymerase and buffer (Stratagene);

- dNTPs mix, 12.5 mM each (Bioline);

- Dpnl restriction nuclease (Promega, New England Biolabs);

- electrocompetent bacteria;

- LB-agar plates with selective antibiotic.
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1. Prepare the reaction mix containing 20 ng DNA template, 125 ng each 

oligonucleotide, 200 pM (each) dNTP mix, reaction buffer and adjust the final 

volume to 50pl with molecular biology grade water. Mix and add 2.5 U Pfu Turbo 

DNA polymerase. Cover with mineral oil if necessary.

2. Transfer the reaction in a thermal cycler and run the following program: lx(95°C, 1 

minute), 18x(95°C, 50 sec; 60°C, 50 sec; 68°C, 2 minutes/kb plasmid length), 

lx(68°C, 7 minutes).

3. Place the reactions on ice, 2 minutes.

4. Add 10 U Dpnl per reaction. Incubate 1-3 hours at 37°C.

5. Use 1-3 pi to transform electrocompetent bacteria.

2.1.15 DNA sequencing

Principle: Sequencing reactions were performed using the ABIPrism dGTP BigDye 

Terminator Ready Reaction Kit, using a cycle sequencing protocol. The basic chemistry 

relies on the Sanger method of dideoxy-mediated chain termination. In this kit the 

dideoxy terminators are fiuorescently labelled, each nucleotide type with a different 

fluorochrome, so that the sequence can be read in one lane using an ABI Prism 377 

DNA Sequencer (Perkin-Elmer Applied Biosystems).

Materials: Common chemicals were from Sigma.

- ABI Prism dGTP BigDye Terminator Ready Reaction Kit (PE Applied Biosystems), 

containing in a single mix: fluorochrome labelled dideoxy terminators, dNTPs, 

AmpliTaq DNA polymerase, xTth pyrophosphatase, MgCh and Tris.HCl buffer, pH 9.

- DNA template and sequencing primer;

- denaturing gel loading buffer: 5:1 ratio of (deionised formamide) : (25 mM EDTA, pH 

8, with 50 mg/ml blue dextran).
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1. Prepare a 20 pi reaction mix containing 500 ng-lpg DNA template, 3.2 pmol primer 

and 4 pi terminator ready sequencing mix. Mix well and spin briefly. Cover with 

mineral oil if necessary.

2. Transfer the reaction in a thermal cycler and run the following program: lx(96°C, 2 

minutes), 25x(96°C, 30 sec; 50°C, 20 sec; 60°C, 4 minutes), lx(4°C, oo).

3. Transfer the 20 pi reaction mix in a 1.5 ml Eppendorf tube, avoiding contamination 

with mineral oil. Add 80 pi of 75% isopropanol. Mix well.

4. Leave the tubes 15 minutes at room temperature to precipitate the extension products.

5. Centrifuge 20 minutes at 14,000 rpm, at room temperature.

6. Discard the supernatant and wash the pellet with 250 pi of 75% isopropanol. Vortex 

briefly and centrifuge 5 minutes at 14,000 rpm, at room temperature.

7. Carefully aspirate the supernatants and dry the samples 1 minute at 90°C. The 

samples can be stored dry, at -20°C.

8. Resuspend the pellet in 5 pi gel-loading buffer. Vortex and spin briefly.

9. Heat the samples at 95°C for 2 minutes. Place on ice until ready to load in a vertical 

polyacrylamide gel, in an ABI Prism 377 DNA Sequencer.

2.1.16 Preparation of DNA linkers

Principle: Complementary oligonucleotides are mixed in equimolar amounts, heat

denatured and let to anneal by slowly decreasing the temperature. They were used to

introduce multiple cloning sites in plasmid vectors or to attach various peptide tags to

fusion proteins.

Materials:

- complementary oligonucleotides (15-40bp) (Hybaid);
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- buffer solution (New England Biolabs #1): lOmM Bis Tris Propane-HCl, pH 7.0, 

lOmM MgCb, ImM DTT;

- 50mM MgCl2.

1. Prepare a mix containing: Ipl of ImM oligonucleotide (each, if non-palindromic, or 

2 pi if palindromic), 2.5pl NEB buffer #1, 5 pi of 50mM MgCl2 solution and 15.5pl 

molecular biology-grade water.

2. Transfer the reaction in a thermal cycler and run the following program: lx(95°C, 5 

minutes), lx(down to 4°C @ 0.1°C/30 sec), lx(4°C, oo).

3. The linker can be stored frozen at -20°C.

2.2 RNA methods

2.2.1 Total RNA isolation from tissue samples

Principle: The PerfectRHK Total RNA isolation kit (Maxi Scale) from 5’—>3’, Inc. has 

been used to purify total RNA from snap-frozen tissue samples (chick embryo retina 

and optic tectum). The kit uses a chaotropic guanidinium isothiocyanate solution for cell 

lysis and rapid inactivation of RNAases. The total RNA in the lysate is subsequently 

bound to a proprietary matrix, washed to remove contaminants and eluted in RNAase 

free water. Up to 3 mg total RNA per gram of tissue have been obtained.

Materials:

- PerfectKHk Total RNA isolation kit (Maxi Scale) from 5’->3’, Inc. Detailed recipies 

for solutions are not disclosed..

- ethanol, absolute and 70% v/v.
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1. Lyse 200 mg to 1 g tissue by adding 9 ml lysis solution and homogenising with a 

Ultra-Turrax T25 (IKA) apparatus.

2. Add an additional 9 ml lysis solution and vortex vigorously. Incubate the lysate for 5 

minutes at room temperature.

3. Add 18 ml 70% ethanol to the lysate and mix thoroughly but very gently, by repeated 

inversion.

4. Add 4 ml PerfectRNA binding matrix solution and mix by inversion.

5. Place two PerfectRi^A spin columns in 50 ml centrifuge tubes and evenly distribute 

20 ml of the above mixture between the two columns. Centrifuge 10 minutes at 

2,000g. Discard the filtrate.

6. Add 10 ml wash solution I and centrifuge the assemblies for 5 minutes at 2,000g. 

Transfer the columns to fresh 50ml tubes.

7. Add 10 ml wash solution II and centrifuge the assemblies for 5 minutes at 2,000g. 

Transfer the columns to 30 ml collection tubes and add 1 ml molecular biology-grade 

water to each column.

8. Incubate in a 50°C water bath for 5 minutes. Vortex 5 seconds and centrifuge the 

assemblies for 5 minutes at 2,000g.

9. Store recovered total RNA at -80°C.

2.2.2 PoIy(A)^ mRNA purification

Principle: Poly(A)^ mRNA binds specifically to an oligo(dT) cellulose matrix and is

eluted in hot Tris.Cl/EDTA buffer. Total RNA prepared as described above has been

used as the source of poly(A)^ mRNA. Up to 15 pg mRNA per mg of total RNA have

been obtained.
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Materials:

- The mini-oligo(dT) cellulose spin column kit from Inc. has been used. It

contains:

- oligo(dT) cellulose spin columns;

- loading buffer: 100 mM Tris.Cl, pH 7.5, 5 mM EDTA, 2.5 M NaCl;

- wash buffer I: 20 mM Tris.Cl, pH 7.5, 1 mM EDTA, 0.5 M NaCl;

- wash buffer II: 20 mM Tris.Cl, pH 7.5, 1 mM EDTA, 0.1 M NaCl;

- elution buffer: 10 mM Tris.Cl, pH 7.5, 1 mM EDTA;

- 3 M sodium acetate, pH 5.2;

-1 mg/ml mussel glycogen, in molecular biology-grade water;

- ethanol, absolute and 70% v/v.

1. Equilibrate the mini-oligo(dT) cellulose spin column(s) by washing once with wash 

buffer I.

2. Prepare the RNA sample(s), dissolved in 1 ml water, by heating 5 minutes at 65°C; 

then add 0.25 ml loading buffer, mix and cool on ice.

3. Preheat the elution buffer to 65°C. Apply the RNA sample to an equilibrated 

oligo(dT) cellulose spin column, cap the column and mix the content.

4. Incubate 15 minutes at room temperature with mixing at 2-3 minutes interval.

5. Remove the caps and centrifuge the column 10 sec (at speed) at 200 g. Discard the 

flow through.

6. Apply 1 ml of wash buffer I to the column and centrifuge 10 sec (at speed) at 200 g.

7. Apply 1 ml of wash buffer II to the column and centrifuge 10 sec (at speed) at 200 g.

8. Apply another 1ml of wash buffer II to the column and centrifuge 10 sec (at speed) at

200 g .
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9. Elute the poly(A)^ mRNA by applying 0.5 ml of 65°C elution buffer and immediately 

centrifuge 10 sec (at speed) at 200 g.

10. Repeat step 9 and pool together the two 0.5 ml elution fractions.

11. Add 20 pi of the 1 mg/ml mussel glycogen as carrier, 100 pi of 3 M sodium acetate 

and 2.8 ml ice-cold absolute ethanol in order to precipitate the mRNA.

12. Incubate at -20°C overnight.

13. Collect the mRNA precipitate by centrifugation for 30 minutes at 16,000 g, at 4°C.

14. Wash the pellet twice with 70% ethanol and once with absolute ethanol, then air dry. 

Resuspend the mRNA in the desired volume of molecular biology-grade water.

2.2.3 RNA electrophoresis in agarose gels

Principle: RNA molecules can be separated in agarose gels as described above for 

DNA, however, for better resolution, the RNA secondary structures are denatured in the 

presence of formaldehyde.

Materials: All chemicals were purchased from Sigma.

- DEPC-treated and autoclaved MilliQ water;

- RNAase-free agarose;

- lOX MOPS buffer: 400 mM MOPS, pH 7.0, 100 mM sodium acetate, 10 mM EDTA;

- 12.3 M formaldehyde (37% solution);

- sample buffer (fresh): 100 pi lOX MOPS buffer, 175 pi formaldehyde; 500 pi 

deionised formamide, 75 pi water;

- RNA dye: 50% v/v glycerol, 1 mM EDTA, 0.4% w/v bromophenol blue, 0.4% w/v 

xylene cyanole, in RNAase-free water;

- 10 mg/ml ethidium bromide stock, in RNAase-free water.



1. Soak the gel caster and combs in diluted bleach, overnight, then rinse thoroughly with 

DEPC-treated water.

2. Prepare a 1% agarose gel in 85 ml DEPC-treated water, add 10 ml of 1 OX MOPS 

buffer. Heat the solution until the agarose is dissolved, then let it cool to 60°C and 

add 5.4ml formaldehyde.

3. Prepare the gel running buffer: IX MOPS buffer and 0.66 M formaldehyde.

4. Prepare the samples by mixing 3 pi RNA (5-10 pg of total RNA) with 8.5 pi sample 

buffer. Heat 10 minutes at 55°C, then cool the samples on ice. Add 1.5 pi of a 13:2 

mixture of RNA dye and 10 mg/ml ethidium bromide and load the samples in the 

gel.

5. Run the gel at 4 V/cm until the bromophenol blue has migrated 8 cm and visualise the 

samples on a UV transilluminator.

2.3 Protein methods

2.3.1 Protein quantitation using bicinchoninic acid

Principle: The BCA Protein Assay kit (Pierce) is a detergent-compatible method based

on bicinchoninic acid (BCA) for the colorimetric detection and quantitation of proteins.

It combines the biuret reaction (reduction of Cu^  ̂to Cu^' by peptide bonds in an

alkaline medium) with sensitive and selective colorimetric detection of Cu^  ̂by BCA.

This complex has a strong absorbance at 562 nm that is linear for protein concentrations

between 20 pg/ml and 2,000 pg/ml.

Materials:

- BCA Protein Assay kit (Pierce), containing:

- reagent A (contains sodium carbonate, sodium bicarbonate, BCA and sodium 

tartrate in 0.2 N NaOH);
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- reagent B: 4% cupric sulphate;

- 2 mg/ml bovine serum albumin standard;

- 96-well plate.

1. Mix 50 parts reagent A with 1 part reagent B. 200 pi per sample are required.

2. Adjust the protein samples to 25 pi. Prepare BSA standard samples at 25, 50, 100, 

200, 400 and 800 pg/ml. Also use a suitable blank solution. Place the samples in the 

96-well plate.

3. Add 200 pi reagent mix per well and mix thoroughly.

4. Cover the plate and incubate 30 minutes at 37°C.

5. Cool the plate at room temperature and measure the absorbance at 562 nm in a plate 

reader.

6. Subtract the blank reading from the samples and plot a standard curve using the BSA 

readings. Then, determine the protein concentration for each unknown sample.

2.3.2 Filter paper dye-binding assay for protein quantitation 

Principle: This represents a modification (Minamide and Batnburg, 1990) of the 

classical Bradford assay, the dye-binding being performed on a strip of filter paper 

rather than in solution. Methanol washing of the paper strip, on which the protein 

samples are applied, ensures removal of contaminants (ammonium sulfate, urea, thiol- 

reducing agents, amino acids, DNA, ionic and nonionic detergents) which otherwise 

interfere with the assay. The assay is based on the equilibrium between three forms of 

Coomassie Blue G dye. Under strongly acid conditions, the dye is most stable as a 

doubly-protonated red form. Upon binding to protein, however, it is most stable as an 

unprotonated, blue form. This assay is linear for 100 ng-20 pg protein/spot.

Materials: All chemicals were purchased from Sigma.
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- filter paper (Whatman, no. 1);

- absolute methanol;

- dye solution: 0.5% w/v Coomassie brilliant blue G in 7% acetic acid, filtered;

- destain solution: 7% acetic acid;

- extraction buffer: 66% methanol, 33% water, 1% ammonium hydroxide.

1. Cut 5 mm filter paper stripes and mark on them 5 mm squares with a pencil.

2. Apply 2 pi sample per square and allow to air dry. Include also BSA standard 

samples in a range of 50 ng-1 pg per spot and keep blank spots.

3. Rinse the strip in absolute methanol for 20 seconds. Allow it to air dry.

4. Place the strip in dye solution (enough to be well covered) and incubate 30 minutes at 

room temperature, with continuous agitation.

5. Destain the strip in 7% acetic acid, with agitation, until the background is reduced 

(0.5-3 hours).

6. Air dry the strip. Cut the squares containing samples and transfer them in 1.5 ml 

Eppendorf tubes containing 200 pi extraction buffer. Vortex well. Incubate for 5 

minutes at room temperature, then vortex again.

7. Transfer 150 pi extract in a 96-well plate and read OD600-OD405.

8. Subtract the blank readings from the samples and plot a standard curve using the BSA

values. Then, determine the protein concentration for each unknown sample.

2.3.3 Sodium Dodecyl Sulphate -  Polyacrylamide Gel Electrophoresis (SDS-

PAGE)

Principle: A protein mixture can be separated for analytical or preparative purposes in

polyacrylamide gels under conditions that ensure dissociation into individual peptide

chains. The strongly anionic detergent sodium dodecyl sulphate (SDS) is commonly
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used in combination with a reducing agent and heat to treat the protein samples before 

they are loaded on the gel. The denatured proteins bind SDS, an amount directly 

proportional to their molecular weight, and became negatively charged. Therefore they 

will migrate in an electric field towards the anode and will be separated in the 

polyacrylamide gel according to their size by sieving.

Materials: All chemicals were purchased from Sigma.

- monomers stock solution: 29% w/v acrylamide, 1% w/v A,A’-methylenebisacrilamide 

prepared in deionised water;

- 10% w/v SDS stock solution;

- TEMED (N,N,N’,N’-tetramethylethylenediamine);

- 10% ammonium persulfate solution;

- tank buffer: 25 mM Tris base, 192 mM glycine, pH 8.3, 0.1% w/v SDS;

- 4x resolving gel buffer: 1.5 M Tris base, pH 8.8 adjusted with HCl;

- 4x stacking gel buffer: 0.5 M Tris base, pH 6.8 adjusted with HCl;

- 2x loading buffer: 125 mM Tris, pH 6.8, 4% w/v SDS, 20% v/v glycerol, 200 mM 

dithiothreitol (add just before use), 0.02% bromophenol blue.

1. Assemble the glass plates according to the manufacturer’s instructions.

2. Prepare the resolving gel mix including the concentration of acrylamide appropriate 

for the size of the protein(s) of interest. A guideline (for 18 ml gel) is given below:

Acrylamide concentration:

6% 8% 10% 12% 15%
Monomers (ml) 3.6 4.8 6 7.2 9
4x resolving gel buffer (ml) 4.5 4.5 4.5 4.5 4.5

10% SDS (pi) 180 180 180 180 180
Deionised water (ml) 9.6 8.4 7.2 6 4.2
10% Ammonium persulphate (pi) 100 100 90 90 80
TEMED (pi) 11 10 8 8 7
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3. Pour the gel mix into the casting device, leaving space for the stacking gel (length of 

comb teeth plus 1 cm). Carefully overlay the gel surface with water or 0.1% SDS. 

Let the gel polymerise for 1 hour at room temperature.

4. Prepare the stacking gel mix, containing 4% acrylamide, following the guideline (for 

5ml) given below:

Monomers (ml) 0.65

4x stacking gel buffer (ml) 1.25

10% SDS (pi) 50

Deionised water (ml) 3

10% Ammonium persulphate (pi) 25

TEMED (pi) 5

5. Pour the stacking gel on top of the resolving gel and carefully insert the comb. Let the 

gel polymerise 30 minutes at room temperature.

6. Mix the protein samples with an equal volume of 2x loading buffer and heat them for 

5 minutes at 100°C.

7. Remove the comb from the gel, assemble the electrophoresis apparatus and add the 

tank buffer. Remove any air bubbles trapped at the bottom of the gel.

8. Load an amount of sample according to the well size and protein concentration, in 

order to be able later on to detect the protein of interest by the staining method of 

choice.

9. Attach the apparatus to a power supply and apply a current of 10mA per 8cm gel 

length. Run the gel until the bromophenol blue reaches the bottom of the resolving 

gel. After that, process the gel for protein detection.
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2.3.4 Staining SDS-PAGE gels with Coomassie Brilliant Blue 

Principle: SDS-PAGE gels are fixed with methanol:trichloroacetic acid and 

subsequently stained under acidic conditions with the Coomassie Brilliant Blue R250 

dye which binds to proteins, A series of washes will allow the excess of dye to diffuse 

from the gel and the protein bands become clearly visible.

Materials: All chemicals were purchased from Sigma.

- fixing solution: 10% w/v trichloroacetic acid, 40% v/v methanol;

- staining solution: 0.1% w/v Coomassie Brilliant Blue R250, 40% v/v methanol, 10% 

v/v glacial acetic acid. Filter the solution through Whatman no. 1 paper to remove any 

particulate matter.

- destaining solution: 50% v/v methanol, 10% v/v acetic acid.

1. Immerse the gel into the fix solution for 20 minutes at room temperature.

2. Decant the fix solution (can be reused several times) and cover the gel with staining 

solution. Incubate (with gentle shaking) 20 minutes at room temperature, if the 

staining solution is fresh, or up to 1 hour otherwise. Decant and re-use the staining 

solution.

3. Cover the gel with destaining solution and incubate (with gentle shaking) 20 minutes 

at room temperature. Add fresh destaining solution and incubate as above, until the 

background is removed. If the gel is left overnight, the destaining solution must be 

diluted 1:4 with water. The destaining solution can be reused after filtering through 

active charcoal.

4. The gels can be stored indefinitely in water containing 20% glycerol or dried on filter 

paper, on a heated gel dryer.
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2.3.5 Staining SDS-PAGE gels with silver nitrate

Principle: This process is based on the differential reduction of silver ions bound to the 

side chains of amino acids, from the proteins precipitated within the gel, to metallic 

silver.

Materials: All chemicals were purchased from Sigma.

- fixing solution: 50% v/v methanol, 12% v/v acetic acid;

- 50% ethanol;

- 1.25 mM NazSzO] (sodium thiosulphate) solution;

- 0.6 M silver nitrate stock solution;

- 12.3 M formaldehyde (37% solution);

- developing solution: 0.56 M NazCOg, 0.02% formaldehyde, 25 pM Na2S20s.

1. Incubate the gel in fixing solution 1 hour -  overnight at room temperature.

2. Discard the fixing solution and cover the gel with 50% ethanol. Incubate the gel for 

20 minutes at room temperature, with gentle shaking.

3. Repeat step 2 twice.

4. Discard the ethanol and incubate the gel 1 minute in the sodium thiosulphate solution.

5. Wash the gel 3 times, 20 seconds each, with distilled water.

6. Dilute the silver nitrate stock solution 1:50 with water and add formaldehyde to

0.03% final concentration. Prepare enough to cover the gel. Incubate the gel in this 

solution for 30 minutes at room temperature with gentle shaking.

7. Wash the gel briefly with water.

8. Cover the gel with developing solution and incubate with gentle agitation until the 

desired signal (and contrast) is obtained (usually a couple of minutes).

9. Wash the gel briefly with water and then quench the reaction by incubating the gel in 

fixing solution for 15 minutes.
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10. Soak the gel in water 30 minutes. The gels can be stored indefinitely in water 

containing 20% glycerol or dried on filter paper, on a heated gel dryer.

2.3.6 Western immunoblotting

Principle: Electrophoretically separated proteins are electrotransferred from a 

polyacrylamide gel to a membrane (nitrocellulose or polyvinylidene difluoride usually) 

and probed with antibodies that recognise epitopes displayed on their surface. Bound 

antibodies are detected subsequently by using a reporter enzyme (horseradish 

peroxidase or alkaline phosphatase usually) crosslinked either to the primary antibody 

or to a secondary one.

Materials: All chemicals were purchased from Sigma.

- nitrocellulose or polyvinylidene difluoride (PVDF) membrane (Amersham Pharmacia 

Biotech or Stratagene);

- transfer buffer:

- for semi-dry transfer: 48 mM Tris base, 39 mM glycine, 0.037% w/v SDS, 

20% v/v methanol;

- for wet transfer: 50 mM Tris base, 380 mM glycine, 0.1% w/v SDS, 20% v/v 

methanol;

- Ponceau S solution: 2 g Ponceau S, 30 g trichloroacetic acid, 30 g sulfosalicylic acid,

water to 100 ml;

- blocking buffer: 5% w/v nonfat dried milk in PBS, pH 7.4;

- antibody dilution buffer: 5% w/v nonfat dried milk, 0.1% Tween-20 in PBS, pH 7.4;

- wash buffer: 0.1% Tween-20 in PBS, pH 7.4.

Note: If using anti-phosphotyrosine antibodies, replace the nonfat dried milk with 

bovine serum albumin and PBS with TBS (25 mM Tris base, 137 mM NaCl, adjust pH 

to 7.6 with HCl).
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1. Cut six filter paper pieces and a piece of membrane to the exact size of the SDS- 

polyacrylamide gel. Equilibrate them in transfer buffer for 15 minutes. If PVDF 

membrane is used, it has to be soaked 5 seconds in absolute methanol and then rinsed 

well with water before being put in transfer buffer.

2. Arrange the following “sandwich”, from anode: 3 layers of filter paper, the 

membrane, the polyacrylamide gel, 3 layers of filter paper. Align them exactly and 

remove any trapped air bubbles. Submerge this under transfer buffer (for wet 

transfer).

3. Connect the blotting apparatus to the power supply and set the current at 0.65 

mA/cm^ of gel, run for 1 hour (semi-dry transfer), or set the voltage to 60 V and run 

for 16 hours (wet transfer, with cooling).

4. Remove the membrane from the stack and stain it a couple of minutes with Ponceau 

S solution. Mark the positions of the molecular weight markers with a pencil.

5. Wash the membrane twice with water and cover it with blocking buffer. Incubate 

overnight at 4°C or one hour at room temperature.

6. Wash the membrane 5 minutes at room temperature in wash buffer.

6. Place the membrane in a plastic bag, add the primary antibody diluted as necessary in 

the antibody dilution buffer, seal the bag and incubate 1 hour at room temperature, 

with shaking.

7. Wash the membrane 3 times for 5 minutes each at room temperature in wash buffer.

8. If necessary, place the membrane in a plastic bag, add the secondary antibody diluted 

as appropriate in the antibody dilution buffer, seal the bag and incubate 1 hour at 

room temperature, with shaking.

9. Wash the membrane 3 times for 5 minutes each at room temperature in wash buffer.
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10. Detect the bound (and labelled) antibody as appropriate for the reporter enzyme 

used. We normally use horseradish peroxidase-conjugated antibodies and detect 

them by cbemiluminescence using the ECL Plus kit from Amersham Pharmacia 

Biotech, according to the manufacturer’s instructions.

2.3.7 Blot-overlay assay

Principle: This technique is very similar to western immunobloting (described above), 

the only difference being that, instead of using a primary antibody for identifying 

antigens immobilised on the membrane, one uses a tagged form of the protein for which 

binding partners (ligands) present on the membrane are sought after. The washing and 

dilution buffers must be adjusted to reflect the particular properties of the interaction 

analysed (e.g. sensitivity to various reagents present in the buffers).

2.3.8 Immunoprécipitation of target proteins

Principle: Proteins of interest present in a mixture (e.g. cell lysate) can be isolated and 

analysed if specific antibodies directed against them or a stable interaction partner are 

available. Following antibody binding, in solution, the complex is isolated with Protein 

A/G/L or secondary antibody immobilised on beads, and further analysed. The method 

described below exemplifies immunoprécipitation of proteins from mammalian cell 

lysates.

Materials: All chemicals were purchased from Sigma.

- RIPA buffer: 50 mM Tris.Cl, pH 8, 150 mM NaCl, 1% Nonidet P-40 (NP-40), 0.5%

sodium deoxycolate, 0.1% SDS, 100 pg/ml phenylmethylsulfonyl fluoride 

(PMSF), 1 pg/ml aprotinin.

