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Abstract

The receptor protein tyrosine phosphatases (RPTPs) exhibit a wide repertoire of cellular signalling 

functions. In particular, type IIa RPTP family members have recently been highlighted as hubs for 

extracellular interactions in neurons, regulating neuronal extension and guidance, as well as 

synaptic organisation. In this review, we will discuss the recent progress of structural biology 

investigations into the architecture of type IIa RPTP ectodomains and their interactions with 

extracellular ligands. Structural insights, in combination with biophysical and cellular studies, 

allow us to begin to piece together molecular mechanisms for the transduction and integration of 

type IIa RPTP signals and to propose hypotheses for future experimental validation.
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1. Introduction

The receptor protein tyrosine phosphatases (RPTPs) are important mediators of signal 

transduction at the plasma membrane, featuring in events as diverse as cell growth and 

proliferation (tumour suppressors), neural development (axon guidance molecules) and the 

immune response [1–5]. The 21 mammalian family members are type I membrane proteins, 

containing either single or a tandem of highly conserved intracellular phosphotyrosine-

specific phosphatase domains (Fig. 1a) [1]. For those RPTPs possessing tandem catalytic 

domains, with the exception of RPTPα [6], only the membrane proximal domain (D1) is 

active on known phosphotyrosine substrates, while the membrane-distal domain (D2) seems 

to be required for optimal D1 activity [7–11].

Numerous mechanisms have been reported for the regulation of RPTP phosphatase activity, 

including alternative splicing, post-translational modifications, oligomerisation, ligand 
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binding and proteolysis (summarised in Fig. 1b and discussed in greater detail elsewhere 

[2,3,5]). Structural analysis has revealed many details of the catalytic mechanism and 

substrate specificity of the RPTP phosphatase domains [12]. However, we have a far less 

complete understanding of the architecture and functions of the diverse extracellular regions. 

Many RPTPs contain domains typically associated with cell adhesion molecules (CAMs), 

such as immunoglobulin-like (Ig) and fibronectin type III (FN) units, and are involved in 

cell–cell or cell–matrix contacts (Fig. 1) [13–22]. The first extracellular RPTP structure, of 

the type IIb family member RPTPμ, revealed a tight and rigid trans dimer, able to gauge 

inter-membrane distances at cell-to-cell contacts and thus position the phosphatase to the 

appropriate functional location at the adherens junction [14]. The first extracellular RPTP-

ligand complex structure, of the type V RPTPγ bound to contactin-4, provided a rationale 

for the selectivity of type V RPTPs with contactin ligands 1–6, important for recognition 

events in neuronal wiring [17]. In general, most RPTP family members are still classified as 

orphan receptors, with no extracellular ligands known to date [23]. The type IIa RPTPs, 

however, are remarkable in that a large collection of protein ligands have recently been 

described. These ligands are particularly relevant within the nervous system [18,19,24–34], 

offering extensive scope for investigation into neuronal RPTP function. As a result, this 

review will focus on recent progress in the structural analysis of extracellular type IIa 

RPTPs and their ligand interactions.

2. Type IIa RPTP domain organisation and structure

The type IIa RPTP family members share a common domain architecture: an extracellular 

region containing up to three Ig domains and nine FN repeats, modified by alternative 

splicing, a single transmembrane helix and tandem intracellular phosphatase domains (Fig. 

2a). The receptors are produced as pro-proteins, processed intracellularly, at a dibasic amino 

acid site located within the FN9 repeat, by a subtilisin-like endoprotease and subsequently 

expressed on the cell surface as two non-covalently bonded subunits (Fig. 1b) [35,36]. Type 

IIa RPTPs have early ancestors, however they only acquired the domain architecture of the 

modern vertebrate orthologues from Cnidaria onwards, which coincided with the evolution 

of the first centralised bilateral nervous system [3]. The family has gradually diversified in 

evolution, with one member in Caenorhabditis elegans (PTP-3), two in Drosophila (DLAR 

and possibly PTP69D) and three in vertebrates (RPTPσ, RPTPδ and LAR), presumably to 

offer additional functionality and complexity. Variation of type IIa RPTPs is also generated 

via alternative splicing, in particular within the ectodomain, which yields multiple receptor 

isoforms (Fig. 2a) [37–41]. In addition to possible splicing of whole domains (Ig3, FN5 and 

FN4-7), four micro-exon inserts define type IIa RPTP isoforms. In humans, the longest 

isoforms share 66–72% overall sequence identity (83–87% between intracellular regions, 

58–64% between extracellular regions). They have overlapping, though distinct expression 

patterns, predominantly in the developing and adult nervous systems [35,36,39,42–50].