- primary antibody against the protein of interest;

- protein A/G/L or secondary antibodies immobilised on beads;
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- NET-gel buffer: 50 mM Tris.Cl, pH 7.5, 150 mM NaCl, 0.1% Nonidet P-40, 1 mM 

EDTA, 0.25% gelatin (from a sterile 2.5% w/v stock, melted just before use).

1. Wash the cell culture dish briefly with PBS, then add 0.25 ml ice-cold RIPA buffer 

per 3.5 mm dish. Incubate on ice for 30 minutes.

2. Scrape the cells to one side of the dish and transfer the lysate to a chilled centrifuge 

tube. Centrifuge 5 minutes at 13,000 g, at 4°C.

3. Transfer the supernatant to a fresh centrifuge tube and adjust the volume to 1 ml with 

cold NET-gel buffer. Split the lysate in two equal parts, add antibody against the 

target protein to one half, and a control antibody to the other half.

4. Incubate the lysates for 1 hour at 0-4°C, with gentle rocking.

5. Add the protein A/G/L or secondary antibody immobilised on beads, enough to 

precipitate the primary antibody. Incubate the lysates for 1 hour at 4°C, with gentle 

rocking.

6. Collect the beads by centrifugation, 20 seconds at 12,000 g, at 4°C. Carefully remove 

the supernatants and resuspend the beads in 1 ml RIPA buffer. Incubate 15 minutes 

at 4°C, with gentle rocking.

7. Repeat step 6 twice.

8. Add 30 jul SDS-PAGE 2x gel loading buffer (see above) and analyse the sample by 

electrophoresis and western blotting.

2.4 Cell culture methods

2.4.1 Basic cell culture procedures

Cell lines: All the cell lines used for various experiments (293T, C0S7, NIH/3T3) were

obtained from the Dunn School Cell Bank (Department of Pathology, University of
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Oxford). They were grown in Dulbecco’s Modified Eagle’s Medium (DMEM) with 

10% v/v heat inactivated foetal bovine serum and 1% v/v penicillin-streptomycin 

solution (10,000 units penicillin and 10 mg streptomycin per ml), in a humidified 37°C 

incubator, with 5% CO2. All reagents commonly used for cell culture were obtained 

from Sigma.

Culture splitting (adherent cells): All solutions were pre-warmed at 37°C. The cells 

were briefly washed with PBS (without CaCl] and MgCli) and then detached by adding 

a few drops of trypsin-EDTA solution (0.05% porcine trypsin and 0.02% EDTA 4Na) 

and incubating at room temperature as necessary. The trypsin was inactivated by adding 

2 ml growth medium. The cells were centrifuged 5 minutes at 1,000 rpm, at room 

temperature, and the supernatant was discarded. Then the cells were resuspended in the 

desired amount of fresh growth medium and seeded in plastic dishes.

Cell freezing/thawing: Frozen stocks of cells can be kept indefinitely in liquid 

nitrogen. Adherent cells were split with trypsin, centrifuged and resuspended in the 

appropriate amount of fresh growth medium containing 10% dimethyl sulfoxide 

(DMSO). 1 ml aliquots (containing approximately 10  ̂cells) were transferred into 

cryovials and frozen slowly to -70°C. 24 hours later the vials were transferred to liquid 

nitrogen. For thawing, vials recovered from liquid nitrogen were immediately 

transferred to a water bath pre-warmed to 37°C for 1 minute, then the cells were 

transferred into a centrifuge tube containing 5 ml fresh growth medium. Following a 5 

minutes centrifugation at 1,000 rpm the supernatant was discarded, the cells 

resuspended in the desired amount of growth medium and seeded in plastic dishes.
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2.4.2 Line 0 chick embryo fibroblasts (CEF) primary cultures

Principle: Line 0 eggs were obtained from highly inbred, retrovirus-free chickens. 

Fibroblasts, isolated by proteolytic digestion from ten days old (ElO) line 0 embryos, 

can be effectively transfected with retroviral DNA and then they will produce viral 

particles, at high titers, which can easily spread in the whole culture.

Materials: All chemicals were purchased from Sigma.

- line 0 eggs (supplied by the Institute for Animal Health, Newbury, Berks);

- sterile PBS;

- sterile dissociation medium: FIO medium, 0.12% w/v sodium bicarbonate,

10 mM HEPES, pH 7.4, 1 mg/ml trypsin, 1.5 mg/ml collagenase;

- growth medium: DMEM, 10% v/v heat inactivated foetal bovine serum, 2% v/v heat

inactivated chick serum, 100 U/ml penicillin, 100 pg/ml streptomycin;

- dimethyl sulfoxide.

All the procedure is done under sterile conditions, in a laminar flow sterile cabinet. All 

the solutions must be pre-warmed at 37°C.

1. Collect ElO chick embryos from the eggs, immerse in PBS in a plastic dish and 

remove the head, limbs and viscera.

2. Mince the trunks with a sterile blade and transfer them into a 50 ml centrifuge tube 

containing 10 ml dissociation buffer (roughly enough for 2 trunks).

3. Incubate 20 minutes at room temperature with gentle shaking.

4. Dissociate the large tissue clumps by repeated pipetting with a 10ml serological 

pipette and incubate 30 more minutes at room temperature.

5. Place the tube in a vertical position and allow the cell clumps to settle for 5 minutes.
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6. Transfer the supernatant into a fresh centrifuge tube and spin 5 minutes at 1,000 rpm 

at room temperature. Discard the supernatant and resuspend the cells in 5 ml growth 

medium. Count them using a haemocytometer and adjust the final volume to have 

2x10^ cells/ml. The cells can be seeded directly on plastic dishes or frozen as 

described above.

2.4.3 Retinal glial cell primary cultures

Principle: Müller glial cells are the most abundant non-neuronal cells in the vertebrate 

retina. They can be isolated from chick embryo retinas by proteolytic digestion and 

maintained in culture, for a limited number of passages, for cell biological and 

biochemical studies.

Materials: All chemicals were purchased from Sigma.

- white Leghorn eggs, supplied by Needle Farm, Herts;

- sterile PBS, without CaCb and MgClz;

- sterile dissociation medium: FIO medium, 0.12% w/v sodium bicarbonate,

10 mM HEPES, pH 7.4, 1 mg/ml trypsin;, 1.5 mg/ml collagenase;

- growth medium: DMEM, 10% v/v heat inactivated foetal bovine serum, 2% v/v heat 

inactivated chick serum, 100 U/ml penicillin, 100 pg/ml streptomycin.

The procedure (except initial dissection) is done under sterile conditions, in a laminar 

flow cabinet. All the solutions must be pre-warmed at 37°C.

1. Dissect E7 chick retinas (six will usually be enough) in sterile PBS, completely 

removing the pigmented epithelial layer. Transfer the retinas to a 15 ml centrifuge 

tube containing fresh PBS, without CaCli and MgClz, and incubate 10 minutes at 

room temperature.
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2. Carefully remove the PBS and add 5ml dissociation medium. Incubate 10 minutes at 

room temperature.

3. Gently dissociate tissue clumps by repetitive pipetting. Let the tube stand vertically 5 

minutes and transfer the supernatant to a fresh tube. Centrifuge 5 minutes at 1,000 

rpm, at room temperature.

4. Discard the supernatant and resuspend the pellet in 5ml growth medium. Count the 

cells and seed them in plastic dishes at the desired cell density.

2.4.4 Retinal explant cultures

Principle: Retinal ganglion cells are able to extend robust neurites in vitro, when grown 

on a growth permissive substrate, such as laminin or retinal basal laminae. Dissected 

retinae were flatmounted on a nitrocellulose filter and 280 pm wide strips were cut with 

a tissue chopper. The strips are then placed on various growth substrates and the 

influence of various reagents on axon growth can be measured. This protocol is based 

on Halfter et a l, (1987).

Materials: All chemicals were purchased from Sigma.

- white Leghorn eggs, supplied by Needle Farm, Herts;

- sterile PBS;

- 13 mm glass coverslips;

- 90% nitric acid;

- absolute methanol;

- 0.01% poly-L-lysine (PLL) solution;

- growth medium: F 12 nutrient mixture, 10% v/v heat inactivated foetal bovine serum,

2% v/v heat inactivated chick serum, 100 U/ml penicillin, 100 pg/ml 

streptomycin;

- nitrocellulose filters (Millipore);
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- metal bars (8x1.5x1.5 mm);

Coverslip preparation:

1. Place 1-200 glass coverslips in a glass Petri dish and cover them with nitric acid. 

Incubate 30 minutes at room temperature with slow shaking.

2. Discard the nitric acid and wash the coverslips in distilled water, 30 minutes at room 

temperature with slow shaking.

3. Discard the water and wash the coverslips in absolute methanol, 30 minutes at room 

temperature with slow shaking.

4. Air dry the coverslips and sterilise them by baking 4 hours at 150°C.

5. Coat the desired number of coverslips with 150 pi PLL solution, 30 minutes at room 

temperature.

6. Aspirate the PLL and allow the coverslips to air-dry (in a laminar flow sterile cabinet) 

for 30 minutes-1 hour. They can be stored at 4°C for up to a week.

7. (Optional) Coat the coverslips with 150 pi solution of various extracellular matrix

components (e.g. laminin 50 pg/ml, fibronectin 50 pg/ml), incubate 30 minutes at room

temperature. Then aspirate the solution and leave the coverslips to air-dry 45 minutes.

Dissection and flatmounting of retinae:

1. Remove the eyes of an E7 embryo by careful circling a closed pair of forceps around 

the eye. The dissection is performed in sterile growth medium.

2. Peel off the connective tissue and then the pigmented epithelial layer. Remove the 

lens and the vitreous body.

3. Cut a 1 cm  ̂piece of a nitrocellulose filter and slide it underneath the retina. Carefully 

unroll the retina and pin it down on the filter, vitreal side up.

4. Wash the filter in clean medium to remove any dissection debris attached.
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Basal lamina coating of glass coverslips:

1. Take a fresh flatmounted retina and briefly dry the supporting filter on a paper tissue 

to remove excess of liquid.

2. Placed the retina (vitreal side down) on a PLL coated coverslip. Place three metal 

bars on the filter and add a drop of medium just to keep the filter moist.

3. Incubate 15 minutes at 37°C in a humidified incubator.

4. Remove the metal bars and slowly peel off the filter with retina attached and discard 

it. Basal lamina should stick to the coverslip.

5. Cover the coverslip with medium and keep in the incubator until needed (no longer 

than a couple of hours).

Retinal explants culture:

1. Flatmount a retina as described above and cut the filter into 280 pm strips using a 

tissue chopper. Orient the retina so that the optic fissure is perpendicular to the blade, 

since the cells in this region produce the most axons.

2. Place two strips (retina face down) on the basal lamina coated coverslips. Hold down 

with two metal bars across the ends of the strips.

3. Add a few drops of growth medium and incubate 15 minutes in the 37°C, humidified 

incubator, to allow the strips to attach.

4. Add the rest of growth medium (according to the dish size) and culture overnight in 

the incubator.

2.4.5 Transient transfection of adherent ceils

Principle; DNA constructs are introduced (transfected) into cultured eukaryotic cells

for various functional studies and for recombinant protein production. The transfection
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is usually achieved by using DNA precipitation reagents (e.g. calcium phosphate, 

DEAE-dextran), liposomes, positively charged dendrimer reagents or by 

electroporation. When the cells are transfected transiently, the DNA of interest is 

introduced into the cell nucleus but does not integrate into chromosomes. Many copies 

of the gene of interest are present (if it is cloned into a plasmid able to replicate 

episomally) therefore allowing high level of protein expression. We currently use the 

Superfect reagent (Qiagen), a spherical activated dendrimer terminating at charged 

amino groups, for most transient transfections.

Materials:

- serum/antibiotic free and complete growth medium, specific for the cell line

transfected;

- sterile DNA, 1 pg/pl stock;

- sterile PBS;

- Superfect transfection reagent (Qiagen).

The media and PBS solutions should be pre-warmed at 37°C.

1. One or maximum 2 days in advance, seed the cells to be transfected in a plastic dish 

so that they will be 50-80% confluent on the day of transfection. Grow them at 37°C, 

5% CO2, in a humidified incubator.

2. Dilute the DNA of interest to 0.03 pg/pl in serum/antibiotic free medium, the final 

volume depending on the dish size (150 pi for a 60 mm dish). Mix briefly.

3. Add 4 pi Superfect reagent per pg DNA, mix well and incubate 10 minutes at room 

temperature to allow complex formation.

4. While the complex is forming, aspirate the growth medium from the cells and briefly 

wash with PBS.
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5. Add complete growth medium to the complex, just enough to cover the cells (the 

volume depends on the dish size, for example 1 ml for a 60 mm dish), mix by 

pipetting twice and immediately transfer the mixture to the cells.

6. Incubate the cells at 37°C, 5% CO2, in a humidified incubator, for 3 hours.

7. Remove the medium containing the Superfect-DNA complex, wash the cells once 

with PBS and cover them with the appropriate amount of complete growth medium.

8. Assay for gene expression 24-48 hours post-transfection.

2.5 Histology/cytology methods

2.5.1 Preparation of tissue cryosections

Principle: Tissue samples (pre-fixed or not) are frozen, cut into thin sections using a 

cryostat, mounted on glass microscope slides and stored at -70°C indefinitely. 

Materials:

- glass microscope slides;

- industrial methylated spirits (IMS);

- 2% 3-aminopropyltriethoxysilane (Sigma) in IMS;

- 4% paraformaldehyde in PBS;

- 30% sucrose in PBS;

- OCT tissue freezing compound (Tissue Tek).

Preparation of glass microscope slides:

1. Place the slides in plastic racks and immerse in IMS for 5 minutes.

2. Transfer the racks in 2% 3 -aminopropyltriethoxysilane (Sigma) in IMS and incubate 

5 minutes.
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3. Wash the slides twice in deionised water, then briefly dehydrate in IMS. Place them 

on a paper towel to dry, for 60 minutes, then bake at 65°C for two hours. Store in an 

air-tight box.

Preparation of tissue samples and sectioning:

1. Tissue samples are either frozen immediately after surgical decapitation or fixed 

overnight in 4% paraformaldehyde in PBS and cryoprotected in 30% sucrose in PBS 

for another 24 hours.

2. Place the tissue in a mould with OCT compound and orient it in the desired position. 

Then transfer it on a dry ice/pentane bath until frozen. Store at -70°C.

3. For section, warm the frozen tissue pieces to -20°C and cut 10-12 pm thick sections 

in a cryostat (Bright Instrument Company).

4. Place the freshly-cut sections on a glass slide, let them air-dry, incubate 2 hours at 

37°C and then wrap the slides in aluminium foil and store at -70°C.

2.5.2 Immunohistochemistry and immunocytochemistry 

Principle: Antibody detection of specific antigens exposed in tissue sections or 

expressed by adherent cells. This example illustrates the use of an unlabelled primary 

antibody and fluorochrome-labelled secondary antibody. When horseradish peroxidase- 

labelled secondary antibodies were used, they were localised using diaminobenzidine 

and hydrogen peroxide as substrates.

Materials:

- tissue sections mounted on glass microscope slides OR adherent cells grown on 

extracellular matrix components-coated glass coverslips;

- humidified plastic chamber for incubations;

- fixative: ice-cold absolute methanol or fresh 4% paraformaldehyde in PBS, pH 7.5;
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- pre-block solution: 1% w/v bovine serum albumin (BSA), 0.2% Triton X-100 in PBS;

- antibody dilution solution: 3% w/v BSA, 0.05% Triton X-100 in PBS;

- wash solution: 0.1% w/v BSA, 0.05% Triton X-100 in PBS;

- antibodies (unlabelled primary, fluorochrome-labelled secondary);

- mounting reagent: Fluorosave (Calbiochem).

1. Rinse the slides/coverslips briefly in PBS.

2. Fix the tissue sections/cells either with 4% paraformaldehyde, 5 minutes at room 

temperature or with ice-cold absolute methanol, 1-5 minutes at -20°C (The fixation 

method depends on the antigen sensitivity).

3. Rinse the slides/coverslips briefly in PBS, twice. If using microscope slides, draw 

around the sections of interest a hydrophobic circle using a wax pen, to prevent 

leakage of antibody solutions.

4. Block non-specific binding sites by covering the tissue sections/cells with pre-block 

solution. Incubate 15 minutes at room temperature.

5. Remove the pre-block solution and incubate the tissue sections/cells with the primary 

antibody, adjusted to the working concentration with dilution solution. Incubate 1 

hour at room temperature or overnight at 4°C.

6. Wash the slides/coverslips in wash solution 3 times, 5 minutes each, with shaking, at 

room temperature.

7. Incubate the tissue sections/cells with the secondary (labelled) antibody adjusted to 

the working concentration with dilution solution. Incubate 1 hour at room 

temperature. At this step other staining reagents (e.g. phalloidin-TRITC) can be 

added.

8. Repeat step 6.

9. Rinse the slides/coverslips briefly in distilled water.
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10. Mount them in Fluorosave, allow the reagent to solidify 1 hour at room temperature 

and then store the slides up to two weeks, in dark, at 4°C.

2.5.3 Receptor Affinity Probe (RAP) in situ

Principle: Cell-surface receptors usually bind their ligands with high affinity and 

specificity. Therefore, soluble receptor ectodomains, usually tagged at their carboxy 

terminus, can be used as probes to detect their ligands in various assay formats. The 

heat-stable human placental alkaline phosphatase (AP) is commonly being used as a C 

terminus tag (Flanagan et al., 2000). It has the advantage of possessing an intrinsic 

enzymatic activity that allows easy detection and accurate quantification.

Materials: All common chemicals were purchased from Sigma.

- tissue sections mounted on glass microscope slides OR adherent cells grown on

extracellular matrix components-coated glass coverslips;

- AP fusion protein: 7-day conditioned medium obtained from 293T cells transiently

transfected with a plasmid encoding the construct of interest; this medium is buffered 

with lOmM HEPES, pH 7, sterile filtered (0.45 pm), and stored at 4°C;

- humidified plastic chamber for incubations;

- fixatives: ice-cold absolute methanol and fresh 4% paraformaldehyde in PBS, pH 7.5;

- HBAH buffer: Hanks’ balanced salt solution, 20 mM HEPES, pH 7.0, 0.5 mg/ml

bovine serum albumin, 0.1% w/v NaNg;

- HBS buffer: 10 mM HEPES, pH 7.0, 150 mM NaCl;

- AP buffer: 100 mM Tris.HCl, pH 9.5, 5 mM MgClz, 100 mM NaCl;

- NBT/BCIP (nitroblue tétrazolium / bromochloro-indolyl phosphate) substrate mix

(Roche Molecular Biochemicals).

1. Rinse the slides/coverslips 2 minutes in HBS, at room temperature.
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2. (Optional) Fix the tissue sections/cells either with ice-cold absolute methanol, 2 

minutes at -20°C or with 4% paraformaldehyde, 5 minutes at room temperature (The 

fixation method should be tested and optimised for each receptor/ligand pair).

3. Rinse twice, 90 sec each, in HBAH buffer.

4. Add AP fusion protein to cover the tissue sections/cells and incubate 90 minutes at 

room temperature

5. Wash the slides/coverslips six times, 90 sec each, in cold HBAH buffer.

6. Fix in 4% paraformaldehyde, 90 sec at room temperature.

7. Wash the slides/coverslips twice, 90 sec each, in HBS.

8. Incubate the sections/coverslips in pre-heated HBS, in a 65°C waterbath, for 30 

minutes -  1 hour.

9. Wash the slides/coverslips in AP buffer, 5 minutes.

10. Add AP buffer containing NBT/BCIP to cover the tissue sections/cells and incubate 

at room temperature in a dark humidified plastic chamber. Monitor the reaction 

periodically until the desired signal intensity is achieved.

11. Stop the reaction by washing briefly with distilled water and mount the 

slides/coverslips.

2.6 Chick embryo manipulation methods

2.6.1 In ovo electroporation

Principle: Electroporation (permeabilisation of cell membranes by application of short- 

duration electric field pulses) is an increasingly popular method for gene transfer into 

neurons in vivo (Haas et a i, 2001). For chick in ovo electroporation, fertile eggs are 

incubated to the desired developmental stage, then a window is cut in the shell allowing 

visualisation of the embryo. A solution containing the macromolecule of interest (e.g.
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DNA) is injected into the target organ and two electrodes connected to an electric pulse 

generator are placed so that the electric field will open pores in the cell membranes in 

the region of interest and charged molecules will be carried by electrophoresis into these 

cells. The egg is sealed and the embryo is left to develop to a stage when the phenotypic 

effect can be assessed.

Materials: All common chemicals were purchased from Sigma.

- fertile eggs (White Leghorn, from Needle farm, Herts);

- DNA to be electroporated, 2 pg/pl, dissolved in 10 mM Tris.HCl, pH 8, ImM EDTA;

- 0.1% w/v fast green dye (0.22 pm push-filtered and boiled 20 minutes);

- antibiotic/antimycotic solution (lOOU penicillin, 0.1 mg streptomycin and 250 ng

amphotericin B per ml);

- glass microneedles (pulled glass capilaries).

The protocol shown below was optimised for the Electro Square Porator ECM 830 

(BTX).

1. Place the eggs horizontally at 38°C in a humidified incubator. Allow them to reach 

embryo stage 10 (approx. 33 hours. Hamburger and Hamilton, 1992).

2. Using a 19G needle connected to a syringe, made a small hole at the blunt end of the 

egg in order to release the air in the air sac, and a similar hole at the pointed end of 

the egg. Remove 5ml of albumin in order to lower the embryo.

3. Cover the “upper” side of the shell (as the eggs were incubated), including the two 

holes, with a strip of scotch tape.

4. Mix 3 pi DNA solution with 0.2 pi fast green stock, and transfer it, using a 

Microloader pipette tip (Eppendorf) into a glass microneedle. Connect it with a
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compressed air supply [controlled by a PM 1000 Microinjector (MicroData 

Instrument Inc.)].

5. Open a 2-3 cm long, 1 cm wide window in the top surface of one egg, through the 

scotch tape, in order to minimise shell cracking.

6. Localise the embryo and carefully insert the glass needle in the target organ. Inject a 

desired amount of DNA.

7. Retract the glass needle and place a pair of electrodes (gold coated Genetrodes, BTX) 

either side of the target region. For electroporation of the optic primordium, one of 

the electrodes was replaced with a sharp tungsten wire placed inside the 

prosencephalon.

8. Apply a series of 4 pulses, 50 msec each, with 950 msec intervals, at 10 V (for the 

optic primordium, optimum conditions for other organs need to be tested).

9. Retract the electrodes, cover the embryo with a few drops of antibiotic/antimycotic 

solution, re-seal the egg with scotch tape and place it into the incubator.

10. Observe the phenotype at the desired stage.
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Chapter 3. Expression cloning attempts to identify CRYPa ligands

3.1 Introduction

An increasing number of experimental data, reviewed in chapter 1.4, support the 

hypothesis that CRYPa and its mammalian orthologue RPTPa play important 

functional roles during nervous system development and regeneration. This fact has 

prompted us and other research groups to try to identify interaction partners for CRYPa 

in order to understand the molecular mechanisms behind its functions and to provide 

starting points in designing molecules able to modulate them. The "receptor-like" (type 

I transmembrane protein) structure of CRYPa and the presence of CAM-like domains 

in its extracellular region suggest that it should be able to bind extracellular ligands. 

Indeed, preliminary studies using the receptor affinity probe technique (RAP in situ; 

Flanagan et al., 2000) suggest the existence of at least three classes of CRYPa ligands: 

one in the extracellular matrix (basement membranes of the retina, optic stalk, optic 

chiasm and optic tectum, all representing physiological substrates on which the retinal 

ganglion cell axons grow), a second one on the endfeet of radial glial cells (situated just 

below the retinal and tectal basement membranes) and a third one on retinal and 

tectobulbar axons themselves (Haj et a l, 1999). In addition, Haj et al. (1999) have 

demonstrated that neither CRYPa 1 nor CRYPa2 isoforms bind in a homophilic 

manner, as suggested for other type II RPTPs such as HmLAR, RPTPô, RPTPp and 

RPTPk (see chapter 1.3.2).

A variety of biochemical and molecular biology tools for the identification and 

characterisation of protein-protein interactions have been developed. These include 

"classical" co-immunoprecipitation, receptor affinity chromatography, phage display of 

peptide libraries, various two-hybrid system formats and expression cloning. We
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decided to choose expression cloning (Seed, 1995) for both theoretical and practical 

considerations.

Theoretical reasons include:

- the nature o f CRYPa receptor. CRYPa is a transmembrane protein and its ectodomain 

is membrane-attached; it contains Ig-like domains which require disulfide bond 

formation for correct folding; the ectodomain is likely to be glycosylated, which may be 

relevant for correct folding or ligand binding and therefore only a mammalian 

expression system is appropriate.

- the expected nature o f its ligands'. RAP in situ results predicted that some ligands are 

cell surface-attached (on glia and neurons; Haj et al., 1999); the ligands themselves 

might have stringent requirements for correct folding and post-translational processing, 

therefore their expression in mammalian cells is the most appropriate; the particular 

expression cloning strategy employed here does not permit identification of secreted 

ligands.

The practical issues considered were:

- the very limited amount o f CRYPal or CRYPa2 ectodomains we were able to 

produce: repeated attempts to obtain stable cell lines secreting CRYPa ectodomain 

constructs have failed (F. Haj, I. McKinnell and A. Stoker, unpublished data). The 

transient transfection procedure we use for expressing CRYPa constructs in 293T cells, 

after years of optimisation, does not produce more than a few tens of micrograms per 

litre of conditioned medium - clearly insufficient for classical biochemical approaches. 

Attempts to scale-up production by transfecting a very large number of cells were not 

financially realistic.

- the fact that CRYPa-AP fusion proteins, even expressed at such low levels, were 

sufficient to detect ligands by RAP-in situ (Haj et al., 1999). Indeed, this method is
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extremely sensitive, with detection limits into the subfemtomole range (Flanagan and 

Cheng, 2000).

- the successful application o f this method (expression cloning and screening with AP- 

fused constructs) to identify several receptor/ligand pairs such as neuropilin- 

1/semaphorin III (He and Tessier-Lavigne, 1997; Kolodkin et al., 1997), OB-R/leptin 

(Tartaglia et al., 1995), EphA3/ephrin-A2 and EphA4/ephrin-A2 (Cheng and Flanagan, 

1994) and c-kit/stem cell factor (Flanagan and Leder, 1990).

A successful expression cloning procedure largely relies on using a suitable 

cDNA expression library. Based on the ligand expression pattern (as judged from RAP 

in situ experiments on tissue sections; Haj et al., 1999) we thought that the chick optic 

tectum would represent a good source of RNA. The developmental stage selected was 

E7, a day after the RGC axons reach the optic tectum and presumably bind to ligands 

expressed there. Therefore, I generated an E7 chicken optic tectum directional cDNA 

expression library, placed under a CMV promoter in a plasmid containing the SV40 

origin of replication. Control constructs cloned in this vector were expressed at high 

levels in several cell lines. After optimising transfection, expression and screening 

conditions, the library was transfected into C0S7 cells for expression cloning. Although 

small numbers of “positive” cells were routinely obtained, no enrichment was observed 

during consecutive rounds of selection. Therefore, a CRYPa ligand could not be 

identified using this procedure. Experimental details and possible reasons leading to this 

outcome will be discussed below.

3.2 Experimental procedures

cDNA library construction. E7 chick embryo heads were dissected in ice-cold 

PBS and the optic tectum was cut from each embryo and snap-frozen immediately in 

liquid nitrogen. One gram of frozen tissue was crushed to obtain a fine powder by using
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a mortar and pestle (cooled on a dry ice/IMS bath). Total RNA was extracted using the

PerfectR^A  kit (5'—>3', Inc.) as described in chapter 2.2.1. Poly(A)'*" mRNA was 

prepared by two rounds of oligo(dT) cellulose purification from 1 mg total RNA, using 

the Mini-oligo(dT) cellulose spin column kit (5'-->3', Inc.) as described in chapter 2.2.2. 

Double-stranded cDNA was obtained using the pCMV-Script XR cDNA library 

construction kit (Stratagene). First strand synthesis was primed with an eighteen-base 

poly(dT) oligo, also containing a Xhol restriction site and a 5' "GAGA" protective 

sequence. EcoRI adapters were added at the ends of blunted double-stranded cDNA 

molecules, followed A%oI digestion. The use of 5-methyl dCTP during first strand 

synthesis protects endogenous Xhol sites from being digested. EcoRI -Xhol cDNA 

fragments were size-fractionated on a Sepharose CL-2B gel filtration column and 

aliquots of the fractions collected were radiolabelled with [a-^^P]dCTP using Klenow 

DNA polymerase (taking advantage of the Xhol restriction site sequence) and separated 

by agarose gel electrophoresis. Fractions containing fragments larger than 2 kb were 

pooled and cloned into the pCMV-Script expression vector (Stratagene). This library 

was named LTclR. Before screening, the library was amplified using the semi-solid 

amplification method (Hanahan et aL, 1991) in two 500 ml bottles with 2xLB agarose 

(for 1 litre: 20 g tryptone, 10 g yeast extract, 10 g NaCl and 3 g SeaPrep agarose).

Expression of the CRYPa-AP fusion proteins. A Hindlll - Xhol insert from 

the APtag-2 plasmid (Flanagan and Leder, 1990), which encodes for the heat-stable 

human placental alkaline phosphatase (AP) lacking its secretion signal, was subcloned 

into the pcDNA 3.1 eukaryotic expression vector (Invitrogen). The resulting plasmid 

was called pBG and represents the backbone vector in which several CRYPa constructs 

described in this thesis were cloned. The ectodomains of CRYPal (amino acids 1 to 

721; pBG-CRYPa 1 - AP, created by I. McKinnell) and CRYPa2 (amino acids 1 to 1124;
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pBG-CRYPa2-AP, created by I. McKinnell) were subcloned in the HinàlW site of pBG 

in frame with the AP. CRYPa 1-AP and CRYPa2-AP fusion proteins were expressed by 

transient transfection in 293T cells. Conditioned media were collected after six to eight 

days, 0.45 pm filtered, buffered with 2GmM HEPES (pH 7) and stored at 4°C.

P ^Xbal fragment from the pBG-CRYPa 1 - AP plasmid, encoding for the 

CRYPa 1-AP fusion protein, was subcloned into the "shuttle" vector pCSBN (see 

chapter 6.2), removed by Clal and Acll digestion and finally ligated into the Clal- 

opened RCAX (A. Stoker, unpublished) avian replication-defective retrovirus. The 

resulting construct was named RX-CRYPa 1 - AP. RCAX is derived from the RCAS(A) 

avian retrovirus (Hughes et a l, 1987) by removal of the gag and pol genes in order to 

allow subcloning of larger inserts (up to 5 kb). RCAX and derivatives are replication- 

incompetent, therefore co-transfection with a helper virus such as RIAS (Chen et a l,

1999) is required for viral particle production and spreading into chick or quail cell 

cultures. RX-CRYPa 1-AP and RIAS were co-transfected into the QT6 fibroblast cell 

line and the cells were passaged every 96 hours. Twenty-four hours later, cells were 

stained for AP activity, thus monitoring the expression of fusion proteins and virus 

spreading.

Screening of the expression library. The 10 cm tissue culture dishes of C0S7 

cells (approx. 10  ̂cells/dish) were transiently transfected with 10 pg of LTclR plasmid 

DNA each, using Superfect (see chapter 2.4.5). When the procedure was scaled-up, 

fifteen 15 cm tissue culture dishes with C0S7 cells (approx. 2.5x10^ cells/dish) were 

transfected using the DEAE-dextran method (Arrufo, 1997). In control experiments, the 

DEAE-dextran transfection method was found to be as efficient as the Superfect when 

using C0S7 cells (data not shown) and is much cheaper. Forty-eight hours post­

transfection the cells were stained by RAP in situ as described in chapter 2.5.3. AP
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staining was monitored against a white background under a dissecting microscope.

After identification of positive (stained) cells, the plasmid DNA was extracted as 

described in chapter 2.1,4, purified, transformed by electroporation in E. coli XL 10 

Gold bacteria (see chapter 2.1.12) and amplified. Two 10 cm plates with COST cells 

were transfected for the following round of selection as described above.

3.3 Results

3.3.1 Construction of an E7 chicken optic tectum expression cDNA library

The chick embryo optic tectum represents a major site of expression for CRYPa 

ligands, as detected by RAP in situ (Haj et al., 1999). Therefore, we decided to use this 

tissue as the RNA source for constructing an expression library, thus (hopefully) 

enriching the representation of the target molecule(s). Approximately 3 mg of total 

RNA per gram of tissue were obtained (OD260/280=2). The poly(A)+ mRNA yield, after 

two rounds of purification on oligo(dT)-cellulose, was approximately 15 pg per 

milligram of total RNA. 5 pg poly(A)+ mRNA were then used as template for cDNA 

synthesis with a poly(dT) primer in order to increase the chance of obtaining full-length 

cDNAs. Indeed, agarose gel electrophoresis of size-ffactionated double-stranded cDNA 

fragments demonstrates that products up to 9 kb were obtained (data not shown). 

Fractions containing cDNAs of 2 kb or longer were then directionally subcloned into 

the pCMV-Script eukaryotic expression vector, orienting the 5' end towards the 

promoter.

Test ligations of aliquots from each selected fraction have predicted a library 

size of at least 10  ̂independent clones (colony forming units, "cfu"). After scaling-up 

the ligations and transformations a primary library of approximately 5x10^ independent 

clones was obtained. This library was then amplified in a weak LB-agarose gel which 

allows three-dimensional, uniform colony growth and reduces the potential for under-
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representation of particular clones due to neighbouring colonies overgrowth, commonly 

seen during direct plating methods. The final amplified library, termed LTclR, has a 

titer of 3.6x101® cfu. Sixty clones were randomly selected and analysed by agarose gel 

electrophoresis and about 90% had inserts ranging in size from 2 to 5 kb. As an 

additional test, PCR amplification was used to check whether the library contains 

CRYPa cDNA, which should be represented at E7 in the optic tectum. Various primer 

pairs were used to amplify fragments specific for both CRYPal and CRYPal isoforms 

and bands of the expected size were obtained. It is worth mentioning that CRYPal 

cDNA is almost 6 kb, which further demonstrates that LTclR library contains large 

inserts and there is a good chance to contain a full-length cDNA encoding for a CRYPa 

ligand.

3.3.2 Retroviral expression of the CRYPal-AP fusion protein

The amount of fusion protein available for library screening ultimately 

determines the design of the expression cloning strategy and therefore may be a crucial 

factor for the final outcome. Only small amounts of CRYPal-AP can be produced by 

transient transfection in 193T cells. Trying to overcome this limitation, I constructed a 

replication-incompetent avian retrovirus termed RX-CRYPa 1-AP which, co-transfected 

with a helper virus, should readily spread in chick or quail fibroblast cultures and it 

should stably integrate into their genome. In addition, the strong viral promoter should 

lead to high expression levels of the CRYPal-AP fusion protein in conditioned media. 

Figure 3.1 shows that a control virus expressing the alkaline phosphatase alone has 

indeed the ability to spread into QT6 cultures when co-transfected with the RIAS helper 

and that high expression levels are maintained during successive passages. In contrast, 

the virus expressing CRYPal-AP did not spread and after four passages the expression 

was completely lost. This seems to be due to the intrinsic nature of the
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Figure 3.1. Expression of alkaline phosphatase and CRYPal-AP fusion protein 
in the quail fibroblast cell line QT6. Replication defective retroviral vectors (RX) 
encoding either AP (RX-AP) or the CRYPal-AP fusion protein (RX-CRYPa 1-AP) 
were transfected into QT6 cells with or without addition of helper virus (RIAS).
The cells were split every 96 hours and 24 hours post-splitting each plate was 
stained for AP activity. AP expression from RX-AP is well maintained in the 
presence of helper virus, however CRYPal-AP expression is lost irrespective 
of helper virus addition after just a couple of passages.
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CRYPal-AP fusion protein since previous attempts to establish stable NIH 3T3 cell 

lines expressing it have also failed (F. Haj, I. McKinnell and A. Stoker, unpublished 

results). Therefore, the expression library screening detailed below was performed using 

conditioned media obtained from transient transfections.

3.3.3 Expresison cloning attempts

Plasmid vectors having a SV40 origin of replication, such as pCMV-Script, are 

amplified episomally with high efficiency (to more than 100,000 copies/cell) in cell 

lines expressing the SV40 large T antigen, such as C0S7 or 293T (Mellon et a l, 1981). 

This would represent an advantage for the recombinant protein (encoded by the library) 

expression levels but also would allow efficient extraction and purification of the 

plasmid DNA from "positive" cells (expressing putative CRYPa ligands). Therefore, I 

first tested by RAP in situ whether these two cell lines are appropriate for our 

expression cloning strategy. The main concern was to avoid a high background level, 

i.e. binding of the fusion protein constructs either non-speciflcally or due to the 

expression of a endogenous ligand, which would mask a novel receptor-ligand 

interaction. 293T cells were found to be completely unsuitable, binding very high 

amounts of both CRYPal-AP and CRYPa2-AP (not shown). C0S7 cells, however, did 

not bind the CRYPal-AP construct at all (Figure 3.2A) but did bind CRYPa2-AP 

(Figure 3.2B). Interestingly, when a 1:1 mixture of CRYPal-AP and CRYPa2-AP was 

tested, “non-specific” binding was significantly increased (Figure 3.2C). In all three 

cases the total quantity of fusion protein (measured by the AP activity level) was kept 

constant, which suggests that the CRYPal and CRYPa2 isoforms might associate with 

each other or binding of CRYPa2 facilitates subsequent binding of CRYPal via an 

unknown mechanism. Nevertheless, these preliminary tests have established that the 

COS7 cell line is suitable for expression cloning of CRYPal ligands.
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Figure 3.2. RAP in situ staining of non-transfected COS-7 cells in culture. 
COS-7 cells were incubated with CRYPal-AP (A), CRYPa2-AP (B) and a 
1:1 mixture of CRYPal-AP and CRYPa2-AP (C) conditioned media. 
Non-specific binding is detected when CRYPa2-AP conditioned medium is 
used, either alone or (much stronger) mixed with CRYPal-AP. However, this 
is not the case when CRYPal-AP alone is used.
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A second problem to be considered was the occurrence of a very small number 

of AP-stained cells in non-transfected cultures. This was particularly observed in areas 

of high cell density and may reflect incomplete heat-inactivation of endogenous 

phosphatases. Therefore, various heat-inactivation times (15, 30, 45, 60 and 100 

minutes at 65°C) and fixatives (4% w/v paraformaldehyde; 60% v/v acetone/3% v/v 

formaldehyde; 1.8% v/v formaldehyde) were tested in order to identify the optimal heat 

inactivation and fixation conditions. Best results were obtained for 30 seconds fixation 

in 60% acetone - 3% formaldehyde followed by 45 minutes heat inactivation, whereby 

usually no stained cells were detected.

Transfection of the LTclR cDNA library in C0S7 cells produced variable 

results during the first round of screening, when rare positive cells (approx. 2 in 10^) 

could be observed after only 3 hours staining (Figure 3.3). It is worth mentioning that, 

as expected, these cells appear to have a membrane staining pattern. Overnight 

incubation led to detection of 5-6 additional positive cells per 10^, presumably 

expressing weak binders or low levels of ligand or simply being false positives. These 

results compare well to similar experiments reported (Nastuk et al., 1998; Davis et al., 

1996). Plasmid DNA was rescued from each stained cell, purified, electroporated into 

bacterial cells and amplified to produce a "ligand enriched pool" of much lower 

complexity than the original library. Each of these primary plasmid pools was then used 

to transfect C0S7 cells. It was expected that a significantly larger number of positive 

cells would be detected by RAP in situ at this stage. However, the number of "positives" 

observed was just similar to the first screening round. Unfortunately, no enrichment was 

observed after two further rounds of selection, which suggests that the observed staining 

is non-specific. Similar “positive” cells were occasionally observed in control 

experiments, further underlining the above conclusion.
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Figure 3.3. CRYPal-AP screening of the LTelR expression library transfected 
in COS-7 cells. Rare cells with membrane staining were detected after the first 
screening round (A). No significant enrichment in the number of stained cells 
can be detected at the second round of screening (B). The arrows indieate “positive’ 
cells.
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According to published protocols, the scale of transfection used for a library of 

LTclR size should have been sufficient for a successful outcome. Nevertheless, the 

whole procedure was then scaled-up nearly tenfold but this did not change the results.

3.4 Discussion

Expression cloning is a powerful method for identification of novel proteins 

interacting with a known molecule. Its major advantage is the direct linkage between a 

functional assay (e.g. receptor-ligand interaction) and the cloning of the (full-length) 

cDNA encoding the novel protein. This allows rapid identification of its primary 

structure (by DNA sequencing) and, usually, straightforward high level expression in 

the system of choice for further biochemical or functional studies. Expression cloning in 

mammalian cells is particularly useful for identification and functional characterisation 

of novel membrane proteins (reviewed in Flanagan and Cheng, 2000; Seed, 1995).

More problematic would be to identify secreted proteins using such a system, although a 

successful case has been reported (Davis et a i, 1996). On the other hand, proteins that 

undergo specific post-translational modifications essential for their activity, which 

cannot take place in the cell lines commonly used, require extensive adaptations of the 

standard protocols.

Very little is known about type II RPTP ligands. A particular isoform of EAR 

binds to the laminin-nidogen complex, both extracellular matrix proteins (O'Grady et 

ai, 1998). RPTPp, RPTPk, RPTPô and HmLAR ectodomains can bind in a homophilic 

manner (detailed in chapters 1.2.2 and 1.3.2). CRYPa, however, cannot bind 

homophilically and RAP in situ studies suggest that heterotypic ligands are expressed in 

the basement membranes, on the axonal surface and on radial glia endfeet (Haj et a i, 

1999; Ledig et al., 1999a). Based on the RAP in situ patterns described by Haj et al., 

(1999) and repeatedly confirmed in our laboratory, we decided to use the chick embryo
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optic tectum as an RNA source for constructing a directional cDNA expression library. 

It was hoped that, by using this library in an expression cloning approach, it would be 

possible to identify at least the membrane-attached ligand(s) expressed on axonal and 

glial surfaces. We had no indication concerning the molecular nature of these putative 

ligands or, indeed, any of their binding properties. The particular expression cloning 

procedure I used can be successful only if a series of minimal conditions are fulfilled:

- the ligand is a protein;

- its full-length cDNA is present in the LTclR library I constructed; (The first strand 

synthesis was primed with an oligo(dT) primer, therefore the library was not enriched in 

5' cDNA regions, and the pCMV-Script backbone vector does not provide a start 

codon.);

- ligand binding to CRYPa does not require post-translational modifications that cannot 

take place in C0S7 cells;

- the ligand itself is a transmembrane or GPI-anchored protein, therefore it will remain 

attached to the cell's plasma membrane without requiring another anchoring protein 

which may not be expressed in C0S7 cells;

- the ligand can be expressed in C0S7 cells at a level sufficient for detection.

Probably the main problem I encountered during the whole ligand identification 

project was the very limited amount of CRYPa protein we were able to produce. As 

mentioned in the introduction, attempts to obtain stable cell lines producing the CRYPa 

ectodomain have repeatedly failed. In a different approach, I cloned AP-fused CRYPa 

ectodomain constructs in avian retroviruses hoping to obtain conditioned media from 

infected chick and quail fibroblast cultures. However, cells expressing the constructs 

were specifically eliminated (or switched off expression) after only three passages 

required by the retrovirus to spread in the culture. The reason for this remains unclear.
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The limited amount of CRYPal-AP conditioned medium that can be obtained in 

transient transfection experiments did not allow further scaling-up of the expression 

cloning procedure. It also contributed to the decision to find an alternative to the 

screening strategy commonly used. Specifically, most authors recommend splitting the 

original library in pools of maximum 1000-2000 clones (e.g. Flanagan and Cheng,

2000; He and Tessier-Lavigne, 1997; Kolodkin et al., 1997) which are then individually 

transfected in 10 cm tissue culture dishes with COS cells. For a library of LTclR's size 

(5x10^ primary cfii) theoretically this requires a large number of tissue culture dishes, 

which is not cost-effective.

Therefore, a different strategy known as the "single cell" expression cloning 

approach (Davis et a l, 1994) has been used. In this technique the whole library was 

transfected in a limited number of cells and very rare positive cells (1-2 in 10^) were 

isolated and the small amount of plasmid DNA they contain was extracted, purified and 

amplified in E. coli. This method has been used successfully in the past in similar 

experiments (Davis et a l, 1996; Nastuk et a l, 1998) and obviously provides 

considerable simplification over the traditional technique of screening library pools. 

Interestingly, a recent paper describes a mathematical model to determine the number of 

cells required to successfully screen cDNA libraries by expression cloning (Wu and Gu,

2000). According to their model, the number of cells I used should be enough for a 

library of LTclR size but only if the library was first diluted about 1:30 with a non- 

replicable plasmid. When very complex DNA mixtures are used, COS cells are 

efficiently transfected with a large number of different plasmids expressing different 

constructs therefore most of these will be present at levels below the detection limit. A 

non-replicable plasmid will compete during transfection but not for episomal replication 

and therefore will allow higher copy number of the library plasmids per cell which
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results in higher expression levels of the proteins encoded. Maybe it is worth testing this 

model in the future.

One of the possible criticisms regarding the expression cloning experiments is 

that I did not include a positive control for the screening step. However, since we did 

not have any information regarding the molecular nature of the CRYPa ligands, it is 

difficult to say how exactly an appropriate positive control could have been designed.

The library itself contained large inserts including the long cDNA of the 

CRYPa2 isoform, as observed by PGR tests. The transfection steps were very efficient, 

as confirmed by using control plasmids encoding AP as a reporter gene. Plasmid 

isolation from "positive” COS cells was again efficient, regularly over 500 

clones/positive cell were obtained after electroporation in E. coli XL 10 Gold bacteria. 

No clones were obtained in control experiments using DNA purified from non­

transfected COS cells. It is difficult to say exactly what was the cause for the expression 

cloning approach failure. Fortunately, alternative approaches subsequently proved to be 

more fruitful, as discussed in the following chapters.
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Chapter 4. CRYPa is a heparin-binding protein

4.1 Introduction

The outcome of the expression cloning experiments prompted me to find 

alternative solutions for identification of CRYPa ligands. First, I carefully reviewed all 

the information we had about CRYPa itself and its binding properties.

CRYPa-ligand interactions could be detected in two systems: RAP in situ (Haj 

et aL, 1999) and blot overlay assays (Aricescu et al., submitted). They share principial 

similarities and suggest that, whatever the CRYPa ligand is, we are looking at an 

extremely robust interaction: it can resist fixation with both methanol and 

formaldehyde, but also protein dénaturation during SDS-PAGE. Two more predictions 

can therefore be advanced about the ligand properties: the CRYPa binding epitope 

appears to be linear and amino groups on the ligand surface may not be determinantly 

involved in this interaction.

As previously discussed, ligands recognised by RAP in situ probes appear to be 

both secreted (basement membrane constituents) and membrane-attached (on glia and 

neurons surface). In addition, another ligand seems to be expressed on muscular fibres 

or their basement membranes (J. Chilton, F. Haj, A. Stoker, unpublished observation). 

Which one of these putative ligands might have relevance in vivo? Ledig et al. (1999a) 

have shown that the ligand(s) present on the radial glia endfeet and/or the retinal basal 

lamina can promote neurite outgrowth by interacting with CRYPa. In vivo, the 

intraretinal axon outgrowth in chicken embryos takes place between E3 and E7 (Halfier 

and von Boxberg, 1992). During this period RGCs express only the CRYPa 1 isoform 

and the main ligand(s) detected in the retina by RAP in situ, is (are) the ones located in 

the basal lamina (Haj et al., 1999). On the other hand, we recently confirmed that
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CRYPa 1 can also bind to the retinal basal lamina in vivo (Aricescu et al., submitted). 

An avian retrovirus that encodes for a CRYPa 1 ectodomain construct fused with the 

VSV peptide tag can readily infect the whole retina by E6. The CRYPa 1-VSV fusion 

protein, produced by the infected retinal cells, binds to its ligand(s) on the basal lamina. 

Together, these experiments suggest that the CRYPa 1 interaction with basal lamina 

ligands has physiological significance and is not simply a RAP in situ artefact.

As mentioned in chapter 1.4, CRYPa is expressed as two major isoforms: 

CRYPa 1 has three Ig-like and four FNIII-like (FN 1-3 and 8) domains; CRYPa2 

ectodomain has four additional FNIII domains spliced in (FN 4-7). Protein database 

alignments show that the CRYPa ectodomain has closest similarities with the other type 

Ha RPTPs: 78% identity with human RPTPg, 62% identity with human RPTPô, 58% 

identity with human LAR and 46% identity to Drosophila DLAR. Such values are 

useful indicators for protein classification but they tell little about biochemical 

properties. On the other hand, irrespective of how complicated the 3D structure of a 

given protein is, interactions with ligands necessarily happen in discrete areas. Such 

sites usually involve residues coming from one or several solvent-exposed loops 

(surfaces). Therefore, molecular modelling and database mining approaches can 

potentially provide valuable information regarding putative functional interactions.

Experiments described in this chapter demonstrate that this interaction appears 

to be ionic in nature and heparin competition effectively abolished it. A CRYPal-AP 

construct binds heparin with very high affinity in solid-phase assays. Molecular 

modelling of individual domains in the extracellular region and site-directed 

mutagenesis led to the identification of the heparin-binding site on CRYPa surface. 

Importantly, mutant constructs with little or no heparin-binding ability cannot bind 

retinal basal lamina ligands either. The results shown below suggest that the heparin- 

binding site of CRYPa 1 coincides with its retinal basal lamina-binding site and, since
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free heparin has not been described in the retina, the basal lamina ligands might be 

heparan sulphate proteoglycans. On the other hand, retinal glial cells appear to express 

an additional class of ligands.

4.2. Experimental procedures

Expression constructs, fusion protein production and site-directed 

mutagenesis. CRYPal-AP conditioned medium was obtained by transient transfection 

of the pBG-CRYPal-AP plasmid in 293T cells, as described in chapter 3.2. When 

necessary, batches expressing low levels of fusion proteins were concentrated on 

Centricon-30 ultrafiltration units (Amicon). KnXbal fragment encoding for a CRYPa 1 

extracellular construct lacking the membrane-proximal FNIII-like domain and fused 

with alkaline phosphatase at the C-terminus ("FN3A-AP") was removed from the pBG- 

FN3A-AP plasmid (created by J. Chilton) and subcloned into the pCS3N expression 

vector (see chapter 6.2). The resulting plasmid, termed pCS3N-FN3A-AP, was used to 

express the FN3A-AP fusion protein in 293T cells as described above but also 

represented the template for site-directed mutagenesis. Various CRYPa mutants were 

created following the protocol described in chapter 2.1.14, using the primer pairs 

described below:

- for M l (K67,68A): c a c g a g t c a c c t g g a a c g c g g c c g g g a a g a a a g t g a a c t c  and 

g a g t t c a c t t t c t t c c c g g c c g c g t t c c a g g t g a c t c g t g ;

- for M2 (K70,71A): c a c c t g g a a c a a g a a a g g g g c g g c c g t g a a c t c t c a g a g g  and 

c c t c t g a g a g t t c a c g g c c g c c c c t t t c t t g t t c c a g g t g ;

- for M3 (K67,68,70,71A): c g a g t c a c c t g g a a c g c g g c c g g g g c g g c c g t g a a c t c t c a g a g g  

a n d  c c t c t g a g a g t t c a c g g c c g c c c c g g c c g c g t t c c a g g t g a c t c g ;

- for M4 (R96,99A): g g a t c c a g c c g c t c g c g a c t c c c g c g g a t g a g a a c a t t t a t g  and

CATAAATGTTCTCATCCGCGGGAGTCGCGAGCGGCTGGATCC;
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- for M5 (R182,187A/K184A):

GCACGAGCAATGGGGCAATTGCGCAGCTGGCATCAGGTGGCCTGC a n d  

GCAGGCCACCTGATGCCAGCTGCGCAATTGCCCCATTGCTCGTGC;

- for M6 (R225,227,228A): g c a a a c c t t t a c g t g g c a g t t g c g g c c g t g g c c c c t c g c  and

GCGAGGGGCCACGGCCGCAACTGCCACGTAAAGGTTTGC.

All mutant constructs were verified by DNA sequencing (carried out by C. Pattemote on 

an ABI Prism 377 DNA Sequencer), transfected into 293T cells and conditioned media 

collected and stored as described in chapter 3.2.

RAP in situ. The in situ localisation of CRYPa ligands on E6 chicken head 

cryosections was performed using 293T conditioned media containing various fusion 

protein constructs, as described in chapter 2.5.3. In modified RAP assays the sections 

were pre-treated for one hour at room temperature with the following group-selective 

chemical modification reagents (Kramer et a l, 1990; Britten and Bird, 1997): N- 

ethylmaleimide (NEM; cysteine-selective), dithionitrobenzene (DTNB; cysteine 

selective), phenylglyoxal (PGO; arginine-selective), diethylpyrocarbonate (DEPC; 

histidine-selective), 1-acetylimidazole (NAI, tyrosine-selective) and N,N- 

dicyclohexylcarbodiimide (DCCD; carboxyl group-selective). Stock solutions were 

prepared in either PBS (NEM), methanol (DTNB, PGO, NAI) or ethanol (DCCD, 

DEPC) and 0.1 mM, ImM and lOmM working solutions were prepared in PBS. The pH 

of the dilution buffer was 7.4, except for DEPC (pH 6.4, in order to achieve histidine 

specificity). All reagents were purchased from Sigma, except NAI (Aldrich). For 

heparin competition experiments conditioned media samples were pre-incubated 1 hour 

at room temperature with lOOpg/ml heparin (Sigma) before addition to the cryosections, 

glial cell cultures or flat-mounted basal laminae. To test whether ionic strength 

variations can influence CRYPal-AP binding on tissue sections, sodium chloride was
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added to a final concentration of 500 mM to conditioned media samples used for RAP 

in situ. Glial cell cultures were prepared as described in chapter 2.4.3 and retinal basal 

laminae were isolated and attached to glass coverslips as described in chapter 2.4.4.

Homology modelling of CRYPa domains. Individual domains of the 

extracellular region of CRYPa were defined using the Pfam server 

(http://www.sanger.ac.uk/Pfam; Bateman et al., 2000). The corresponding sequences 

were submitted to the SWISS-MODEL v3.5 protein modelling server 

(http://www.expasy.ch/swissmod/SWISS-MODEL.html; Guex et al., 1999) for 

analysis. Suitable modelling templates were identified in the ExNRL-3D database using 

SWISS-MODEL Blast. The sequence alignments obtained were analysed and the most 

appropriate ExPDB (http://www.expasy.org/swissmod/SM_Check_ExPDB.html) 

entries were selected as templates. All the models generated were quality checked by 

the WHAT IF verification routines (WHAT-CHECK; Hooft et al., 1996) and the 

Biotech protein validation suite (http://biotech.embl-heidelberg.de:8400/). Energy 

minimisation was done with the GROMOS implementation of Swiss-PdbViewer v3.6b2 

(http://www.expasy.ch/spdbv/; Guex and Peitsch, 1997).

Solid-phase binding assays. Heparin-albumin (Sigma) was immobilised on 

microtiter plates at a concentration of 5 pg/ml, for 2 hours at room temperature. 

Remaining binding sites were saturated by overnight incubation at 4°C in PBS buffer 

containing 3% (w/v) bovine serum albumin (BSA). Wells were incubated with 293T 

conditioned media containing AP fusion protein constructs for 3 hours at room 

temperature. After four washes in PBS and one wash in SEAP buffer (0.5 mM MgCl], 1 

M diethanolamine, pH 9.8), the bound AP activity was determined by adding 200 pi 

SEAP buffer containing 10 mM p-nitrophenyl phosphate. Progress curves were
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recorded for Ih at 405nm, at room temperature, in a Dynex MRX Revelation microplate 

reader and the initial rates were determined using the SigmaPlot 4.01 software (SPSS 

Inc.). Each data point represents the average of triplicate wells ± SD. Non-specific 

binding was determined from CRYPal-AP bound to BSA (immobilised at a 

concentration of 3 mg/ml) and was subtracted from each data point.

In order to determine the equilibrium dissociation constants, I used the analytical 

solution of the following equation to fit the saturation curve by nonlinear regression:

^  tot ~ b  t o t [ P ( ^ d  L  tot) ^ tot] P  tot ^tot 0 ,

where 6% ot is the total amount of bound ligand (CRYPal-AP) expressed in OD/min; p 

is the specific AP activity expressed in (OD/min)/molar units; is the equilibrium 

dissociation constant; is the total ligand (CRYPal-AP) concentration and not is the 

maximal specific binding expressed in OD/min.

This equation takes into account significant ligand depletion (since more than 

10% of the initial AP activity was bound on heparin-albumin), with negligible non­

specific binding (Swidens, 1995). The specific activity used for CRYPal-AP fusion 

protein was 0.47 (OD/min)/nM.

4.3 Results

4.3.1. The molecular nature of the retinal basal lamina ligand(s)

RAP in situ experiments using the CRYPal-AP fusion protein demonstrate that 

major binding partners exist in the basement membranes of the developing chicken 

retinotectal system (Haj et al., 1999). The interaction with the retinal basal lamina 

ligand(s) appears to have functional relevance (Ledig et al., 1999a) and occurs in vivo 

(Aricescu et al., submitted). Therefore, we set out to identify this (these) ligand(s). The 

first step was to gain information about the chemical properties of this interaction. One 

set of experiments (I. McKinnell, unpublished) had suggested that the RAP in situ
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binding is not affected by the addition of various amounts of EDTA or Nonidet P-40. 

This shows that the interaction does not require divalent cations and does not appear to 

be hydrophobic. In contrast, increasing concentrations of sodium chloride affected 

CRYPal-AP binding to the basal lamina, abolishing it completely at 500 mM (Figure 

4.1).

This observation prompted another question: is this a protein-protein 

interaction? If so, chemical reagents commonly used for protein modification may be 

able to modulate it. Therefore, E6 chick retina cryosections were pretreated with NEM 

and DTNB (cysteine-specific), PGO (arginine-specific), DEPC (histidine-specific), NAI 

(tyrosine-specific) and DCCD (carboxyl group-specific), according to the conditions 

described in Kramer et al. (1990) and Britten and Bird (1997). Although under such 

circumstances the reactions were expected to be efficiently completed, none of the 

reagents tested could significantly impair CRYPa I-AP binding to retinal basal laminae 

(Figure 4.1).

Considering the effect of sodium chloride addition mentioned above, I tested 

next heparin, a highly charged poly anionic molecule. This proved to be a very efficient 

competitor, completely abolishing CRYPa I-AP binding. This could happen either by 

masking the CRYPa binding site on the basal lamina ligand surface or by blocking the 

ligand-binding site on CRYPa itself.
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Figure 4.1. The effect of protein modification reagents, sodium chloride and heparin 
on CRYPa binding to its basal lamina ligand(s). Receptor affinity probe assays on E6 
chicken retina cryosections were performed using CRYPal-AP conditioned medium. 
Sections were either untreated (A, H, I) or pre-treated with the following reagents: 
N-ethylmaleimide (B), dithionitrobenzene (C), phenylglyoxal (D), 
diethylpyrocarbonate (E), 1-acetylimidazole (F) or N,N’-dicyclohexylcarbodiimide (G). 
Sodium chloride or heparin were added to the conditioned medium prior to 
incubation with the tissue sections (in H and I, respectively). The basal lamina staining 
indicates fusion protein binding. No effect is observed after pre-treatment with chemical 
modification reagents, however sodium chloride and heparin effectively abolish CRYPa 
binding. Arrowheads indicate the retinal basal lamina; pe, pigmented epithelium. 
Scalebar, 0.1 mm.
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4.3.2. CRYPa is a heparin-binding protein

293T conditioned media containing either CRYPal-AP, AP alone or an AP 

fusion of the RPTPp extracellular region were tested in solid-phase binding assays for 

their ability to bind immobilised heparin. CRYPal-AP does indeed bind heparin- 

albumin at picomolar to low nanomolar concentrations (Figure 4.2). An equilibrium 

dissociation constant value of 0.29+0.02 nM was measured, which demonstrates 

that CRYPa binds heparin with very high affinity. Neither AP alone nor an RPTPp-AP 

construct, used as controls, could bind to heparin-albumin in similar assays (not shown). 

In addition, the non-specific binding of CRYPal-AP on wells coated just with albumin 

was negligible (not shown). Therefore, I conclude that the CRYPal-AP construct binds 

heparin via the extracellular region of CRYPa.

4.3.3. The first Ig-like domain of CRYPa contains a putative heparin-binding site

To gain further insight into the CRYPa-HSPG interactions at the molecular 

level, I searched for putative heparin-binding sites in the extracellular region of 

CRYPa 1. Specifically, basic amino acid clusters located on the surface of extracellular 

domains are likely to bind polyanionic glycosaminoglycan (GAG) chains (for review 

see Hileman et a l, 1998). Using the SWISS-MODEL (v3.5) automated protein 

modelling server (Guex et a l, 1999), I obtained 3D models for all the Ig domains and 

three out of four FNIII domains. It was not possible to build a model for the FNIII-4 

domain since it has less than 30% identity to any 3D structure in the Protein Data Bank 

(PDB) (Table 4.1). Several small, positively charged, clusters were observed on the 

molecular surfaces (computed using the Swiss-Pdb Viewer v3.6b2 program; Guex and 

Peitsch, 1997), the most prominent being in the Ig-1 domain (Figure 4.3 A). This cluster
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Figure 4.2. Solid-phase binding of CRYPa to heparin. Heparin-albumin 
was coated on microtiter plates and incubated with a range of CRYPal-AP 
concentrations. Curves were fitted by nonlinear regression analysis as described 
under Experimental procedures. Each value represents the mean ± standard 
deviation of three measurements.
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Figure 4.3. Structural model of the Ig-1 domain of CRYPa and sequence 
alignment with the Ig domains of telokin, NCAM (Ig-2) and FGFRI (Ig-2).
(A) Electrostatic surface representation of the Ig-1 domain of CRYPa; blue 
and red represent positive and negative electrostatic potential, respectively.
The large positive potential patch represents the putative heparin-binding site. 
Basic residues are labelled in yellow and numbered according to Stoker (1994).
(B) Ribbon view of the predicted folding - the orientation is the same as 
in (A). N and C denote the amino and carboxyl termini. The (3 strands are 
labelled, from A to G, according to the telokin fold. (C) Structure-based 
sequence alignment between telokin (the template used for modelling) and 
the heparin-binding Ig domains of CRYPa, NCAM and FGFRI. The 
corresponding sequences of the CRYPa mouse and human orthologues 
(mRPTPa and hRPTPa) have also been included. The heparin-binding sites 
are highlighted in blue (proposed site for CRYPa/ RPTPa). The telokin key 
structural residues and their conserved equivalents in CRYPa are highlighted 
in green. The p strands are underlined. The secondary structure definitions were 
reported as follows: for telokin in (Holden et al., 1992), for NCAM in (Kasper 
et al., 2000) and for FGFRI in (Plotnikov et al., 1999). This figure was made 
using the Swiss-PdbViewer v3.6b2 (Guex and Peitsch, 1997).
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consists mainly of a p-hairpin formed by strands pC and pC’ (Figure 4.3B) and contains 

the sequence R^^VTWNKKGKKVNSQR^^, plus the side chains of Arg96 and Arg99 

from a loop between the pE and pF strands. The Ig-1 domain homology model was 

generated using telokin as a template (39.3% identity, PDB codes IFHG and ITLK), a 

typical Ig superfamily I-set structure. Twenty-four out of the 35 key structural residues 

as defined by Bateman et al. (1996) are identical, representing all the major secondary 

structures and most of the peripheral regions (Figure 4.3C).

The cluster described above in the CRYPa Ig-1 domain contains a BBxBB 

motif suggested to interact optimally with heparan sulphate chains (where B represents 

Arg or Lys; Hileman et al., 1998). Other proteins containing heparin/heparan sulphate 

binding sites located in I-set Ig domains have been described, including the “classical” 

examples: neural cell adhesion molecule (NCAM) and fibroblast growth factor 

receptors (FGFRs). High-resolution 3D structures of both NCAM (lEPF, X-ray 

structure; Kasper et a l, 2000) and FGFRI (ICVS, X-ray structure; Plotnikov et al.,

1999) have recently been published, and these were aligned with the CRYPa Ig-1 

model using Swiss-PdbViewer (Figure 4.3C). The proposed heparin-binding site of 

CRYPa is perfectly conserved in its mouse and human orthologues and aligns well with 

the heparin-binding site found in NCAM (Cole and Akeson, 1989). However, the 

location of the FGFRI heparin-binding site does not seem to overlap, suggesting a 

different molecular architecture of the FGFRI-heparin complex.
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Table 4.1. Modelling templates for individual CRYPa 1 domains. The acceptable 

threshold value for modelling is 30% identity.

Domain Template Identity PDB ID

Ig-1 - Telokin

- N-terminal fragment of chicken axonin-1

39.3%

39%

IFHG,

ITLK

1CS6

Ig-2 - Telokin

- N-terminal fragment of chicken axonin-1

42.8%

37%

IFHG,

ITLK

1CS6

Ig-3 - N-terminal fragment of chicken axonin-1

- Third Ig-like domain of FGFRI

31%

30.7%

1CS6

levs

FNIII-1 - 10th type III cell adhesion module of 

human fibronectin

35.4% IFNA

FNIII-2 - FNIII domain from the cytoplasmic tail 

of integrin a6p4

36.4% 1QG3

FNIII-3 - 14̂ ’’ type III cell adhesion module of 

human fibronectin

- second FNIII domain of the cytokine- 

binding region of gpl30

42%

36.8%

IFNH

IBQUA

FNIII-4 - no suitable template - -
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4.3.4. The heparin-binding site of CRYPa is essential for binding to the retinal 

basal lamina

To test the accuracy of the molecular modelling prediction, I mutated the 

charged amino acids in the putative heparin-binding site of the Ig-1 domain and, as 

controls, other basic clusters present in CRYPa Ig domains 2 and 3. Several basic 

clusters are also present in the membrane-proximal FNIII-4 domain. A CRYPa 1 

extracellular construct lacking this FNIII-4 domain, termed FN3A-AP, bound similarly 

to full length CRYPa 1 by RAP in situ (Figure 4.5A and B). Therefore FNIII-4 does not 

contain the basal lamina binding site. The FN3A-AP construct was used as a backbone 

to incorporate further mutations, as shown in Figure 4.4A. Mutations M l, M2, M3 and 

M4 are all directed to the charged amino acids from the putative heparin/heparan 

sulphate-binding site in Ig-1. Mutation M5 targets a basic cluster in Ig-2 and M6 targets 

a similar cluster in the loop connecting Ig-2 and Ig-3. All constructs were transfected 

into 293T cells and essentially equal amounts of fusion protein were secreted in the 

conditioned media, quantified by measuring the heat-stable alkaline phosphatase 

activity (data not shown). All the mutations directed at the large basic cluster in Ig-1 

(Figure 4.3A) showed impaired heparin binding in solid-phase assays (Figure 4.4B). 

Binding of M5 and M6 constructs was not significantly affected.

The mutated constructs were tested on E6 chick retina sections by RAP in situ. 

The basal lamina binding pattern observed correlated with the solid-phase heparin 

binding profile (Figure 4.5). Therefore I conclude that the heparin/heparan sulphate- 

binding site was correctly predicted by molecular modelling. This site is essential for 

the binding of CRYPa 1 ectodomains to the basal lamina ligands.
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CRYPa domain sequence mut a t ic
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Ig -2 ^®̂ GRIKQLRSGĜ ®° wt
-A-A—A---- M5

I g -2 /3  loop 224VRVRRVAPRF̂ 33 wt
-A-AA-------- M6

B 120

O ) 1 0 0c
'"B
.5 80.o

w 60

40

20  -

Figure 4.4. Identification of the CRYPa heparin-binding site by site-directed 
mutagenesis. (A) Basic residues in the heparin-binding site in domain Ig-1 
(mutations MI, M2, M3 and M4), another cluster in Ig-2 (mutation M5) or in the 
loop connecting Ig-2 and Ig-3 (mutation M6) were replaced with alanine, “wt” 
corresponds to the original CRYPa sequence. (B) The mutated proteins were 
tested in solid-phase binding assays for binding to heparin-BSA. Bars represent 
means ± standard errors of three determinations.
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Figure 4.5. The heparin/heparan sulphate binding site in domain Ig-1 is essential 
for retinal basal lamina binding. Receptor affinity probe assays were performed 
using CRYPal-AP (A), FN3A-AP (B), Ml (C), M2 (D), M3 (E), M4 (F), M5 (G) 
and M6 (H) conditioned media, respectively. The basal lamina staining indicates 
fusion protein binding. Arrowheads indicate the retinal basal lamina; pe, pigmented 
epithelium. Scalebar, 0.1 mm.
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4.3.5. Radial glial cells (appear to) express two classes of CRYPa ligands

Radial glial cells ("Müller glia") are the only non-neuronal cell type in the 

chicken retina. RAP in situ experiments (Haj et al., 1999; Ledig et al., 1999a) 

demonstrate that, in addition to the basal lamina ligand(s), CRYPa binds very strongly 

to radial glia endfeet. This is particularly obvious on basal lamina flat-mounted 

preparations (Figure 4.7A) and appears to have physiological relevance during the 

intraretinal axon growth stage. I first questioned whether CRYPa has the ability to bind 

on the surface of cultured Müller glial cells. Primary retinal cell cultures were 

maintained for up to 3 weeks in medium without nerve growth factor and subjected to 

repeated passaging in order to remove most of the neurons. The glial cells kept dividing 

and maintained their typical, flat, well-spread morphology (Stier and Schlosshauer,

1998). RAP in situ experiments using CRYPal-AP conditioned medium revealed 

strong binding on glial cell membranes (Figure 4.6A). This binding was abolished in the 

presence of 0.5 M sodium chloride (Figure 4.6C) and also by the addition of 100 pg/ml 

heparin (Figure 4.6E). All these observations agree with the results obtained on retina 

cryosections and described above.

However, similar experiments performed on flat-mounted basal laminae do not 

provide such clear-cut results. As shown in Figure 4.7, heparin addition can diminish 

CRYPal-AP binding on glial endfeet but, unlike on cryosections or cultured Müller 

glia, this interaction is not blocked completely. In addition, several CRYPa 1 mutant 

constructs exhibited reduced binding to the glial endfeet (Figure 4.7) but again the 

difference is less drastic compared to the results obtained on retinal cryosections (Figure 

4.5).

Altogether these observations suggest that the glial endfeet, a highly 

differentiated area of the Müller glia, may express an additional, heparin-insensitive
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Figure 4.6. Sodium chloride and heparin abolish CRYPa binding to cultured 
retinal cells. RAP in situ assays using CRYPal-AP conditioned medium 
demonstrate that these cells express a CRYPa ligand (A). Sodium chloride (C) or 
heparin (E) addition to conditioned media can prevent CRYPa binding to cultured 
cells. Phase-contrast images of the cultures shown in (C) and (E) are shown in 
(D) and (F) respectively. Anti-GFAP antibody staining (B) shows that primary 
retinal cell cultures contain mainly Müller glia after three successive passages.
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Figure 4.7. CRYPa binding to its glial endfeet ligand(s) cannot be completely 
abolished by heparin or mutations in the heparin-binding site. Retinal basal lamina 
with glial endfeet attached were flat-mounted on glass coverslips and probed by RAP 
in situ with conditioned media containing CRYPal-AP (A, B), FN3A-AP (C), Ml (D), 
M2 (E), M3 (F), M4 (G), M5 (H) or M6 (I) fusion protein constructs. Heparin was added 
to the experiment shown in (B). Scalebar, 10 pm.
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class of CRYPa ligands. Alternatively, a crucial part of a binding complex is 

downregulated or lost in culture and somehow disrupted/degraded on cryosections but 

sufficiently well maintained in the flat-mount BL preparations.

4.4 Discussion

The molecular architecture of CRYPa suggests that it has extracellular ligands 

and these ligands should modulate its phosphatase activity in order to exert a 

physiological function.

The main ligand detection system we have so far, in vitro, is the RAP in situ 

technique using soluble CRYPa ectodomain constructs fused with AP as probes. 

Putative ligands seem to be localised, among other places, in the chicken retino-tectal 

system (on the basement membranes, neuronal and glial cell surfaces; Haj et a l, 1999; 

Ledig et a l, 1999a). This is one of the most extensively studied neural development 

systems and therefore it was chosen to assess the functional role of CRYPa in vitro 

(Ledig et al., 1999a; Johnson et al., 2001) and in vivo (Johnson et al., 2001; Rashid- 

Doubell et al., submitted). It emerged that CRYPa-ligand interactions are important for 

controlling growth and possibly targeting of retinal ganglion cells’ axons. The 

interactions required for the above-mentioned functions match very well the RAP in situ 

results. In addition, we have recently been able to demonstrate that CRYPa can bind to 

the retinal basal lamina in vivo (Aricescu et al., submitted).

My main target was to identify these putative ligands. Therefore, having a high 

degree of confidence that the RAP in situ results are relevant, I set out to characterise 

this interaction at the molecular level. The major CRYPa binding site in the E6 chicken 

retina is the basal lamina (inner limiting membrane). Various chemicals used to 

modulate this interaction have led to a surprising conclusion: the CRYPa basal lamina 

ligand appears not to be a protein, or rather, this appears not to be a protein-protein
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interaction. Instead, it seems that CRYPa may bind glycosaminoglycans, abundantly 

present in basement membranes. Clearly, CRYPa binding on RAP in situ is prevented 

by the addition of heparin. Moreover, CRYPa itself can bind heparin with a very high 

affinity. The significance of this finding will be discussed below.

Heparin is a highly sulphated polysaccharide, made up of repetitive disaccharide 

units containing an uronic acid residue (either D-glucuronic acid or L-iduronic acid) and 

D-glucosamine, which is either N-sulphated or N-acetylated. The disaccharides may be 

further 0-sulphated at C6 and/or C3 of the D-glucosamine and at C2 of the uronic acid 

residue. More than 100 heparin-binding proteins have been described to date and this 

number is increasing (reviewed in Conrad, 1998). These include growth factors and 

their receptors, extracellular matrix proteins, cell adhesion molecules, proteins involved 

in lipid metabolism, in blood coagulation and fibrinolysis. How many of these 

interactions are physiologically relevant? If we consider that heparin, as such, is an 

intracellular product found in the secretory granules of mast cells in complex with basic 

proteases, and gets secreted only following degranulation, the situation doesn’t look 

promising at all. However, another glycosaminoglycan structurally similar to heparin, 

termed heparan sulphate, is present on the surface of most if not all animal cells, 

attached to a protein core molecule. Both the protein core and the heparan sulphate 

chains present a high variability, thus defining a large family of molecules called 

heparan sulphate proteoglycans (HSPG). Despite the overall structural homology 

between heparin and heparan sulphate, many chemical variations have been described 

and the classification of various “heparinoid” fractions is still highly controversial 

(Conrad, 1998). Generally speaking heparan sulphate is less sulphated than heparin and 

shows a higher variability in the saccharide building blocks sequence. In fact, following 

recent advances in the glycan sequencing technology, the concept of “heparanome” has 

been recently proposed to reflect the wide variability of heparan sulphate sequences
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expressed by particular cells or tissues and involved in specific functional roles 

(Turnbull et a l, 2001). A detailed presentation of HSPG classification and their 

developmental functions will be given in the following chapter. Nevertheless, it is worth 

mentioning here that a growing body of experimental evidence demonstrates that 

HSPGs are involved in modulating axon growth and guidance events and are important 

neurite outgrowth-promoting molecules. Considering that some HSPGs represent major 

constituents of basement membranes, including the retinal basal lamina, they are placed 

in a prime position as CRYPa candidate ligands.

Molecular modelling and site-directed mutagenesis experiments led to the 

identification of the CRYPa heparin-binding site in the N-terminus Ig domain. There 

are at least two well-characterised examples of type I membrane proteins able to bind 

heparin via their Ig domains: fibroblast growth factor (FGF) receptors and NCAM. Over 

ten years of research lie behind one of the key dogmas of cell signalling, namely that 

heparin (heparan sulphate in vivo) is required for functional binding of FGF to its 

receptors. In the early 1990s it was demonstrated that FGFRl can bind heparin in a 

FGF-independent manner and that the intact Ig domain concerned, together with the 

associated heparin or HSPG molecule, is essential for efficient binding of FGF (Kan et 

al., 1993). Since then, various FGFs and receptor constructs have represented favourite 

targets for the structural biologists, culminating in the recent determination of FGF- 

FGFR-heparin ternary complex structures (Schlessinger et al., 2000; Pellegrini et al., 

2000). Ironically, the two structures reported are significantly different and so are the 

models proposed for heparin involvement in FGF signalling. Nevertheless, both the 

“two-ends” model (based on a 2:2:2 FGF:FGFR:heparin stoichiometry; Schlessinger et 

al., 2000) and the “asymmetric heteropentamer” model (based on a 2:2:1 

FGF:FGFR:heparin stoichiometry; Pellegrini et al., 2000) are carefully arranged to 

agree with the available biochemical data which postulate a key function for
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heparin/HSPGs in the molecular association between FGF and its receptor and for their 

biological activity.

NCAM, a well-characterised cell adhesion molecule, is known to be involved in 

both homophilic and heterophilic interactions. Its heterophilic partners include cell 

surface and extracellular matrix HSPGs (Storms et aL, 1996a,b). The importance of 

heparan sulphate binding to NCAM has been proven by the ability of exogenous 

heparin or heparan sulphate to inhibit completely neural cell adhesion to an NCAM 

substratum (Cole and Glaser, 1986) or to a monolayer of dissociated retinal cells (Cole 

et al., 1986). The issue of whether heparin binding to NCAM is required for homophilic 

binding has been controversial. Only recently, the crystal structure of the NCAM first 

two Ig domains, which seem to be responsible for both heparin and homophilic binding, 

has been reported (Kasper et al., 2000). It appears that the homophilic binding interface 

is localised away from the heparin-binding loop and therefore NCAM association with 

heparin probably does not interfere with homophilic binding and both processes may 

occur simultaneously. The predicted heparin-binding site of CRYPa matches very well 

the NCAM model and it would be interesting to analyse a crystal structure of the 

CRYPa ectodomain complexed with heparin (and of an NCAM-heparin complex too). 

Does heparin promote or stabilise a CRYPa dimer? If so, this may have significant 

functional consequences, as described in chapter 1.4.

An intriguing observation described in this chapter is the apparent presence of a 

heparin-independent interaction of CRYPa with radial glia endfeet, in addition to the 

proposed one involving HSPGs. Heparin efficiently competes with CRYPa binding on 

cultured Müller glia. Why is this not happening on the glial endfeet as well? Several 

studies support the idea that radial glial endfeet, both in the retina and optic tectum, are 

highly differentiated structures (Stier and Schlosshauer, 1998; Braisted et al., 1997). 

Probably their direct contacts with the basement membranes trigger specific signalling
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pathways and determine synthesis and local accumulation of specific molecules, 

otherwise absent from the glial cells’ surface. In the tectal endfeet for example, a 

specific accumulation of ephrin B 1 has been detected (Braisted et aL, 1997). Axon 

outgrowth experiments in vitro also demonstrate that retinal Müller glia are highly 

polarised: the cell bodies (glial somata) express a heat-sensitive repellent molecule 

while the endfeet are growth permissive (Stier and Schlosshauer, 1998). Unfortunately, 

what the authors call a “pure glial endfeet preparation” in fact means glial endfeet 

attached to the retinal basal lamina, as we used in our experiments. It is wrong to ignore 

the significant neurite outgrowth promoting potential of the basal lamina itself since it is 

well known that it represents a much better growth substrate than basal lamina with 

endfeet attached. Probably, as Ledig et al. (1999a) suggest, the glial endfeet contain a 

balance of positive and negative cues. The outcome of these factors, including the basal 

lamina influence, is indeed permissive since, in chicken, retina ganglion cell axons 

extend exclusively into the optic fibre layer and not into the outer retina, both in vitro 

and in vivo.

In conclusion, the fact that CRYPa binds heparin in vitro strongly suggests that 

it will bind HSPGs in vivo. Their location in the retinal basal lamina and their 

demonstrated role in modulating axon growth events make HSPGs prime candidates for 

CRYPa ligands. This possibility will be analysed in the following chapter.
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Chapter 5. Heparan sulphate proteoglycans are ligands for

CRYPa

5.1. Introduction

Proteoglycans are molecules that carry long, unbranched sugar polymers, termed 

glycosaminoglycans (GAGs), attached to specific serine residues of a protein core. 

GAGs are typically composed of -50-200 disaccharide units (-25-100 kDa). Depending 

on the disaccharide structures, GAGs can be grouped into chondroitin sulphate (CS), 

dermatan sulphate (DS), heparin/heparan sulphate (HS) and keratan sulphate (KS). In 

addition, hyaluronan, which in contrast to the GAGs mentioned above is not sulphated, 

exists as a protein-free polysaccharide on cell surfaces and in the extracellular matrix 

(reviewed in Bandtlow and Zimmerman, 2000).

Heparan sulphate proteoglycans (HSPGs) can be very abundant. At the epithelial 

cell surface for example, it has been estimated that there may be as many as a million 

syndecan-1 molecules (Perrimon and Bemfreld, 2001). Each protein core can have 

between one and eight HS chains attached. Considering that each HS chain, which 

adopts an extended helical coil conformation, can measure 40-160 nm in length, it 

appears that HSPGs are definitely a dominant feature of the cell surfaces. HSPGs can be 

transmembrane molecules (i.e. syndecans, 4 families in vertebrates), attached to the cell 

surface via a glycosylphosphatidylinositol (GPI) anchor (i.e. glypicans, 6 families in 

vertebrates) or can be secreted into the extracellular matrix to become key elements of 

basement membranes (perlecan, agrin and collagen XVIII). In addition, the syndecan 

and glypican core proteins can be proteolytically cleaved near the cell surface by matrix 

metalloproteinases and the ectodomains are released with all the HS chains of the parent 

molecule attached (Perrimon and Bemfreld, 2000 and references therein).
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"Traditionally", these highly abundant, strongly anionic molecules have been 

considered to interact non-specifically with secreted growth factors and extracellular 

matrix proteins, sequestering them in basement membranes or on cell surfaces in order 

to be presented to their "real" receptors. Recent insights from genetic studies in 

Drosophila and mice have strongly challenged this view (see below). Moreover, it is 

now understood that HSPGs have a rapid turnover rate, cells can alter the HS structures 

they make in response to extracellular stimuli and, more importantly, HS chain 

sequences are highly variable and at the same time cell- and tissue-specific (reviewed in 

Turnbull et aL, 2001). This sequence specificity is mainly due to cell- and tissue- 

specific expression of the HS modifying enzymes and formation of specialised enzyme 

complexes. The biosynthesis of HS involves a complex set of enzymatic reactions that 

first creates a non-sulphated polysaccharide chain precursor and then modifies it to 

generate a specific pattern of sulphation at selective positions (Turnbull et aL, 2001). 

Two key observations must be added: the HS synthesis seems not to be template-driven 

and the enzymes involved do not modify all the available sugars in the chain. It appears 

that regions of 10-16 highly modified disaccharides alternate with larger regions of 

relatively unmodified disaccharides, thus maybe creating discrete and specific binding 

sites. The fact that at least 32 possible unique disaccharide units have been described 

demonstrates an enormous potential for variability even in short sequences. In fact HS 

has been described as one of the most information-dense molecules in biology (Nugent,

2000). Current HS sequencing methods can only cope with saccharides up to about 12- 

16 sugar units in size (Turnbull et aL, 2001). A great effort is now being spent to 

improve the technology, and undoubtedly this will lead to a better understanding of the 

HS-protein binding specificity.

The identification and analysis of Drosophila and mice mutants deficient in 

enzymes involved in HS chain biosynthesis or in HSPG core proteins have revealed a
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remarkable degree of HSPG specificity in developmental processes (reviewed in 

Perrimon and Bemfield, 2000). For example, the Drosophila gene tout velu {ttv) 

encodes for an enzyme involved in the production of HS chains (an HS polymerase that 

transfers a D-glucuronic acid on an N-acetyl-D-glucosamine unit to generate the initial 

HS chain precursor). Surprisingly, the ttv mutant only affects the Hedgehog (Hh) 

signalling pathway, leading to the inability of the membrane-targeted cholesterol- 

modified Hh molecule to move through cell fields (Bellaiche et a l, 1998). The human 

homologues of ttv, members of the EXT gene family, are implicated in the multiple 

exostoses syndrome, characterised by bone outgrowth and tumours. On the other hand. 

Drosophila mutants in the UDP-D-glucose dehydrogenase, called sugarless (sgl), and in 

the N-deacetylase/N-sulphotransferase (NDST), termed sulfateless {sfl), show more 

widespread phenotypes, affecting the Wingless (Wg), FGF and Hh signalling pathways. 

It is worth mentioning that the phenotypes observed are very severe, corresponding to a 

complete loss of activity of these pathways, which indicates that HSPGs are absolutely 

required for these molecules’ signalling (reviewed in Perrimon and Bemfield, 2000). In 

mice, animals deficient in the gene encoding HS 2-0-sulphotransferase show multiple 

developmental abnormalities, renal agenesis being the most obvious one (Bullock et a l,

1998). On the other hand, targeted disruption of one of the four known NDST genes 

prevents mast cell biosynthesis of heparin chains but does not affect biosynthesis of 

other HS chains (Forsberg et a l, 1999; Humphries et aL, 1999).

Genes encoding HSPG core proteins have also specific developmental roles. For 

example, genetic analysis of the dally Drosophila mutant (affecting a glypican gene) 

suggests its involvement in both Wg and Decapentaplegic (Dpp) signalling. Dally 

appears to act as a co-receptor for Wg, in conjunction with Frizzled2 (Tsuda et aL,

1999). The dally mutant phenotype is reminiscent of the loss of the Wg activity. 

Interestingly, Dally is also involved in the Dpp signalling but only in imaginai disks
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(Jackson et al., 1997). Although Dpp is expressed during the embryonic stages, dally 

mutants show no defects related to the early function of Dpp in the establishment of 

dorso-ventral embryonic polarity. This provides an interesting example of a 

developmentally regulated HSPG function.

Proteoglycans are also important regulators of axon growth and guidance 

processes (reviewed in Bovolenta and Femaud-Espinosa, 2000; Yamaguchi, 2001). In 

particular, there is strong experimental evidence that HSPGs act (indirectly) as 

promotors of neurite outgrowth. Experiments in vitro demonstrate that HSPGs can 

significantly enhance the growth-promoting abilities of a variety of molecules such as 

laminin (Lander et al., 1985), NCAM (Cole et al., 1986) or FGF2 (Chai and Morris,

1999). On the other hand, the interaction between Slit2 protein and its Robol receptor is 

significantly enhanced by cell-surface HSPGs and enzymatic removal of HS abolishes 

the chemorepulsive response to Slit2 shown by both migrating neurons and growing 

axons (Hu, 2001).

Further evidence for the role played by HS in axon guidance has been obtained 

from experiments in vivo. Wang and Denburg (1992) observed that exogenously added 

HS causes pathfinding errors in the Til pioneer axons of cockroach embryos. Similar 

errors were detected in heparinase Ill-treated embryos, while chondroitinase or 

hyaluronidase treatments had no obvious effects. HS and heparitinase can also disrupt 

the trajectory of Fe2, another pioneer axon in the cockroach embryo (Rajan and 

Denburg, 1997). Analysis of the developing retinotectal system in Xenopus provided 

additional data regarding putative molecular mechanisms involving HSPGs during axon 

guidance. Walz et al. (1997) found that an HS fraction that preferentially binds FGF2 

could prevent retinal axons from entering the optic tectum when added to an "exposed 

brain" preparation. In contrast, an HS fraction that preferentially binds FGFl did not 

have such an effect, which further underlines the specificity of HS binding. Heparitinase

157



removal of the native HS chains at the beginning of optic tract formation caused 

retardation of retinal axon elongation. Although addition of FGF2 restored axon growth, 

they completely lost directionality. Interestingly, heparitinase treatment or HS 

competition caused a phenotype similar to the one obtained when a dominant negative 

FGF receptor was expressed in retinal ganglion cells (McFarlane et aL, 1996). Later on, 

Nyhus and Denburg (1998) found that anti-FGF2 antibodies and heparitinase treatment 

cause similar guidance errors in cockroach embryos. All these experiments demonstrate 

that heparan sulphate is involved in axon growth and guidance through modulation of 

FGF2 signalling. The identity of the HSPG involved in these events is not yet known. 

Nevertheless, this is not the only signalling pathway relevant for axon extension and 

pathfinding in which HSPGs are involved. For example, glypican-1 binds Slit2 (Liang 

et aL, 1999) and, as mentioned above, this appears to play a key role in mediating its 

repulsive effect (Hu, 2001). Syndecan-3 (N-syndecan) is a cell-surface receptor for 

heparin-binding growth-associated molecule (HB-GAM, better known as pleiotrophin), 

a well-characterised neurite outgrowth promoting factor (Raulo et aL, 1994).

In addition to cell surfaces, the extracellular matrix is also rich in HSPGs and 

represents a key component of the growth cone environment. The retinal basal lamina 

(BL), for example, a major growth substrate for the retinal ganglion cells, has a very 

complex structure. At least 20-30 different proteins can be electrophoretically separated 

after extensive detergent washing of the cell debris and most of the associated soluble 

proteins (Halfter and Von Boxberg, 1992). These include collagen IV, laminins, 

nidogen, HSPGs (agrin, collagen XVIII, perlecan) and chondroitin sulphate 

proteoglycans. Among HSPGs, the retinal BL is unique in that it expresses only trace 

levels of perlecan, otherwise very abundant in other basement membranes (Halfter et 

aL, 2000). Instead, agrin and collagen XVIII are the major HSPGs in the BL.
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Agrin was originally isolated from the muscle basal lamina based on its ability 

to induce clustering of the acetylcholine receptors in cultured myotubes. Further studies 

firmly established agrin as a key regulator of synaptogenesis in the developing and 

regenerating neuromuscular junction (reviewed in Ruegg and Bixby, 1998). Alternative 

splicing (Figure 5.1) yields agrin isoforms that vary slightly in primary sequence but 

significantly in function. The so-called neural isoforms are unique to neurons and 

contain inserts of 4 and 8 (and/or 11) amino acids at two sites towards the C-terminus of 

the molecule (reviewed in Hagiwara and Fallon, 2001). Splice isoforms lacking the 8/11 

amino acid inserts are termed "muscle" agrin, although they are highly expressed in 

other tissues such as brain, and in the lung and kidney basement membranes. Despite its 

abundance, agrin's function in the brain is not clear yet. Immunohistochemical studies 

revealed a striking pattern of expression along the developing axonal pathways 

including the optic pathway, the tecto-bulbar tract and the presumptive white matter of 

the spinal cord (Tsen et aL, 1995; Kroger, 1997; Halfter et aL, 1997). This expression 

pattern correlates with the active axonal growth and guidance stages in the developing 

nervous system. In addition, agrin was localised by electron microscopy on the surface 

of growing retinal ganglion cells in the developing optic pathway (Halfter et aL, 1997).

Collagen XVIII is a ubiquitous constituent of embryonic and adult basement 

membranes (Halfter et aL, 1998). Initially cloned during a screen for new genes 

containing collagen-like motifs (Oh et aL, 1994), collagen XVIII became an extensively 

studied molecule following the discovery that an 18 kDa anti-angiogenic peptide termed 

endostatin (ES) is in fact derived by proteolytical cleavage of its C-terminal domain 

(O'Reilly et aL, 1997). In addition, a mutation in the human COL18A1 gene has been 

identified as causing the Knobloch syndrome, an autosomal recessive disorder 

characterised by retinal and neural tube closure defects (Sertie et aL, 2000). Kuo et aL 

(2001) have shown that a C-terminal fragment termed NCI/endostatin (NCI I-end of
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Figure 5.1. Schematic representation of agrin and collagen XVIII HSPGs.
Alternative promoter usage and N-terminus splicing of agrin results in two neuronal isoforms. 
The isoform termed LN contains a signal sequence (SS) followed by the NtA domain 
(necessary for binding laminin-1 in basement membranes), while the iso form termed SN 
contains a shorter N-terminus sequence responsible for membrane anchoring in a type II 
topology. The common part of the molecule contains follistatin-like domains (FS), laminin 
EGF-like domains (LE), EGF-like domains (EG) and laminin G-like domains (LG). Sites of 
alternative mRNA splicing are marked by ±. The second LG domain binds to heparin if a 4 
amino acid insert is present at the A/y site. The third LG domain, in conjunction with the B/z 
site (which may contain inserts of 8, 11 or 19 amino acids) is sufficient to induce aggregation 
of the ACh receptors on myotubes.
Collagen XVIII contains ten triple helical regions (white boxes), a trimérisation motif (T) and 
an endostatin (ES) domain. The frizzled domain is present only in the liver-specific isoform.
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molecule in Figure 5.1) has the ability to promote motility of various cell types in a 

manner strictly requiring oligomerisation of the ES domain and the activities of the 

small GTPases Rac and Cdc42 and the mitogen-activated protein kinase (MAPK) 

pathway. Furthermore, the C. elegans homologue of collagen XVIII, termed CLE-1 is 

similarly found in basement membranes and, at high levels, in the nervous system 

(Ackley et aL, 2001). Interestingly, deletion of the cle-1 region encoding the "NCI" 

domain (NCI 1 in Figure 5.1) results in multiple cell migration and axon guidance 

defects.

Therefore, retinal basal lamina HSPGs and in particular agrin and collagen 

XVIII are expressed in the right place at the right time to bind CRYPa and possibly 

modulate its activity. In this chapter, I demonstrate that CRYPa binds the basal lamina 

HSPGs via their HS chains in vitro. Solid-phase binding assays using immunopurified 

agrin and collagen XVIII shows that CRYPa can bind these HSPGs with very high 

affinity. Their overlapping expression patterns suggest that such interactions can happen 

in vivo as well. On the other hand, further arguments are provided supporting the idea 

that Müller glia endfeet express an additional, non-HSPG (class of) ligand(s).

5.2. Experimental procedures

RAP in situ. The in situ localisation of CRYPa ligands on E6 tissue sections, 

primary retinal cell cultures and flat-mounted retinal basal laminae were performed 

using CRYPa 1-AP conditioned medium as previously described (chapter 2.5,3). In 

modified RAP assays the CRYPa 1-AP probe was pre-incubated with lOOpg/ml heparin 

(Sigma), bovine kidney heparan sulphate (Sigma) or chondroitin sulphate (Calbiochem) 

for Ih at room temperature, then added to cryosections (see chapter 2.5.1), cells (see 

chapter 2.4.3) or basal laminae (see chapter 2.4.4). Alternatively, the sections, cells or 

basal laminae were pre-treated for 2 hours at 37°C with 0.5 U heparitinase (heparinase
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Ill, Sigma) in 50 pi PBS, pH 7.4 containing 0.1% w/v BSA or with 0.1 U 

chondroitinase ABC (Sigma) in 50 pi Tris-acetate buffer, pH 8. The protease inhibitor 

4-(2-Aminoethyl)-benzenesulfonyl fluoride was added to both reactions to a final 

concentration of 2 mM,

Single-chain variable fragment (scFv) antibodies selected against skeletal 

muscle basal lamina HSs were a gift from A. Oosterhof (University of Nijmegen; 

Jenniskens et aL, 2000). E6 chicken embryo cryosections were pre-blocked for 20 min 

in PBS with 0.1% w/v BSA. Periplasmic fractions of IPTG-induced E. coli HB2151 

cultures (clones RB4EA12, HS4C3, AO4B08, EV3C3 and HS4E4) containing scFv 

antibodies were diluted 1:5 in PBS with 0.1% (w/v) BSA and incubated 90 min at room 

temperature with the sections. Anti-agrin (clone 6D2; Halfter, 1993) and anti-collagen 

XVIII (clone 6C4; Halfter et aL, 1998) monoclonal antibodies were diluted 1:20 in PBS 

containing 0.1% (w/v) BSA and incubated with the tissue sections as described above. 

After 3 x 1 0  min washes in PBS, the sections were incubated with CRYPa 1-AP 

conditioned medium following the standard RAP in situ protocol described in chapter

2.5.3.

Solid-phase binding assays. Agrin, purified as described in Halfter et aL 

(1997), and collagen XVIII, purified as described in Halfter et aL (1998), were kindly 

provided by W. Halfter (University of Pittsburgh). Aliquots of 100 pi were bound on 

96-well microtiter plates at a protein concentration of 5 pg/ml, for 2 hours at room 

temperature, then the remaining binding sites were blocked by overnight incubation at 

4°C in PBS containing 3% (w/v) BSA. Conditioned media containing various 

concentrations of CRYPa 1-AP were incubated with the coated wells for 3 hours at 

room temperature. Bound CRYPa 1-AP quantification and determinations were 

performed as described in chapter 4.2.
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Expression constructs and fusion protein production. CRYPa 1-AP 

conditioned medium was obtained by transient transfection of the pBG-CRYPal-AP 

plasmid in 293T cells, as described in chapter 2.3. The pal-V ST expression vector was 

constructed by subcloning the Hin dlll fragment coding for CRYPa 1 extracellular 

region into the pCS3N-VST shuttle vector (Aricescu and Stoker, unpublished), which 

contains a Hin dlll site, a linker coding for the VSV peptide tag, a short spacer sequence 

and an A d  I site, all flanked by two Not I sites. pal-VST was used to express the 

secreted CRYPa 1-VSV fusion protein in 293T cells as described above or, for higher 

expression levels, the CRYPa 1-VSV coding fragment was transferred into the 

RCAS(A) avian retrovirus (Hughes et aL, 1987) in two steps, as follows: pal-VST was 

linearised with A d  I and ligated into the Cla I opened RCAS(A); the shuttle vector 

backbone was then removed via Not I digestion and self-ligation, resulting in the 

RCAS-al VST retrovirus. This construct was transfected into line 0 chick embryo 

fibroblasts (grown in DMEM plus 10% v/v foetal calf serum plus 2% v/v chick serum) 

using Superfect (Qiagen). After 6 passages the conditioned medium containing 

CRYPa 1-VSV was collected, sterile filtered, and buffered to pH 7.4 with 20 mM 

HEPES.

Immunoblotting and blot-overlay assays. An HSPG-enriched fraction (HfV) 

from E9 chick embryo vitreous bodies homogenised in Ca^’̂ /Mg^  ̂free Hanks’ balanced 

salt solution, pH 7.3 (CMF) was partially purified by ion-exchange chromatography as 

follows. The vitreous homogenate was supplemented with 1:100 protease inhibitors 

cocktail with no metal chelators (Sigma) and centrifuged at 12,000 g for 30 min at 4°C 

to remove debris. The supernatant was applied on a Q-Sepharose Fast Flow column 

(Amersham Pharmacia Biotech), washed with 0.5 M NaCl in CMF, and the HfV
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fraction was eluted with 1.5 M NaCl in CMF. Eluted fractions were concentrated using 

Centricon YM-30 (Amicon) centrifugal filter units and the buffer changed to CMF. 

Aliquots of the HfV, as well as 100 ng immunopurified agrin and collagen XVIII (as 

described in Halfter et aL, 1997; Halfter et aL, 1998) were pre-incubated for 2 h at 37°C 

with either 0.5 U heparinase III, 0.1 U chondroitinase ABC or 0.1 U collagenase (Sigma 

type VII) in PBS, pH 7.4, containing 2 mM 4-(2-Aminoethyl)-benzenesulfonyl fluoride.

For immunoblotting the reactions were mixed with equal volumes of Laemmli 

sample loading buffer (62 mM Tris, pH 6.8, 2% SDS, 10% glycerol, 5% p- 

mercaptoethanol, 0.001% Bromophenol Blue), boiled and separated by 6% SDS- 

polyacrylamide gel electrophoresis. Proteins were transferred onto Hybond-C Extra 

nitrocellulose membranes (Amersham Pharmacia Biotech), blocked overnight at 4°C in 

5% w/v non-fat milk (Marvel) in PBS, and probed for 1 hour at room temperature with 

anti-agrin (6D2, 1:20; Halfter, 1993) or anti-collagen XVIII (6C4, 1:20; Halfter et aL, 

1998) monoclonal antibodies. The secondary antibody used was HRP-conjugated rabbit 

anti-mouse (Dako) diluted at 1:2000. Chemiluminescent detection was performed using 

the ECL Western blotting kit (Amersham Pharmacia Biotech).

For blot-overlay assays the samples were processed as above except that, 

following overnight blocking, the membranes were incubated for 3 hours at room 

temperature with CRYPa 1-VSV conditioned medium supplemented with 0.5% Igepal 

CA-630 (Sigma). The membranes were then washed 3 times with PBS containing 0.5% 

Igepal CA-630 and bound CRYPa 1-VSV was detected using the anti-VSV monoclonal 

antibody (P5D4, 1:1000; Sigma) as described above.

Immunohistochemistry and immunocytochemistry. E6 or ElO chick embryo 

heads were fixed in 4% paraformaldehyde in PBS, cryoprotected in 30% sucrose in PBS 

and frozen in OCT compound (TissueTek). Cryosections (10-12 pm) were mounted on
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3-aminopropyltriethoxysilane coated glass slides. For immunohistochemistry, sections 

were blocked with 1% w/v BSA, 0.25% Triton X-100 in PBS for 15 min at room 

temperature. Primary antibodies used were IG2 (anti-CRYPa rabbit polyclonal. Stoker 

et al., 1995) diluted at 1:500; P5D4 (anti-VSV glycoprotein monoclonal. Sigma) at 

1:500; 6D2 (anti-agrin monoclonal; Halfter, 1993) at 1:20 and 6C4 (anti-collagen XVIII 

monoclonal; Halfter et aL, 1998) at 1:20, all in 3% w/v BSA, 0.25% TritonX-100 in 

PBS. After 1 hour incubation at room temperature the sections were washed three times 

in 0.1% w/v BSA, 0.05% TritonX-100 in PBS and secondary antibodies were added for 

1 hour at room temperature, as follows: HRP-conjugated goat anti-rabbit (Promega), 

diluted at 1:100; HRP-conjugated rabbit anti-mouse (Promega), at 1:100; FITC- 

conjugated goat anti-mouse (Jackson Labs), at 1:200. After three final washes the 

peroxidase reactions were performed using the DAB substrate kit (Vector Laboratories) 

and the FITC-labelled sections were mounted in Fluorsave (Calbiochem).

All the anti-HS antibodies previously used for RAP in situ competition are 

VSV-tagged and therefore, after binding on cryosections as described above, they were 

detected with the P5D4 monoclonal antibody (diluted at 1:200; Sigma) following the 

standard procedure described above.

Primary retinal cell cultures were fixed in cold methanol for 2 min at -20°C and 

blocked 15 minutes at room temperature in PBS containing 1% w/v BSA and 0.1% 

Triton X I00. A rabbit polyclonal anti-GFAP (glial fibrillary acidic protein) antibody 

(Sigma), diluted at 1:200 in PBS containing 3% w/v BSA and 0.05% Triton X-IOO, was 

then incubated with the cells for 1 hour at room temperature. The excess antibody was 

removed by 3 x 10 min washes in PBS containing 0.05% Triton X-100 and the 

secondary antibody (HRP-conjugated goat anti-rabbit, Promega) was added at 1:200 

dilution for 1 hour at room temperature. The peroxidase reaction was performed as 

described above.
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All sections and cell preparations were analysed using an Axiophot fluorescence 

microscope (Zeiss).

5.3. Results

5.3.1. CRYPa binds to retinal HSPGs

CRYPa is a heparin-binding protein, as shown in chapter 4.3.2. In addition, 

heparin is able to abolish CRYPa binding on retinal BL ligands and on cultured retinal 

cells (see chapters 4.3.1. and 4.3.5). In those experiments, heparin can either compete 

with the BL ligand(s) for the same binding site on CRYPa or, alternatively, it can 

compete with CRYPa for the same binding site on the BL. Site-directed mutagenesis 

experiments (see chapter 4.3.4) targeting the heparin-binding site of CRYPa suggest 

that heparin-like molecules in the basal lamina are indeed the ligands detected by RAP 

in situ. The obvious candidates are the poly anionic glycosaminoglycan chains attached 

to basal lamina proteoglycans.

RAP in situ competition experiments demonstrate that charge alone is not 

sufficient to modulate this interaction. Heparan sulphate (Figure 5.2 C), like heparin 

(Figure 5.2 B), efficiently competes for CRYPa binding, while the same amount of 

chondroitin sulphate has no effect (Figure 5.2 D). On the other hand, specific digestion 

of basal lamina heparan sulphate chains by heparinase III results in complete loss of 

CRYPa binding (Figure 5.2 E), while chondroitinase ABC pre-treatment had no effect 

(Figure 5.2 F).

In addition, a panel of five monoclonal scFv antibodies raised against HS chains 

(Jenniskens et aL, 2000) was tested for their ability to bind the E6 chick retinal BL, As
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Figure 5.2. CRYPa binding to the E6 chick retinal basal lamina is mediated by heparan 
sulphate chains. (A) to (F): Receptor affinity probe assays using the extracellular region 
of CRYPa 1 fused to alkaline phosphatase. Retina sections were untreated (A-D), or 
pre-treated with heparinase III (E) or chondroitinase ABC (F). CRYPa 1-AP conditioned 
medium was used alone (A), or pre-incubated with heparin (B), heparan sulphate (C) or 
chondroitin sulphate (D). The basal lamina staining indicates CRYPa 1-AP binding. 
Arrowheads indicate the retinal basal lamina; pe, pigmented epithelium. Scalebar, 0.1 mm.
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Immunofluorescence RAP in situ
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Figure 5.3. (Continued on the next page)
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Figure 5.3. (Continued from previous page) Various anti-HSPG monoclonal antibodies 
affect CRYPa binding to the retinal BL in a differential manner. Immunofluorescent 
staining of E6 chick retina sections with monoclonal antibodies against the agrin protein 
core (A), collagen XVIII protein core (C) and various scFv antibodies against basement 
membrane HS chains (E, G, I, K, M) reveal specific staining patterns. All antibodies except 
HS4C3 (M) bind to the retinal basal lamina (white arrowheads). RAP in situ using 
CRYPa 1-AP conditioned medium demonstrates that all anti-HS antibodies that are able 
to bind to the retinal BL can effectively compete with CRYPa binding (F, H, J, L). 
However, antibodies against agrin (B) or collagen XVIII (D) protein cores as well as 
HS4C3 cannot abolish the RAP in situ signal.
Arrowheads indicate the retinal basal lamina; pe, pigmented epithelium. Scalebar, 0.1 mm.
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seen in figure 5.3, most of them bind, with various degrees of specificity. HS4C3 and 

EV3C3 clearly label the BL (Figure 5.3 G and K), as do the control monoclonal 

antibodies directed against the protein cores of the main retinal HSPG constituents 

(agrin and collagen XVIII, Figure 5.3 A and B, respectively). RB4EA12 and, to a lesser 

extent, HS4C3 have additional binding sites in or around the retinal cells’ nuclei (Figure 

5.3 E and G), as previously described in cultured CHO cells by Jenniskens et al. (2000). 

AO4B08 also labels the retinal ganglion cell axons forming the outer fibre layer, as well 

as the basal lamina (Figure 5.3 I). In contrast, HS4E4 did not bind at all on the retinal 

basal lamina (Figure 5.3 M).

The ability of various antibodies to bind HS chains in the basal lamina correlates 

with their ability to block CRYPa binding in RAP in situ experiments. The anti-agrin 

and anti-collagen XVIII antibodies did not affect CRYPa binding significantly, neither 

did HS4E4 (Figure 5.3 B, D and N). On the other hand, RB4EA12, HS4C3 and EV3C3 

blocked this interaction completely (Figure 5.3 F, H and L) and only a very weak signal 

could be detected when AO4B08 was used (Figure 5.3 J).

Together, the experiments mentioned above support two conclusions: the retinal 

BL ligands for CRYPa detected by RAP in situ on cryosections are HSPGs and this 

interaction is mediated by their HS chains rather than the core protein.

5.3.2. CRYPa binds to the extracellular matrix HSPGs agrin and collagen XVIII.

The major HSPGs present in the retinal basal lamina are agrin and collagen 

XVIII (Halfter et aL, 2000). Perlecan can also be detected but is much less abundant. 

Agrin and collagen XVIII samples immunopurified from the vitreous body (gift of W. 

Halfter, University of Pittsburgh; Halfter et aL, 1997; Halfter et aL, 1998) were tested as 

candidate CRYPa ligands in solid-phase binding assays. CRYPa 1-AP bound at 

picomolar concentrations to both agrin and collagen XVIII (Figure 5.4 A and B). The
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Figure 5.4. Solid-phase binding of CRYPa to agrin and collagen XVIII. Agrin (A) 
and collagen XVIII (B) were coated on microtiter plates and incubated with a range 
of CRYPa 1-AP concentrations. Curves were fitted by nonlinear regression analysis 
as described under Materials and Methods. Each value represents the mean ± standard 
deviation of three measurements.
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dissociation constants measured were 0.18+0.01 nM for agrin and 0.21 ±0.02 nM for 

collagen XVIII, demonstrating that CRYPa binds these HSPGs with very high affinity. 

This experiment shows that native agrin and collagen XVIII can function as ligands for 

CRYPa, at least in vitro.

These interactions were investigated in a further assay to determine whether 

CRYPa-proteoglycan interactions occur mainly via the HS chain, as predicted above. 

An HSPG-enriched (HfV) fraction from E9 chick embryo vitreous bodies was prepared 

by ion-exchange chromatography and, together with pure agrin and collagen XVIII, was 

tested on a blot-overlay assay. As shown in Figure 5.5 A, the HfV fraction contains both 

agrin and collagen XVIIl. Agrin, a large proteoglycan with an apparent molecular mass 

of 500 kDa, appears undegraded in the HfV fraction and was not digested by treatment 

with collagenase (lane c) or chondroitinase ABC (lane d). However, treatment with 

heparinase III (lane b) reduced agrin’s size to 250 kDa, corresponding to its core 

protein. Similarly, the molecular mass of collagen XVIII was reduced from around 300 

kDa to the 180 kDa core protein (lane f). Chondroitinase ABC treatment had no effect 

(lane h), whereas collagenase removed any trace of collagen XVIII (lane g). When the 

same HfV samples were probed with the CRYPa 1-VSV conditioned medium in the 

blot-overlay assay, two bands, corresponding in size to agrin and collagen XVIII, were 

observed in the untreated (lane i) and chondroitinase ABC treated (lane 1) samples. 

Heparinase III digestion (lane j) completely removed any signal on the blot overlay, 

showing that CRYPa binding requires the presence of HS chains. This agrees with the 

RAP in situ results described above. Finally, collagenase pre-incubation (lane k) 

specifically removed the lower molecular weight band, corresponding to collagen 

XVIII.

The same patterns were obtained when purified agrin (Figure 5.5 B) or purified collagen 

XVIII (Figure 5.5 C) samples were enzyme-treated and probed in immunoblots or blot-
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Figure 5.5. CRYPa binds the extracellular matrix proteoglycans agrin and collagen XVIII 
via their heparan sulphate chains. An HSPG-enriched fraction from chick embryo vitreous 
bodies (A), purified agrin (B) and purified collagen XVIII (C) samples, separated by 6% 
SDS-PAGE, were transferred on nitrocellulose membranes and probed with anti-agrin mAh 
6D2, anti-collagen XVIII mAb 6C4 or CRYPa I-VSV conditioned medium. Bound 
CRYPa I-VSV was detected using an anti-VSV mAb. Samples were either untreated with 
enzymes (lanes a, e, i) or pre-digested with heparinase III (lanes b, f, j), collagenase 
(lanes c, g, k) or chondroitinase ABC (lanes d, h, 1). Arrows in (A) indicate the two bands 
corresponding in molecular mass to agrin (upper) and collagen XVIII (lower) observed in 
the blot-overlay assay.
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overlay assays. The collagen XVIII blots (Fig. 4C) appear smearier than in the fresh 

HfV samples, presumably due to partial degradation during the purification steps.

Altogether, these data suggest that agrin and collagen XVIII can act as ligands 

for CRYPa, irrespective of the CRYPa-fusion tag used (AP or VSV), and that these 

interactions occur necessarily via their HS chains.

5.3.3. Overlapping expression patterns of CRYPa, agrin and collagen XVIII in the 

developing chick retina.

It has been previously shown that CRYPa, agrin and collagen XVIII are 

expressed in the embryonic nervous system in a developmentally regulated manner 

(Stoker et aL, 1995; Ledig et aL, 1999b; Halfter et aL, 1997; Halfter et aL, 1998). Here I 

examined whether the expression patterns of CRYPa and the proposed ligands are 

juxtaposed, as would be expected if they were to be interacting in vivo. At E6 CRYPa is 

localised in retinal axons in the optic fibre layer (OFL) in close contact with the BL 

(Figure 5.6 A). Agrin (Figure 5.6 C) and collagen XVIII (Figure 5.6 E) are localised at 

E6 mainly in the basal lamina, which forms part of the complex substrate on which the 

RGCs extend their axons towards the optic nerve head. At ElO, when the retinal 

plexiform layers have formed, CRYPa is mainly localised in the OFL and in the inner 

plexiform layer (IPL) (Figure 5.6 B). Agrin, produced like CRYPa by the RGCs, is 

present in the OFL and IPL, but also accumulates in large amounts in the BL (Figure 5.6 

D). Collagen XVIII however, produced by the ciliary body (Halfter et aL, 2000) is only 

present on the retina inner surface, representing the BL (Figure 5.6 F).

The expression patterns described above suggest that CRYPa would indeed be 

able to interact with both agrin and collagen XVIII during eye development.
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Figure 5.6. Expression patterns of CRYPa, agrin and collagen XVIIl in the developing 
chick retina. E6 (A, C, E) and ElO (B, D, F) chick retina sections were probed with 
antibodies anti- CRYPa (A,B), anti-agrin (C,D) and anti-collagen XVIII (E, F). At E6, 
CRYPa is strongly expressed in the retinal axons (outer fibre layer, OFL) while both 
agrin and collagen XVIII show strong expression in the juxtaposed basal lamina (white 
arrows), the substrate for RGC axon growth. At ElO the retinal layers are better 
differentiated and CRYPa shows strong expression mainly in neurite layers: OFL and 
IPL (inner plexiform layer). The agrin expression pattern is overlapping and also shows 
that, together with collagen XVIII, agrin is a major constituent of the retinal basal lamina. 
RGC, retinal ganglion cells layer; INL, inner nuclear layer; GPL, outer plexiform layer; 
PE, pigmented epithelium. Scalebar, 0.1 mm.
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5.3.4. A non-HSPG class of ligands appears to be expressed on Müller glia endfeet

RAP in situ experiments described in chapter 4.3.5 demonstrate that CRYPa 

binding to Müller glia endfeet is not entirely heparin-sensitive. In contrast, binding to 

primary retinal cells in culture is completely abolished by heparin or sodium chloride. 

These observations suggest that the Müller glia may express two classes of ligands. In 

order to further analyse this hypothesis, primary retinal cells in culture and flat-mounted 

retinal basal laminae were tested by modified RAP in situ experiments as described in 

chapter 5.3.1. Heparinase III treatment prevents CRYPa binding on cells (Figure 5.7 

D), however its effect on glial endfeet is less pronounced (Figure 5.8 C). On the other 

hand, neither chondroitin sulphate nor chondroitinase ABC pre-treatment could impair 

the interaction between CRYPa and its ligands expressed on cultured cells (Figure 5.7 

E and F) or glial endfeet (Figure 5.8 D and E).

These results demonstrate that glial cell surface HSPGs and not CSPGs are 

responsible for CRYPa binding observed by RAP in situ and that the HS chains are 

essential for this interaction. This seems not to be the case on glial endfeet where, 

although both heparin and heparinase III treatment can reduce binding to some extent, 

an additional, non-HSPG, ligand appears to be present.

5.4. Discussion

The HS chains contain binding sites for a variety of extracellular proteins such 

as matrix constituents, proteases and their inhibitors, lipases, lipoproteins, growth 

factors and their receptors, cytokines and anti-microbial peptides (Park et al., 2000). 

These molecules are involved in essential processes including morphogenesis, tissue 

repair, energy balance and host defence. In addition, pathogens like herpes simplex 

virus. Neisseria and Plasmodium bind to the cell surface via HS chains (Rostand and 

Esko, 1997). A complex biosynthetic process is responsible for the large structural
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Figure 5.7. Retinal cells in culture express an HSPG ligand for CRYPa. 
CRYPa 1-AP binds efficiently to primary retinal cell cultures in RAP 
in situ assays (A). Heparin addition (C) or heparinase III pre-treatment 
of the cultured cells (D) significantly reduce CRYPa binding. However, 
neither chondroitin sulphate addition (E) nor chondroitinase ABC 
pre-treatment of cells (F) can affect this interaction. Anti-GFAP antibody 
staining (B) shows that the cultures contain mainly Müller glia after three 
successive passages.
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Figure 5.8. Müller glia endfeet appear to express two classes of CRYPa ligands. 
Retinal basal laminae with glial endfeet attached were flat-mounted on glass 
coverslips and probed by RAP in situ with conditioned medium containing 
CRYPa 1-AP alone. Heparin addition (B) or heparinase III pre-treatment (C) 
reduce binding compared to the control experiment (A) but cannot abolish it 
completely. Chondroitin sulphate addition (D) or chondroitinase ABC pre-treatment 
(E) do not affect CRYPa binding. Scalebar, 10 pm.
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diversity of HS polymers (reviewed in Turnbull et a l, 2001), which, in turn, accounts 

for their selectivity and specificity in protein binding. Results obtained using recent 

advances in complex polysaccharide sequencing methods (Venkataraman et a l, 1999; 

Keiser et a l, 2001) clearly support the hypothesis that the protein-glycosaminoglycan 

interactions involve sequence and structure specificity for both partners.

Putative, heterotypic, ligands for CRYPa have been previously described on 

retinal BL, RGC neurites and Müller glia endfeet (Haj et a l, 1999; Ledig et a l, 1999a). 

Experiments described in this chapter show that CRYPa can also bind Müller glia in 

culture. On the other hand, I demonstrated that HSPGs represent a major class of 

ligands both in the retinal BL and on retinal cell surfaces in culture (largely glia but 

small numbers of neurons were still present). Since both heparin competition and 

heparinase III treatment, but not chondroitin sulphate competition or chondroitinase 

ABC treatment, can abolish CRYPa-ligand binding, it results that the interaction 

observed in RAP in situ experiments is mediated by HS chains. Both agrin and collagen 

XVIII, the major retinal BL HSPGs, have the ability to bind CRYPa in vitro with high 

affinity via their HS chains. The neuronal and glial cell surface HSPG ligands have not 

been characterised yet but, most probably, they include members of either syndecan or 

glypican families. Agrin itself also represents a strong candidate for the CRYPa ligand 

(or maybe co-receptor?) present on the neuronal surface since two recent studies report 

the identification of a neuronal-specific isoform attached to the plasma membrane as a 

type II protein (Burgess et a l, 2000; Neumann et a l, 2001).

CRYPa binding to glial endfeet appears to be mediated by both HSPGs and an 

additional (class of) ligand(s). As discussed in chapter 4.4, the glial endfeet are 

structures differentiated as a consequence of the direct contact with the BL. It would be 

interesting to identify this elusive ligand, but technically challenging since the glial cells 

do not produce similar endfeet in culture. Growing glial cells in culture on basal lamina
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substrates may allow endfeet differentiation and ultimately cloning (or purification) of 

the CRYPa endfeet-specific ligand.

CRYPa, like many other RPTPs, is referred to as an “orphan receptor”, since no 

ligands have been described to date. In fact, the basal lamina HSPGs (agrin and collagen 

XVIII) are the first heterotypic binding partners described for a neural isoform of a type 

Ila RPTP. These interactions can bring further insight to understanding the molecular 

mechanisms behind currently known CRYPa functions, which include the neurite 

outgrowth modulatory ability and maintenance of growth cone cytoskeletal architecture, 

but also suggest new potential functions for CRYPa. Agrin, for example, is very 

abundant in axonal pathways of the chick central nervous system, such as the optic 

nerve and the tecto-bulbar pathway (Halfter et al., 1997). The temporal coincidence of 

its expression with axonal outgrowth stages suggests a growth-promoting role for agrin, 

as it has been proposed for CRYPa too (Ledig et al., 1999a). Surprisingly though, 

purified agrin displayed an inhibitory activity when used as a substrate for neurite 

outgrowth in vitro (Halfter et a l, 1997). At least two points can be raised regarding this 

experiment. Firstly, one can never find, in vivo, pure agrin as such. A large variety of 

molecules bind to agrin via its HS chains, protein core, or both, including laminin-1, 

thrombospondin, fibronectin, FGF2, merosin (laminin-2) and pleiotrophin. All these are 

potent substrates for neurite extension and their binding to HSPGs is important for 

modulating this activity. A functional interaction between agrin and CRYPa may be 

independent of such molecules or not. Secondly, as mentioned above, agrin is expressed 

in several isoforms. Alternative promoter and first (N-terminal) exon usage defines a 

long ("LN") and short ("SN") isoforms (Burgess et ah, 2000; Neuman et al., 2001). The 

LN is the isoform secreted and incorporated into the BL, while SN remains attached on 

the neuronal surface. The antibody used by Halfter et al. (1997) cannot discriminate 

between the two isoforms although, on the other hand, the purified agrin used as a
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substrate for axon growth experiments in vitro was the LN one. It is possible therefore 

that the agrin detected in axonal tracts and involved in neurite outgrowth modulation is 

of SN type. Both isoforms mentioned above can interact with CRYPa either as a ligand 

(LN agrin) or as a co-receptor on the neuronal surface (SN agrin). Which one of these 

interactions has functional consequences is still to be determined.

It is worth mentioning here that the best-characterised function for agrin relates 

to its ability to induce acetylcholine receptor clustering at the skeletal neuromuscular 

junctions. In addition, transgenic animals provided convincing evidence for the essential 

role of neural agrin in triggering synaptic differentiation (reviewed in Hagiwara and 

Fallon, 2001). Interestingly, Burgess et a l  (2001) demonstrate that LN agrin is the 

functional isoform at the neuromuscular junction. The insertion of a gene trap construct 

in the mouse genome between the LN and SN exons, which abolishes expression of LN 

but has no effect on SN agrin, produces a neuromuscular phenotype similar to mice 

lacking all isoforms of agrin. CRYPa 1 is expressed on motor neurons and can bind 

muscles in RAP in situ experiments (J. Chilton, F. Haj and A. Stoker, unpublished). 

Therefore, it would be worth testing whether CRYPa plays any role at the 

neuromuscular junctions.

In the avian retina, agrin mRNA was detected in the RGCs, being the only BL 

protein synthesised by the neural retina (Halfter et al., 2000). Agrin is found mainly in 

the BL and retinal plexiform layers (from E8 onwards; Halfter, 1993; Kroger et ah, 

1996), consistent with a possible involvement of an agrin isoform in intemeuronal 

synapse formation (Kroger, 1997). The fact that CRYPa is present at high levels in the 

inner plexiform layer (Stoker et a l, 1995) and, as reported here, it binds to agrin, raises 

the interesting possibility that CRYPa might be involved in retinal synaptogenesis. 

There is evidence already that RPTPô may be involved in modulating synaptic plasticity 

(Uetani et a l, 2000).
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Despite the large amount of data supporting the role of agrin at neuromuscular 

junctions, little is known about its roles in the brain, where it represents a major HSPG. 

Recent reports (Cotman et ah, 2000; Donahue et al., 1999), have revealed a very 

interesting role played by agrin in Alzheimer's disease (AD) brains. AD is a progressive 

neurodegenerative disorder characterised by pathological lesions which include senile 

plaques and neurofibrillary tangles (reviewed in Lee et al., 2001). The P-amyloid 

peptide (Ap), derived by proteolytic processing of the amyloid precursor protein (APP), 

accumulates as a multimeric aggregate with a fibrillar appearance in senile plaques and 

cerebrovascular deposits. Cotman et al. (2000) have found that Ap binds to the HS 

chains of agrin in vitro, which leads to the acceleration of Ap fibril formation. In 

addition, agrin is localised to Ap deposits in Alzheimer's disease brains. Interestingly, 

senile plaques have the ability to promote neurite outgrowth and usually contain 

numerous dystrophic neurites. Previous studies suggest that FGF2, which can associate 

with agrin's HS chains as mentioned above, may attract neurites into plaques 

(Cummings et al., 1992). It would be interesting to see whether RPTPa plays any role 

in this process.

The other basal lamina ligand for CRYPa described here, collagen XVIII, has 

recently emerged as a molecule involved in modulating cell migration and axon 

guidance (Ackley et al., 2001). As mentioned above, a mutation in the human C0L18A1 

gene causes the Knobloch syndrome (Sertie et al., 2000). A 38 kDa C-terminal fragment 

termed NCI, containing a trimérisation domain, a proteolytically sensitive hinge region 

and the endostatin domain, appears to be responsible for stimulating cell and axon 

migration (Ackley et a l, 2001). Although this fragment has heparin-binding ability, its 

neuronal receptor has not been identified yet. This fragment itself contains a putative O- 

glycosylation site although it is not clear yet whether it is glycosylated in vivo. As 

described in this chapter, I found that CRYPa binding to collagen XVIII is dependent
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on the integrity of its HS chains, at least in blot-overlay assays. I cannot rule out the 

possibility that direct protein-protein interactions occur as well, and it is possible that 

such contacts can also take place if the HS chain is supplied by another HSPG on the 

cell surface. It is very tempting to speculate about the possibility of CRYPa/RPTPa 

being a receptor for NCI/endostatin, considering its involvement in neurite growth and 

guidance. In addition, one cannot ignore the huge interest this molecule has attracted 

due to its anti-angiogenic properties and potential for being used in cancer therapy 

(O'Reilly et a l, 1997).

The functional relevance of the interactions between CRYPa and its HSPG 

ligands described here represents an important experimental target to be studied. On the 

other hand, identification of the specific HS sequence recognised by CRYPa would 

facilitate the design of small molecules able to modulate this interaction, which can be 

tested in vivo to gain further functional insights. Finally, once a CRYPa substrate will 

be identified, it will be possible to study the effect of HSPG binding on the phosphatase 

activity, which represents one of the major questions still to be answered. In the 

following chapter I will describe preliminary attempts to identify a substrate as well as 

other interactions partners for CRYPa.
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Chapter 6. Putative interaction partners for the intracellular

region of CRYPa

6.1. Introduction

Heparan sulphate proteoglycans, in particular agrin and collagen XVIII, are 

ligands for CRYPa in vitro, as shown in the previous chapters. The analysis of their 

developmentally regulated expression patterns, together with the functional data 

available so far, suggests that such interactions could also have functional significance 

in vivo. At molecular level, HSPGs could possibly modulate the enzymatic activity of 

CRYPa, extend its half-life on the neuronal surface, control its distribution in the 

membrane plane or facilitate its interaction with additional ligands, substrates and other 

interaction partners in a receptor complex. Each of these mechanisms would ultimately 

affect the signalling properties of CRYPa and can control the activation state of 

downstream signalling molecules. However, for many RPTPs, including CRYPa, the 

identity of such downstream molecules is not known yet. Therefore, identifying 

substrates or indeed other binding partners is essential for understanding the role played 

by these receptor enzymes.

Type Ila RPTPs display a common overall molecular architecture (Figure 1.1) 

but also a remarkable degree of conservation at their primary structure level. As seen in 

Figure 6.1, the three human representatives (hLAR, hRPTPa and hRPTPô) share about 

70% overall amino acid identity and up to 90% identity in their intracellular regions. 

Most probably they are derivatives of a unique “DLAR-like” ancestor. CRYPa appears 

to be the chick orthologue of RPTPa, while full-length avian orthologues of RPTPô and 

EAR are still to be cloned. When the two phosphatase domains (D1 and D2) are 

individually aligned, it emerges that D l, usually considered to account for 99% of the
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Full length Intracellular region

hRPTPa 82% hRPTPa 95%

hRPTPô 71% 70% hRPTPô 92% 91%

hLAR 66% 64% 67% hLAR 88% 89% 90%

DLAR 47% 45% 47% 45% DLAR 75% 74% 76% 74%

CRYPa hRPTPa hRPTPô hLAR CRYPa hRPTPa hRPTPô hLAR

D1 D2

hRPTPa 93% hRPTPa 97%

hRPTPô 89% 86% hRPTPô 96% 96%

hLAR 85% 85% 87% hLAR 91% 92% 93%

DLAR 72% 70% 73% 71% DLAR 78% 79% 79% 78%

CRYPa hRPTPa hRPTPô hLAR CRYPa hRPTPa hRPTPô hLAR

Figure 6.1. Sequence alignment results (percentage identity) for various regions of the 
typell RPTP family members. All three human representatives (hRPTPa, hRPTPÔ and 
hLAR) seem to be derived from a common ancestor similar to the Drosophila DLAR. 
CRYPa is the chick orthologue of hRPTPa. Interestingly, the intracellular regions appear 
to be better conserved than the extracellular ones, and the second (membrane distal) 
phosphatase domain better conserved than the first one.
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enzyme activity (Streuli et a l, 1990), is slightly more divergent than D2. Nevertheless, 

an obvious question would be how one can achieve any specificity at these levels of 

conservation. Firstly, as mentioned in chapter 4.1 and also it results from Figure 6.1, the 

extracellular regions of type Ila RPTPs are more divergent. Therefore they may respond 

to distinct environmental cues. Secondly, they may not all be expressed simultaneously 

in the same cell at the same moment. Indeed, a detailed analysis of their expression 

patterns in mouse embryos (Schaapveld et a l, 1998) shows largely overlapping patterns 

for RPTPa and RPTPô while for LAR it appears to be more divergent. Similarly, within 

the developing Xenopus retina, overlapping but distinct expression patterns have been 

described (Johnson and Holt, 2000). For instance, all three type Ila RPTPs are expressed 

in the retinal ganglion cells while in other layers there are significant differences at 

various developmental stages.

The high degree of conservation in the intracellular region suggests, 

nevertheless, that they can share common substrates and may interact with the same (or 

similar) adapter or regulatory proteins. Indeed, this seems to be the case for a-liprins, a 

subfamily of coiled coil proteins shown to interact with LAR at focal adhesion sites 

(Serra-Pages et al., 1995). Interaction trap assays demonstrate that a-liprins bind to the 

D2 domains of LAR, RPTPô and RPTPa but not RPTPp, or CD45 (Serra-Pages et al., 

1998). The multi-domain protein Trio, an important cytoskeletal regulator (Dickson, 

2001), which contains (among others) Racl and RhoA guanine nucleotide exchange 

factor (GEF) domains and a protein serine/threonine kinase (PSK) domain, can interact 

with the D2 phosphatase domain of LAR (Debant et al., 1996). It is not known yet 

whether the other type Ila RPTPs can bind Trio but if this is the case it may have 

functional significance considering the proposed role played by RPTPs in modulating 

the actin cytoskeleton. Neither liprins nor Trio are tyrosine phosphorylated, therefore 

they cannot represent substrates for RPTPs. In PC 12 cells, however, type Ila RPTPs (at
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least LAR and RPTPô) associate with the cadherin-catenin complex via p-catenin and 

appear to modulate its tyrosine phosphorylation state, thereby possibly controlling the 

cadherins’ adhesive function during processes such as neurite outgrowth (Kypta et a i, 

1996).

A particularly interesting feature of RPTPs, not fully understood yet in 

functional terms, is their ability to associate both homotypically and heterotypically via 

their extra- and/or intracellular regions. As discussed in chapter 1.2.3, several PTP 

domain crystals obtained to date reveal protein dimers. The D l catalytic domain of 

RPTPa forms a symmetrical, inhibited, dimer in which a helix-tum-helix wedge 

element from one monomer is inserted into the catalytic site of the other monomer 

(Bilwes et al., 1996). If such a dimérisation can indeed happen in vivo, as a consequence 

of ligand binding for example, it would cause inhibition of the phosphatase activity. 

Elegant experiments in vivo support this model. RPTPa dimérisation, induced by Cys 

substitution of residues at certain positions in the ectodomain juxtamembrane region, 

inhibited its phosphatase activity in a wedge-dependent manner (Jiang et a l, 1999). 

Similarly, when the CD45 ectodomain was substituted with the EGF receptor 

extracellular region, its PTP activity was inhibited by EGF-induced dimerization (Desai 

et al., 1993), in a wedge-dependent manner (Majeti et a l, 1998). Furthermore, a single 

point mutation that disrupts the inhibitory wedge of CD45 in transgenic mice causes 

polyclonal lymphocyte activation leading to lymphoproliferation and severe 

autoimmunity, which demonstrates the importance in vivo of negative CD45 regulation 

by dimerization (Majeti et a l, 2000). On the other hand, the crystal structures of 

RPTPp-Dl (Hoffman et a l, 1997), LAR-D1D2 (Nam et a l, 1999) and PTP-SL/BR7 

phosphatase domains (Szedlacsek et a l, 2001), all containing the equivalent wedge 

structure, reveal monomeric proteins and unhindered catalytic sites (the RPTPp-Dl
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dimer in the crystal appears to be artefactual). This triggers caution in extrapolating the 

RPTPa and CD45 results as a general RPTP regulatory mechanism.

Wallace et al. (1998) suggested that heterodimerisation can also be a significant 

RPTP regulatory mechanism since the D2 domain of RPTPô can bind to and inhibit the 

PTP activity of the Dl domain of RPTPa. This interaction is specific, since the RPTPa 

D2 cannot bind RPTPô D l. Moreover, the intracellular region of RPTPa was found to 

bind with different affinities, via its Dl wedge, to a variety of PTP domains such as 

RPTPa-D2, RPTPa-D2, LAR-D2, RPTPÔ-D2 and RPTPp-D2. These interactions were 

confirmed in multiple assay systems such as yeast two-hybrid, glutathione-S-transferase 

pull-down and co-immunoprecipitation (Blanchetot and den Hertog, 2000). This 

observation was recently expanded for type I, II and IV RPTPs, resulting in a complex 

matrix of interactions between RPTPs and various D2 domains (C. Blanchetot, personal 

communication). In particular, RPTPa D2 was able to bind the Dl domains of all 

RPTPs tested, namely CD45, RPTPa, RPTPô, LAR, RPTPp, RPTPa and RPTPe.

Several substrates for type II RPTPs have been identified to date. These include 

Abl and Ena (for DLAR, see chapter 1.3.2), the focal adhesion adapter protein plBÔ"*"̂  

(for LAR; Weng et a l, 1999) and the insulin receptor substrates 1 and 2 (for LAR; 

Zhang et al., 1996; Li et a l, 1996). CRYPa may be able to dephosphorylate these 

proteins, however, most probably, novel and specific substrates exist as well. A 

technique commonly used for identification of RPTP substrates is based on the 

construction of “substrate trapping” mutants (Flint et al., 1997). Enzyme kinetics 

studies, together with the significant number of phosphatase domains analysed by X-ray 

crystallography, have allowed a very good understanding of the PTP catalytic 

mechanism and the identification of key residues involved in catalysis (see chapter 

1.2.1). Therefore, mutant constructs still having the ability to bind substrates efficiently 

but not to hydrolyse phosphotyrosine can be easily designed and have been successfully
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used for both receptor (Buist et ah, 2000; Kawachi et a l, 2001) and intracellular RPTPs 

(Flint et al., 1997; Tiganis et a i, 1998; Zhang et al. 1999; Tiganis et al., 1999).

In this chapter I describe the construction of a CRYPa “substrate trapping” 

mutant and the identification of a 75 kDa putative substrate. Preliminary data indicating 

that CRYPa may interact with the multidomain Trio protein are also presented. Ideally, 

the significance of any interaction between CRYPa and its substrates or binding 

partners should ultimately be tested in vivo, in the native tissues where this RPTP is 

expressed and at the appropriate developmental stage. In principle, various CRYPa 

constructs can be introduced into retinal ganglion cells by in ova electroporation and 

their effects on axon growth and guidance may then be monitored in vitro and in vivo. 

Preliminary experiments aimed at optimising this technique will also be described.

6.2. Experimental procedures

Expression constructs and fusion protein production. The pCS3N expression 

vector was created using the pCMV-Script (Stratagene) plasmid backbone and 

substituting its multiple cloning site with a DNA fragment containing the following 

restriction sites: Sacl-Notl-Smal-Pstl-EcoRl-EcoRV-HindlU-Clal-Xbal-Ac[l-BstXl- 

Notl-Xhol-Kpnl. A Hindlll fragment encoding the CRYPa extracellular region (amino 

acids 1-721) was subcloned from the pBG-CRYPa 1 - AP vector (described in chapter 

3.2) into pCS3N resulting the pCS3Nal plasmid. This vector contains twoXbal sites; 

the one located just before the CRYPa 1 start codon was destroyed by restriction, 

blunting with Klenow DNA polymerase and self-ligation and the resulting construct 

was named pCS3NaldX.

A BamHl-Xbal fragment containing the CRYPa secretion signal (amino acids 1- 

33) followed by the Myc tag, the transmembrane and the intracellular regions (amino 

acids 835-1499 according to CRYPa 1 isoform numbering; Stoker, 1995) was isolated
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from the RCAS-Dl vector (D. Breikreutz and A. Stoker, unpublished) and subcloned 

into the pU Cal9 plasmid (Gibco ERL). The resulting construct, termed al9-ICC/BX 

was partially digested with Ncol and the synthetic linker 

CATGTATACAGACATAGAGATGAACCGACTTGGAAAGCTC was inserted 

upstream of the Myc tag. This linker encodes for the VSV glycoprotein tag 

(YTDIEMNRLGKL). The new construct obtained, called a  19-VSV-ICC/BX, was cut 

with BamYil and A&al and the fragment encoding for the VSV-tagged CRYPa 

transmembrane-intracellular regions was then subcloned into the BamYil-Xbal cut 

pCS3NaldX vector described above. This led to the replacement of the CRYPa 1 

ectodomain in pCS3NaldX with the VSV-tagged intracellular region and it re-created 

the functional N-terminus CRYPa secretion signal upstream of the VSV tag. This 

vector, termed pCS3N-VSVICC, allows the expression of a membrane-anchored 

CRYPa intracellular region construct exposing its VSV tag on the cell surface.

Two rounds of site-directed mutagenesis were performed on pCS3N-VSVICC, 

as described in chapter 2.1.14, in order to correct an unwanted Ibp deletion in the VSV 

tag and to replace an AcU. restriction site in the first phosphatase domain with Rg/II, 

without affecting the amino acid sequence. This mutated construct, termed pCS3N- 

VSVICCM3_A->B, encodes the CRYPa construct schematically represented in Figure 

6.2 and labelled “wt”. One additional round of site-directed mutagenesis was used to 

replace an aspartate residue (1109 according to CRYPa 1 isoform numbering), resulting 

the plasmid pCS3N-VSVICCM3_A->B_TrapD->A which encodes the construct 

labelled “trap” in figure 6.2. All clones resulted from the mutagenesis experiments were 

sequenced (by C. Patemotte) to confirm the absence of unwanted mutations. The “wt” 

and “trap” constructs were also subcloned via Not\ digestion into the pCAp vector (a 

gift from J. Gilthorpe, King’s College, London) for expression under the strong chicken 

P-actin promoter.
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All the mammalian expression vectors mentioned above were transiently 

transfected into the 293T cell line, as described in chapter 2.4.5, and 24-48 hours later 

analysed by western blotting.

Immunoprécipitation and immunoblotting. Immunoprécipitation reactions 

were performed as described in chapter 2.3.8, except that the cells were lysed on ice in 

the following buffer: 50mM HEPES, pH 7.4, 150 mM NaCl, 1 mM MgCb, 10% 

glycerol, 1% Triton X-100, 5mM iodoacetic acid, supplemented with a protease 

inhibitor cocktail (Sigma) containing 4-(2-aminoethyl)benzenesulfonyl fluoride 

(AEBSF), pepstatin A, trans-epoxysuccinyl-L-leucylamido(4-guanidino)butane (E-64), 

bestatin, leupeptin, and aprotinin. After the addition of 10 mM dithiothreitol to 

inactivate unreacted iodoacetic acid, the lysates were pre-cleared with rabbit anti-mouse 

antibodies covalently bound to agarose beads (Sigma) and then an anti-VSV 

monoclonal antibody (clone P5D4, Sigma) was added (6 pg/ml lysate). After incubating 

1 hour at 4°C, the immune complexes were precipitated using agarose beads coated 

with rabbit anti-mouse antibodies, washed 3x 20 min with lysis buffer without 

iodoacetic acid, mixed with an equal volume of 2x SDS-PAGE loading buffer and 

separated in 8% and 10% polyacrilamide gels. The proteins were transferred on PVDF 

membranes and further processed as described in chapter 2.3.6. The anti-VSV 

monoclonal antibody (P5D4, diluted at 1:3000) and peroxidase-labelled anti- 

phosphotyrosine monoclonal antibody (4G10, Upstate Biotech, diluted at 1:1000) were 

used as primary antibodies. Bound anti-VSV antibodies were detected using a 

peroxidase-labelled rabbit anti-mouse secondary antibody (Dako, diluted at 1:2000). 

Chemiluminescent detection was performed using the ECL Plus Western blotting kit 

(Amersham Pharmacia Biotech). Coomassie staining was performed as described in 

chapter 2.3.4.
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Phosphatase activity assays. The phosphatase activity of the CRYPa 

intracellular constructs was assayed by monitoring the p-nitrophenolate absorbance at 

410 nm using a Dynex MRXII microplate reader. Assays were performed in duplicate at 

37°C in a 200|ul reaction mixture containing 30mM acetate buffer, pH 5.4, 2 mM DTT,

5 mM EDTA and 10 mM p-nitrophenyl phosphate (pNPP). Reactions were started by 

the addition of 20pl agarose beads coated with CRYPa constructs immunoprecipitated 

from 0.5 ml cell lysates as described above. A correction was made for the non- 

enzymatic hydrolysis of the substrate.

Yeast two-hybrid assays. CRYPa fragments were amplified by PCR and 

cloned between the BamYil and Xhol sites of the pEG202 plasmid (gift from A. Debant, 

CNRS Montpellier; Gyuris et aL, 1993) in frame with the LexA peptide (amino acids 1- 

202) as follows: Dl contains the first phosphatase domain, amino acids 877-1234; D2 

contains the second phosphatase domain, amino acids 1228-1499; D1D2 contains both 

phosphatase domains, amino acids 877-1499, AD1D2 contains both phosphatase 

domains as above except the last 46 residues at the C-terminal end.

The yeast two-hybrid assays were carried out by S. Schmidt (CNRS 

Montpellier) using the CRYPa baits described above and a Trio interactor (Cl.lGO,

Trio amino acids 2450-2861) containing the Ig-like and the protein serine/threonine 

kinase domains cloned into the pJG4-5 plasmid, as described in Debant et al. (1996) and 

Gyuris et al. (1993).

In ovo electroporation. This technique was performed following the protocol 

described in chapter 2.6.1. The DNA constructs tested were pCAp-EGFPm5 (gift from 

J. Gilthorpe, King’s College, London), encoding a modified green fluorescent protein
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construct under the strong chick P-actin promoter, and AP-70 plasmid, constructed by 

subcloning the Clal insert from the RCAS-AP vector (Chen et a l, 1999) into the 

pCS3N vector described above and thus encoding a GPI-anchored form of the heat- 

stable human placental alkaline phosphatase expressed under the CMV promoter. 

Twenty-four and 48 hours later the embryos were dissected and either analysed directly 

using an Axiophot fluorescence microscope (for EGFP expression) or fixed 30 min at 

room temperature in 4% paraformaldehyde, washed 3x 20 min in PBS containing 0.1% 

Triton X-100, incubated 3 hours at 65°C to inactivate the background alkaline 

phosphatase activity and stained with NBT/BCIP as described in chapter 2.5.3.

6.3. Results

6.3.1. Efficient expression of CRYPa intracellular region constructs in 293T cells.

Flint et al. (1997) have found that a single amino acid substitution (D181A) in 

the phosphatase domain of PTP IB renders an enzyme whose catalytic activity is 

drastically reduced (10^-fold) but still able to bind substrates as efficiently as the wild 

type form. Such a mutant construct, termed “substrate trapping”, forms enzyme- 

substrate complexes stable enough to withstand isolation. Therefore, in order to identify 

putative CRYPa substrates, I generated an equivalent CRYPa construct by mutating the 

corresponding Asp residue to Ala (Dl 109A). This construct (termed “trap”) as well as 

its wild-type (“wt”) equivalent contains the entire intracellular region of CRYPa but 

also its secretion signal and transmembrane region, in order to achieve a correct 

subcellular localisation. Both constructs are N-terminal tagged with the VSV-G peptide 

(Figure 6.2 A).
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Figure 6.2. Expression of recombinant CRYPa intracellular region constructs.
(A) Schematic representation of the CRYPa constructs, containing the VSV peptide 
tag at the N-terminus, followed by the transmembrane region and the two 
phosphatase domains. The “trap” construct contains a point mutation in the 
catalytic site of the first phosphatase domain where the general acid Asp residue 
was replaced with Ala. (B) Efficient expression of both “wt” (lanes 2, 5) and 
“trap” (lanes 3, 6) constructs in 293T cells was driven by either the CMV promoter 
(lanes 2, 3) or the chick p-actin promoter (lanes 5, 6). The CRYPa constructs were 
transiently transfected in 293T cells and lysates were separated by SDS-PAGE, 
transferred onto a PVDF membrane and probed with an anti-VSV antibody. Lysates 
from mock transfections were run on lanes 1 and 4.
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Western blot assays demonstrate that both “wt” and “trap” CRYPa constructs 

can be efficiently expressed, in equal amounts, in 293T cells by transient transfection 

(Figure 6.2. B). The expression driven by the chick P-actin promoter allows production 

of significantly higher levels of fusion proteins, therefore this system was used for 

subsequent experiments.

The tyrosine phosphatase activity of the two CRYPa constructs, 

immunoprecipitated from 293T cell lysates, was determined using the artificial substrate 

p-nitrophenyl phosphate (Figure 6.3). Since the measurements were made using proteins 

attached to agarose beads coated with primary and secondary antibodies, an accurate 

quantification of CRYPa constructs’ kinetic parameters was not performed. 

Nevertheless, figure 6.3 demonstrates that the ”wt” construct is catalytically active 

while the activity of the “trap” mutant is almost completely abolished.

6.3.2. CRYPa can be tyrosine phosphorylated in vivo

Both the “wt” and “trap” CRYPa constructs immunoprecipitated from untreated 

293T cells display low levels of tyrosine phosphorylation, as detected by western 

blotting (Figure 6.4). This appears to be independent of the intrinsic PTPase activity of 

CRYPa since the “wt” construct appears unable to autodephosphorylate at this (these) 

particular site(s). Alternatively, this may simply represent an artefactual signal due to 

the relatively high amounts of protein loaded in the gel (see the Coomassie staining 

panels. Figure 6.4).

On the other hand, stimulation of the 293T cells with 6mM H2O2 leads to a 

significant increase in the overall phosphotyrosine levels (data not shown), most 

probably due to the inactivation of cellular PTPases (Denu and Tanner, 1998). As a 

consequence, high levels of phosphotyrosine can be detected on the immunoprecipitated
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Figure 6.3. Kinetic assay of the CRYPa intracellular constructs.
Both “wt” and “trap” constructs were transiently expressed in 293T cells, 
immunoprecipitated from 293T cell lysates using an anti-VSV monoclonal 
antibody and bound on agarose beads. Progress curves of the pNPP 
dephosphorylation were recorded and plotted after subtraction of the 
non-enzymatic substrate hydrolysis. Equal amounts of enzyme were used 
in each reaction, as judged from western blotting assays.
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Figure 6.4. CRYPa is tyrosine phosphorylated in vivo and it dephosphorylates a 
putative 75 kDa substrate. 293T cells were transiently transfected with either the 
“trap” construct (lanes a and d), the “wt” construct (lanes b and e) or mock 
transfected (lanes c and f). Relatively equal amounts of recombinant proteins were 
immunoprecipitated with an anti-VSV antibody, as revealed by Coomassie staining 
and anti-VSV western blotting, irrespective of the hydrogen peroxide treatment.
A low-level tyrosine phosphorylation can be detected on the CRYPa constructs 
from the untreated cultures (lanes d and e). Incubation with 6mM H2 O2  for 15 
minutes, just before cell lysis, strongly increases the tyrosine phosphorylation level 
of the “trap” construct (lane a) but it does not affect the “wt” construct (lane b).
In addition, the “trap” construct co-precipitates with a 75 kDa putative substrate 
(lane a, white arrowhead). Black arrows indicate the CRYPa constructs.
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CRYPa “trap” construct (Figure 6.4, lane a, black arrow). Interestingly though, no 

significant increase in tyrosine phosphorylation could be detected on the “wt” construct 

(Figure 6.4, compare lanes b and e), suggesting that this construct has the ability to 

autodephosphorylate very efficiently. Since the thiolate group of the catalytic Cys 

residue of “wt” itself is expected to be rapidly (but reversibly) oxidised by the hydrogen 

peroxide to the sulfenic acid of cysteine, it results that, most probably, the 

autodephosphorylation reaction occurs during the long immunoprécipitation procedure 

in the presence of dithiothreitol. It is important to underline that cysteine oxidation 

prevents its alkylation by iodoacetic acid (Lee et a l, 1998), thereby allowing enzyme 

reactivation by dithiothreitol.

Altogether, these results suggest that CRYPa can be tyrosine phosphorylated in 

vivo and that it also has the ability to autodephosphorylate via an intra- or 

intermolecular mechanism.

6.3.3. A putative substrate for CRYPa

As mentioned above, one can construct mutant PTP domains inactive 

catalytically but still able to bind tyrosine-phosphorylated substrates with high affinity. 

The most commonly used mutagenesis targets are either the nucleophilic Cys residue 

from the phosphatase catalytic site or the general acid Asp residue from the so-called 

“WPD” loop. The “trap” construct described above, a “WPD” loop mutant, could not 

co-precipitate detectable levels of any putative substrate when overexpressed in 

untreated 293T cells (Figure 6.4, lane d). Hydrogen peroxide treatment of the 293T cells 

promotes both a significant increase in the overall cellular phosphotyrosine levels and 

the reversible oxidation of the strong nucleophilic thiolate group from cysteine residues 

to sulfenic acid. Under these conditions, the “trap” construct specifically co-precipitates 

with an ~75 kDa phosphoprotein (Figure 6.4, lane a, open arrowhead). This protein
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therefore represents a putative CRYPa substrate. This experiment gave reproducible 

results but it needs to be further scaled-up in order to obtain sufficient amounts of 

protein required for mass spectrometry/protein sequencing analysis, since an equivalent 

band could not be detected on the Coomassie stained blot (Figure 6.4, lane 1). On the 

other hand, various competitors still need to be tested in order to confirm that the “trap” 

construct interacts via its catalytic site with the 75 kDa phosphoprotein.

6.3.4. CRYPa interacts with the multifunctional protein Trio in yeast two-hybrid 

assays

Recent studies have established Trio as a key regulator of the small GTPases of 

the Rho family (Rac, Cdc42 and Rho) and modulator of the growth cone morphology 

and guidance (reviewed in Dickson, 2001). The RPTP LAR appears to be (one of) the 

receptor(s) acting upstream of Trio, as suggested by biochemical and genetic 

experiments (Debant et aL, 1996; Bateman et aL, 2000). Considering the high identity 

between the LAR and CRYPa intracellular regions (88%, figure 6.1) and the fact that 

CRYPa regulates the growth cone’s morphology (Ledig et aL, 1999a) we sought to 

analyse whether Trio can also interact with the intracellular region of CRYPa and 

thereby mediate its signalling function.

Various CRYPa constructs (Figure 6.5 A) were cloned as baits and tested for 

interaction with Trio in yeast two-hybrid assays. The Trio interactor used has been 

previously shown to bind the second phosphatase domain (D2) of LAR (Debant et aL, 

1996). As shown in figure 6.5 B, our experiments confirm that the full-length CRYPa 

intracellular region (D1D2) can interact with Trio. Unlike LAR, however, the Dl 

domain of CRYPa can bind the Trio fragment as well. Interestingly, sequence
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Figure 6.5. CRYPa can interact with the multidomain protein Trio in yeast 
two-hybrid assays. The CRYPa constructs tested in this assay are schematically 
represented in (A). Interactions between D l, D1D2, AD1D2 and Trio can be 
detected (B), which suggests that the Dl domain is sufficient for Trio binding. 
The interaction between D2 and Trio appears to be arte factual, due to a high 
non-specific binding with the activation domain encoded by the control plasmid.
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alignments reveal a higher identity between the Dl domain of CRYPa and LAR D2 

(48%) compared to the identity between the LAR Dl and D2 (45%). Since the exact 

Trio binding site in LAR D2 is not known yet, it may be interesting to test whether 

amino acids conserved in LAR D2 and CRYPa Dl but absent in LAR Dl are involved 

in this interaction.

Unfortunately we could not confirm whether CRYPa Dl contains or not the 

unique Trio interaction site since D2 alone gave a strong non-specific interaction with 

the transcription activation domain encoded by the empty (control) vector. This is 

probably caused by an artificial binding site created at the LexA-D2 junction, or 

exposed on D2 after Dl removal, since the other CRYPa constructs containing D2 

usually exhibit a weaker interaction with Trio (Figure 6.5 B). In addition, deletion of the 

C-terminal 46 amino acids of D2 (AD1D2 construct), which form the final two a- 

helices and a short P-strand involved in interdomain hydrogen bonding with D l, does 

not appear to disrupt the interaction with Trio.

It is difficult to draw a definitive conclusion from this experiment, considering 

the non-specific interaction of the LexA-D2 construct. At the most one can say that 

CRYPa intracellular region can bind Trio and the D2 domain does not appear to be 

required for this interaction, at least in the yeast two-hybrid assays.

6.4. Technical appendix: Efficient gene transfer in the developing chick retina

by in ovo electroporation

As discussed in chapter 1.4, there is increasing experimental evidence 

supporting the involvement of CRYPa in modulating retinal axon growth in vitro 

(Ledig et al., 1999a; Johnson et al., 2001). In particular, these results suggest an 

important role for CRYPa at the intra-retinal axon growth stage. Targeted expression of 

various CRYPa constructs described in this thesis, containing the secreted or
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membrane-bound ectodomain as well as the “wild-type” and “substrate trapping” 

intracellular region, into the developing retinal ganglion cells can contribute to a better 

understanding of the role played by this RPTP in vivo.

Chick embryos represent an excellent model for developmental biology studies 

due to their accessibility, ease of tissue manipulation and in ovo culture. However, in 

the absence of established methods for genetic manipulations (such as transgenic 

analysis), ectopic gene expression relies primarily on transfer systems using retroviral 

vectors. Although useful, such systems have several disadvantages such as the strict 

DNA size constraints (2 kb), delayed expression of the transgene (approx. 18 hours) and 

time-consuming procedures for high titer retrovirus production. Therefore, the recent 

development of the in ovo electroporation technique represents a long-awaited step 

forward (reviewed in Itasaki et al., 1999; Momose et al., 1999; Nakamura et al., 2001). 

This simple and effective method requires cloning of the DNA of interest into an 

appropriate plasmid, injection of this plasmid in the target tissue of the chick embryo 

and application of several short electric pulses in order to introduce the negatively 

charged DNA in the recipient cells. By this method, translation products of the inserted 

genes can be detected as early as 2 hours after electroporation and the DNA size 

limitations have been removed. Nevertheless, difficulties still remain in controlling the 

precision and efficiency of DNA insertion into the target tissue.

Therefore I set out to identify the optimum conditions required for targeted 

expression of a gene of interest into the developing retina, using two reporter gene 

constructs: the heat-stable human placental alkaline phosphatase and a modified green 

fluorescent protein. The basic method used (described in chapter 2.6.1) was derived 

from the one described by Momose et al. (1999). The DNA constructs were injected 

into Hamburger-Hamilton stage 10 chick embryos (-33 hours) in the prosencephalon 

(Figure 6.6 A) and the electrodes placed as shown in Figure 6.6 B. A technical detail
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Figure 6.6. In ovo electroporation of stage 10 chick embryos optic primordium 
and reporter gene expression analysis. The DNA of interest is microinjected with 
a fine glass capillary into the target tissue, in this case the prosencephalon (A).
A sharp tungsten needle, connected to the cathode, is then inserted into the 
prosencephalon and a thicker gold electrode, connected to the anode, is placed 
outside the embryo (B). The DNA is inserted into the target cells by application 
of several electric pulses. The time-course of a heat-stable human placental alkaline 
phosphatase reporter construct expression in the electroporated embryos was then 
analysed. At E2.5 (C) and E3.5 (D) the reporter gene is mainly expressed into the 
eye. e = eye; ot = optic tectum. Scalebars, 1mm.
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Figure 6.7. Enhanced green fluorescent protein (EGFP) expression into E4.5 chick 
embryo eyes. The embryos were electroporated at stage 10 with an EGFP expression 
vector, left to develop in ovo up to this stage and then photographed using a 
fluorescence microscope. A,D,G,J: bright field images; B,E,H,K: fluorescence 
images; C,F,I,L; overlapped images. In this experiment, a typical example, 24 
embryos were electroporated, out of which 5 were analysed at E4.5. One of these did 
not express the EGFP and the remaining 4 cases are shown in this figure. White arrows 
indicate the closing ventral choroid fissure, a = anterior; d = dorsal. Scalebar: 1mm.

204



greatly influencing the electroporation efficiency, embryo viability and absence of head 

malformations was the use of a particular type of cathode, an electrolytically-sharpened 

tungsten needle (prepared by G. Sajnani-Perez, Institute of Child Health, London). This 

was inserted into the prosencephalon, ideally via the neuropore, in close proximity with 

the lateral wall of an optic vesicle. Alternative orientations and electrode shapes were 

tested, with limited success. In addition, other parameters were optimised including the 

number of pulses, pulse length, voltage and DNA solubilisation buffer.

Another critical parameter to be considered is the time window in which the 

target tissue is easily accessible and “permissive” but also appropriate for the 

developmental events under study. The optimum time window for efficient retinal 

expression of foreign genes was found to be stage 10-11 (-33-36 hours). Repeated 

attempts to electroporate the optic cup or, later on, the neural retina have failed since the 

embryos, although viable, did not express the transgene (G. Sajnani-Perez, personal 

communication). The particular process I was interested in, the intra-retinal axon 

growth stage, takes place between E3 and E7 in chick (Halfter and von Boxberg, 1992). 

Therefore, I have analysed the expression of reporter genes at various time points during 

this interval. Very efficient expression of the alkaline phosphatase reporter can be 

detected in the developing eye at E2.5 (stage 16, Figure 6.6 C) and E3.5 (stage 21,

Figure 6.6 D) but also up to E5 (not shown). The EGFP reporter can also be detected in 

the developing eye up to E4.5 (Figure 6.7). I was unable to detect efficient expression of 

reporter genes at later stages, although sporadically labelled neurons could be observed 

up to E7, the stage we normally use for retinal ganglion cell cultures. Therefore, data 

involving the various CRYPa constructs cannot be presented at this moment since 

further optimisation of the technique is required.

Nevertheless, very recent results obtained in our laboratory demonstrate that 

efficient gene expression can be achieved in E7 retinal ganglion cells (G. Sajnani-Perez,
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personal connmunication), and therefore the functional analysis of CRYPa in vivo using 

in ovo electrcoporation will soon become technically feasible.

6.5. Discussion

A receptor enzyme usually has a multi-modular molecular architecture, 

consisting o f  structurally unrelated domains “fused” in a single entity. CRYPa for 

instance contains cell adhesion molecule-like modules in its extracellular region (such 

as Ig-like and FN Ill-like) linked, via a transmembrane segment, with two protein 

tyrosine phosphatase domains. Such a molecule has the ability to receive extracellular 

signals, transmit them across the plasma membrane and finally convert them into a 

chemical message relevant for the intracellular environment.

An attempt to understand the molecular mechanisms underlying CRYPa’s 

recently described functions should therefore question the identity of both extra- and 

intracellular interaction partners, be they signal or scaffolding molecules, adapters or 

substrates. Since a signalling complex at the plasma membrane is expected to be highly 

dynamic, rapid and reversible post-translational modifications (such as tyrosine 

phosphorylation and thiol oxidation) can significantly alter the pattern of intramolecular 

interactions. Therefore, following the identification of extracellular ligands mentioned 

in the previous chapter, I have described here preliminary attempts aimed at 

characterising the intracellular interactors of CRYPa. The results presented demonstrate 

that CRYPa can be tyrosine phosphorylated in vivo and also suggest the existence of a 

putative ~75 kDa substrate. In addition, the first catalytic domain of CRYPa appears to 

interact with Trio, a key cytoskeletal regulatory molecule.

As previously mentioned, the regulation of many fundamental cellular processes 

is associated with a reversible phosphorylation of specific tyrosine residues on the 

proteins involved. Interestingly, the PTPs, enzymes directly involved in controlling the

206



cellular phosphotyrosine levels, appear to be themselves regulated by the same 

mechanism. Early reports by Vogel et al. (1993) and Feng et al. (1993) have shown that 

FTP ID (also known as Syp, SHP-2 etc.) is phosphorylated on tyrosine following PDGF 

and EGF stimulation and this causes an enhancement of its catalytic activity. FTP IB, an 

intracellular FTP now emerging as an important regulator of insulin signalling, appears 

to be involved in a very interesting regulatory loop with the insulin receptor kinase. 

Insulin stimulation generates a burst of intracellular hydrogen peroxide which can 

reversibly oxidise the thiol group of the FTP IB (and presumably other PTPs) catalytic 

cysteine, leading to its rapid inactivation (Mahadev et al., 2001). The insulin receptor 

kinase can directly tyrosine phosphorylate FTP IB, both in vivo and in vitro (Tao et al., 

2001; Dadke et al., 2001). Tao et al. (2001) have observed a simultaneous decrease of 

FTP IB activity in immunoprecipitates from insulin-treated cells and suggested that this 

may be a consequence of tyrosine phosphorylation. However, Dadke et al. (2001) have 

shown in vitro that tyrosine phosphorylation of FTP IB by the insulin receptor kinase 

results in enzyme activation. Therefore, it appears that most probably the decrease in 

FTP IB activity reported by Tao et al. (2001) is due to cysteine oxidation and, on the 

other hand, FTP IB tyrosine phosphorylation alone does indeed increase its catalytic 

activity. Finally, FTP IB negatively regulates insulin signalling by dephosphorylating 

the tandem phosphotyrosine residues of the insulin receptor kinase activation segment 

(a process described at the structural level by Salmeen et al., 2000).

RPTPs can also be regulated by tyrosine phosphorylation. For example, CD45 is 

phosphorylated by the pSOcsk kinase on two tyrosine residues, one of them identified as 

Tyrl 193, thereby creating a binding site for another kinase, p561ck, and also increasing 

the PTPase activity (Autero et al., 1994). Tyrosine phosphorylation of RPTPa and 

RPTPe creates a binding site for the adapter protein Grb2 (den Hertog et al., 1994; den 

Hertog and Hunter, 1996; Su et al., 1996; Toledano-Katchalski and Elson, 1999),
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suggesting that, in addition to direct regulation of the PTP catalytic activity, such a 

modification can control the assembly of signalling complexes involving RPTPs.

Regarding CRYPa, it is not known yet which or at least how many tyrosine 

residues are phosphorylated and what is the functional consequence of 

CRYPa phosphorylation. A PROSITE (http://ca.expasy.org/prosite/) analysis of the 

CRYPa sequence led to the identification of only one putative tyrosine phosphorylation 

site, Tyrl287 according to CRYPa 1 isoform numbering, in the second phosphatase 

domain (Figure 6.8). Since this residue appears to be located away from the catalytic 

site in a 3D structural model, and since any catalytic activity of CRYPa-D2 still 

remains to be demonstrated, one can speculate that phosphorylation of Tyrl287 would 

create a binding site for a protein containing a phosphotyrosine binding domain rather 

than directly influence the catalytic activity of CRYPa. My results also suggest that, 

like many other PTPs analysed, CRYPa can auto-dephosphorylate, either via an intra- 

or intermolecular interaction. Interestingly, the Dl 109A “trap” mutant is not over- 

phosphorylated when expressed in 293T cells in the presence of serum. Since this 

construct appears to be catalytically inactive, it results that either the endogenous 

RPTPa or other PTPs are able to dephosphorylate it efficiently. This is important since 

an equivalent D ^ A  mutant of PTPHl loses its trapping ability when over-expressed in 

293T cells due to phosphorylation on a Tyr residue close to its catalytic site, which most 

probably prevents substrate binding (Zhang et al., 1999).

A brief incubation in the presence of hydrogen peroxide before cell lysis, 

however, triggers a dramatic increase in the cellular phosphotyrosine level due to the 

reversible oxidation of the PTPs’ catalytic Cys residues. Under these conditions the 

“trap” construct can be recovered in a phosphorylated form, unlike the “wt” construct 

which most probably auto-dephosphorylates during the immunoprécipitation in the 

presence of dithiothreitol.
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Figure 6.8. 3D model of the intracellular region of CRYPa. This model is based 
on the recently published structure of LAR intracellular region (PDB entry ILAR,
Nam et al., 1999) which has 88% identity with CRYPa. The three loops forming 
the catalytic site of each phosphatase domain are coloured in red (substrate recognition 
loop), blue (phosphatase motif loop) and green (WPD loop). The catalytic Cys residue 
in Dl is shown in yellow. Putative phosphorylation sites, coloured in orange correspond 
to T yrl287 (in domain D2, predicted with PROSITE) and Tyr974 (in domain D l, 
corresponding to the one described for PTPHl, see text for details). This figure was 
created with Swiss-PdbViewer v3.6b2 (Guex and Peitsch, 1997).
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On the other hand, under these conditions the “trap” construct co-precipitates 

with a -75 kDa tyrosine phosphorylated protein. This may represent a putative 

substrate, although further experiments are clearly required to confirm this hypothesis. 

Firstly, one must confirm that this “trapping” interaction involves the catalytic site of 

CRYPa. If this is indeed the case, competitive inhibitors such as vanadate, phosphate or 

p-nitrophenol should be able to disrupt this interaction. Secondly, additional mutations 

in the catalytic site such as Cys^Ser, fi-equently used in substrate trapping experiments, 

may be tested. Thirdly, the whole experiment should be scaled-up or re-designed by 

expressing the intracellular CRYPa constructs in bacteria, as GST fusion proteins, and 

performing a pull-down assay from 293T but also from additional cell lines (Buist et al., 

2000). This should hopefully allow the isolation of a phosphorylated substrate under 

regular cell culture conditions. Although several attempts were made, as mentioned 

above, a putative substrate could not be trapped unless the cells were pre-treated with 

hydrogen peroxide. One may wonder whether, under such conditions, the CRYPa 

construct can indeed maintain its trapping ability. As discussed by Denu and Tanner 

(1998), membrane-permeant oxidants can irreversibly inactivate PTPs in vivo and in 

vitro by oxidising the thiol group of the catalytic Cys residue to either sulfinic acid 

(Cys-S02H) or sulfonic acid (Cys-SOaH). Hydrogen peroxide, on the other hand, has 

been shown to oxidise the catalytic Cys only to sulfenic acid (Cys-SOH), which can be 

fully reduced back to the active thiolate by thiols such as reduced glutathione, 

dithiothreitol and P-mercaptoethanol (Denu and Tanner, 1998). Obviously, if PTPs are 

controlled by cellular redox mechanisms it is highly unlikely that they will be 

irreversibly inactivated during downregulation. Oxidation of the catalytic Cys residue to 

sulfenic acid is in fact very similar to a Cys-Ser point mutation. However, further 

oxidation beyond this step would result in bulky and negatively charged groups 

occupying the catalytic site, which most probably will abolish any substrate trapping
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ability. Interestingly, Gross et al. (1999) demonstrate that UV irradiation of cells causes 

inactivation of several PTPs, including RPTPa and RPTPa. Their results suggest that 

this involves a thiol group and presumably an oxidative process. Furthermore, UV- 

irradiation provoked the generation of a “substrate trapping configuration” of RPTPa, 

similarly to that caused by the C ys^Ser mutation. The fact that I could not detect any 

putative tyrosine phosphorylated substrate trapped by the “wt” CRYPa construct, even 

after peroxide treatment, is most probably due to the reduction of its Cys residue during 

the immunoprécipitation, as mentioned above.

In an attempt to suggest putative identities for the ~75 kDa protein which co­

precipitated with the “trap” construct, I performed an Entrez Protein Database search for 

70-80 kDa proteins. This resulted in 5033 entries for the human subset alone. However, 

considering the ability of CRYPa to modulate axonal growth cone’s cytoskeleton 

(Ledig et a l, 1999a), a query restricted to actin-binding proteins resulted in only 28 

entries. Amongst them, drebrin 1, synapsin I, radixin, ezrin, moesin and paxillin are 

known to be expressed in growth cones and modulate neurite outgrowth and also they 

can be tyrosine phosphorylated. In a similar situation are isoforms of other cytoskeletal- 

related proteins such as gigaxonin, limatin, vinculin and the kinases Pak5 and Arg 

(Abl2). It is probably worth testing these proteins as putative CRYPa substrates, 

irrespective of the final outcome of scaled-up trapping experiments. For example, 

proteins of the ERM (ezrin-radixin-moesin) family are well characterised modulators of 

the growth cone morphology. Microscale chromophore-assisted laser inactivation 

(micro-CALi) of radixin in chick dorsal root ganglion growth cones causes a significant 

reduction of the lamellipodial area (Castelo and Jay, 1999), a phenotype similar to the 

one observer in CRYPa-ligand interaction perturbation experiments (Ledig et al., 

1999a). Furthermore, antisense oligonucleotide suppression of both radixin and moesin 

expression ir cultured neurons results in the reduction of growth cone size, retraction of
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the lamellipodial veil and disorganisation of the actin filaments in the central region of 

the growth cone where they co-localise with microtubules (Paglini et al., 1998). 

Although it is well established that Thr phosphorylation of ERM proteins plays an 

important role for their transition between active and inactive conformations (Gautreau 

et a l, 2000; Ishikawa et al., 2001), these proteins can be tyrosine phosphorylated 

(Fazioli et a l, 1993) and this may have functional significance.

The interaction between CRYPa and the multidomain protein Trio is still far 

from being definitely demonstrated by our experiments. First of all, one should 

understand and eliminate the cause for the non-specific interaction observed with the 

LexA-D2 construct. One could try the insertion of a flexible peptide linker between the 

two fusion partners, or shifting the N-terminal end of the D2 construct. Secondly, the 

yeast two-hybrid experiments need to be confirmed by pull-down and co- 

immunoprecipitation assays. It is worth mentioning that even in the original paper 

(Debant et al., 1996), a direct physical interaction between endogenous LAR and Trio 

proteins could not be detected. The initial yeast two-hybrid results suggesting an 

interaction between LAR-D2 and Trio appear to be supported by genetic data in 

Drosophila. Mutations in the LAR orthologue, Dlar, disrupt the projections of many 

axons that are also affected in trio mutants (Krueger et al., 1997; Bateman et al., 2000). 

Similarly, mutants of the type Ila RPTP Dptp69A have an axonal phenotype resembling 

that of trio in loss-of-function mutant retinas (Garrity et al., 1999). However, it is 

unclear whether a direct LAR-Trio physical interaction can occur in Drosophila, or 

even in C. ekgans, since the C-terminal domains of Trio responsible for the human 

orthologues interaction are not conserved (Debant et al., 1996). Nevertheless, the 

phenotypes caused by Dlar mutations are exacerbated by loss of either trio or Dracl, 

which suggests that the Trio/Rac pathway is important for LAR signalling (Kaufmann et 

al., 1998; Bateman et al., 2000). It has been suggested that Drosophila RPTPs may
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signal through Trio via some intermediate partners, such as the PTK Abl (Bateman and 

van Vactor, 2001) or even that they function in separate pathways (Dickson, 2001). That 

CRYPa does indeed interact with Trio in vivo still remains to be tested, but nevertheless 

their signalling pathways still appear to converge towards regulation of the actin 

cytoskeleton.

In conclusion, the experiments described in this chapter provide preliminary 

hints towards putative intracellular interaction partners for CRYPa. Once their identities 

are confirmed by further studies and a detailed phenotypic analysis of various CRYPa 

constructs electroporated into the developing retina are available, one should be able to 

appreciate the functional significance of the interactions proposed here.
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Chapter 7. Concluding remarks

One may think that focusing a PhD thesis on a single protein is a rather risky 

business, since the smaller the target, the greater the chance to miss it. In particular, this 

protein being a rather unknown membrane receptor. Nevertheless, as discussed in 

Chapter 1.4, CRYPa/RPTPcr is part of a “new wave” of molecules emerging as 

important regulators of neural development, specifically axon growth and guidance, and 

nerve repair. In addition, it still holds several fundamental questions to be answered: 

What sort of signals does it respond to? How does it function, i.e. perform signal 

transduction? What are its direct intracellular molecular targets? The work described in 

this thesis is, broadly speaking, aimed at tackling these issues.

Once the target and a working strategy are set, a biochemical study of CRYPa 

implies overcoming at least one more problem: getting sufficient amounts of it. This is 

one of the reasons why the functional studies have moved faster. But this can also 

explain why the nature of CRYPa (or indeed most RPTP) ligands remained “elusive” 

for such a long time, despite numerous attempts to identify them.

The classical expression cloning experiment described in Chapter 3 appeared to 

work very well, but only until it reached the final screening step. This may be due to the 

intrinsic nature of CRYPa ligands, such as the secreted HSPGs found later on. 

Nevertheless, as suggested in Chapters 4 and 5, but also by experiments reported in 

Ledig et al. (1999a) and Johnson et al. (2001), Müller glia endfeet appear to express an 

additional cUss of membrane-bound ligands. I did try to identify such a ligand by 

crosslinking CRYPa with proteins on the membrane surface of radioactively labelled 

rat Müller gla cell cultures, unsuccessfully though (data not included in this thesis). 

Only later on I understood that such a putative ligand seems to be specifically expressed 

on glial endftet. Therefore, I think that it would be worth repeating this experiment
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using cells grown on a vitreous body extract substrate, which contains most basal 

lamina constituents, if one can prove that it induces endfeet differentiation. In this case, 

it may also be worth trying to screen a new cDNA library generated from cells grown 

under such conditions. This could also be combined with a more powerful screening 

method such as fluorescence-activated cell sorting.

The turning point in this thesis’ fortunes was probably the simple observation 

that sodium chloride and heparin impair CRYPa binding on the retinal basal lamina in 

RAP in situ experiments. From this, the presence of a heparin-binding site in the 

CRYPa ectodomain, identified by molecular modelling and confirmed by site-directed 

mutagenesis, together with the highly reproducible RAP in situ experiments, suggested 

basal lamina HSPGs as putative ligands. The retinal basal lamina, in particular, is a 

structure characterised biochemically in great detail and it contains two major HSPGs, 

namely agrin and collagen XVIII. CRYPa binds to both of them, as well as heparin, 

with very high affinity. One may also question the specificity of this interaction. This 

still remains to be determined, since I could not obtain a pure HSPG sample to which 

CRYPa does not bind. Interestingly however, recent results suggest that the EV3C3 

single-chain antibody, which can efficiently block CRYPa binding to the retinal basal 

lamina (Chapter 5), does not bind perlecan (Toin van Kuppevelt, personal 

communication). On the other hand, as mentioned in chapter 5, there are numerous 

circumstances in which CRYPa and agrin or collagen XVIII can functionally overlap. 

Alternatively, maybe the exact nature of the HSPG ligand is not as important as the 

exact HS sequence to which CRYPa binds. Do various proteins bind HS chains with the 

same degree of specificity to which, for example, restriction endonucleases bind DNA 

sequences? Ii may well be the case, although this still remains to be demonstrated.

The iiteraction between CRYPa and HSPGs appears to be mediated by their HS 

chains. The exact role(s) of such an interaction is (are) still unclear and one can
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speculate on several possibilities. For example, HSPGs may directly modulate the 

enzymatic activity of CRYPa and therefore represent “genuine” ligands. As mentioned 

several times in this thesis, the control of RPTPs’ dimérisation state appears to be an 

important, although not ubiquitous, regulatory mechanism. The relative subunit 

orientation is critically important for receptor dimer regulation (Jiang and Hunter, 1999; 

Jiang et a l, 1999), and the HS chain may well play an important role in orienting a 

putative CRYPa dimer. This may ultimately control the signalling ability of CRYPa, 

either by holding the receptor in a catalytically active conformation, in which it will 

actively dephosphorylate its endogenous substrates, or by inducing an “inactive” 

conformation in which CRYPa may become tyrosine phosphorylated (this possibility 

being suggested by experiments described in chapter 6). CRYPa “silencing” and 

tyrosine phosphorylation in itself may trigger signal transduction, by allowing adapter 

proteins to bind and organise a signalling complex.

On the other hand, HSPGs are known to bind a plethora of small proteins, such 

as growth factors and cytokines. One cannot exclude the possibility that such a small 

heparin-binding molecule may represent a ligand for CRYPa and therefore the HSPG 

may play a co-receptor function. Testing proteins able to bind the HS chains of agrin 

and collagen XVIII may lead to the characterisation of additional CRYPa ligands.

Another interesting possibility relates to a particular feature of RPTPs, including 

CRYPa (Stoker et a l, 1995), namely ectodomain shedding. It is still unclear in which 

circumstances this occurs and what is the functional significance of this process. 

Ectodomain shedding may attenuate signalling through the receptor, by triggering 

redistribution and internalisation of the cytoplasmic (P) region (Aicher et al., 1997). The 

soluble ectodomain may, for instance, remain attached to the cell surface via HSPGs 

and be presented as a ligand to another receptor.
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Understanding the functional significance of the interaction between CRYPa 

and HSPGs, or indeed any other ligand which may be discovered, is impossible without 

the knowledge of downstream (intracellular) interacting partners and signalling 

pathways related to this RPTP. In this thesis I could only very briefly address this issue 

and further experiments are needed to confirm the physiological significance of CRYPa 

tyrosine phosphorylation, the identity of the putative ~75 kDa substrate and the 

suggested interaction with Trio. In addition, recent improvements in the in ovo 

electroporation technique will definitely allow a detailed analysis of the CRYPa 

function in vivo, by expressing a variety of mutant constructs.

In conclusion, the results presented in this thesis demonstrate that CRYPa has a 

novel, heparin-binding activity and that its interaction with the retinal basal lamina is 

mediated by the HS chains of extracellular matrix HSPGs. I also describe the first 

identification of heterotypic ligands for a type II neural RPTP, namely agrin and 

collagen XVIII. These molecules have a considerable functional plasticity and therefore 

can offer novel clues towards understanding the complex role played by CRYPa, and 

possibly other RPTPs, in neural development and repair. Modulating the enzymatic 

activity of RPTPs such as CRYPa might have a direct clinical relevance, for example in 

stimulating post-traumatic nerve regrowth and regeneration of functional synaptic 

connections, in Alzheimer’s disease and cancer therapy. Since heparin mimetics are 

currently being considered as putative growth factor receptor modulators, a similar 

approach might be considered for RPTPs, assuming that indeed the protein-HS 

interaction is highly specific. If this is not the case, the results presented here are equally 

important by revealing a major interference risk.

This thesis provides multiple starting points for further experiments and offers a 

new perspective for understanding the complex biological functions of RPTPs.
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