The initial focus of structural efforts for the RPTPs was directed towards the intracellular 

catalytic domains [51,52]. Crystal structures of the tandem phosphatase domains (D1D2) of 

both human RPTPσ and LAR have been determined [7,53] and, based on these, RPTPδ 

D1D2 has been modelled [12]. These studies suggest that similar to D1D2 modules across 

other RPTPs, with the notable exception of RPTPγ, the type IIa RPTP tandem phosphatase 
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domains are monomeric in solution [12]. Several experimental studies demonstrate that cis-

dimerisation or oligomerisation of receptor protein tyrosine phosphatases (RPTPs) 

negatively regulates their catalytic activity [16,54–56], although this has not been 

demonstrated definitively for all RPTPs. Evidence against the early ‘inhibitory wedge’ 

model [51] as a general mechanism for this inactivation has gradually accumulated 

(discussed in detail in [5,12]). The relative orientation of type IIa RPTP D1D2 domains 

upon ligand-mediated receptor clustering, and its impact on the catalytic function and 

downstream signalling properties of the receptors, therefore remain outstanding questions.

Structural work on type IIa RPTP extracellular regions is now emerging, revealing 

surprising flexibility, in contrast to the observed rigidity of the RPTPμ ectodomain [14] and 

the linear rods typically used to depict RPTP ectodomains in schematics (Fig. 2b) [57]. The 

two N-terminal Ig1-2 domains consistently adopt a rigid V-shaped arrangement, stabilised 

by extensive interdomain contacts [57–59], but essentially every other inter-domain linker 

appears to represent a flexible hinge point [57]. The Ig2–Ig3 linker, a site for alternative 

splicing, is particularly noteworthy. In receptor isoforms containing the meB exon, this 

hinge point is extended by a further four amino acids (ELRE inserted between R227 and 

R228; numbering corresponds to chicken RPTPσ), potentially introducing additional 

flexibility. The structural rigidity of elongated, multi-domain receptors such as RPTPμ, 

cadherins and SYG1/SYG2 may facilitate close receptor packing to enhance cell–cell 

adhesion and/or signalling, enable tight regulation of cell–cell contact distances and allow 

efficient force transduction between cells [14,60–62]. However, flexibility may be a 

valuable feature for synaptic signalling hubs such as the type IIa RPTPs and α-neurexin 

[57,63–66], for instance, to allow larger molecules, with potentially broader functionality, to 

fit into narrow cell–cell junctions (approximately 240 Å for mammalian excitatory synapses 

[67]).

3. Interaction of type IIa RPTPs with proteoglycans at neuronal growth 

cones

Two heparan sulphate proteoglycans (HSPGs) within the retinal basal membrane, agrin and 

collagen XVIII, were the first type IIa RPTP ligands to be identified [18]. Additional 

HSPGs, membrane-spanning syndecan (Sdc) and glycophosphatidylinositol (GPI)-

membrane anchored dallylike (Dlp), were reported to bind DLAR in the context of the 

Drosophila neuromuscular junction [19,24]. More recently, secreted extracellular matrix 

chondroitin sulphate proteoglycans (CSPGs), major components of the reactive glial scar 

following injury, were also shown to bind to type IIa RPTPs in vertebrate central nervous 

system (CNS) neurons [25,26,68]. Intriguingly, interactions of type IIa RPTPs with HSPGs 

versus CSPGs, elicit contrasting functional consequences: while HSPG binding to RPTPσ 

promotes neurite outgrowth [18,69], CSPG binding inhibits neuronal extension and nerve 

regeneration [25,68].

Proteoglycans are composed of a core protein module to which a variable number of 

glycosaminoglycan (GAG) chains are covalently attached [70]. GAGs are linear polymers of 

repeating disaccharide units; alternating N-acetylated glucosamine (GlcNAc) and uronic 

acid residues (GlcA or IdoA) for heparan sulphate (HS) or N-acetylated galactosamine 
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(GalNAc) and glucuronic acid (GlcA) for chondroitin sulphate (CS) [70]. Further GAG 

diversity is generated by sulphation at defined positions along the chains [70]. Enzymatic 

digestion of the GAG chains abolished binding of type IIa RPTPs to both HSPGs and 

CSPGs [18,25], demonstrating that the interaction is via the negatively charged proteoglycan 

HS or CS chains. On the type IIa RPTPs, positively charged residues (K67, K68, K70, K71, 

R96 and R99, residue numbering corresponding to chicken RPTPσ) within the N-terminal Ig 

domain were shown to be required [18,25]. Crystal structures of the two N-terminal Ig 

domains (Ig1-2) across type IIa RPTP family members and different species, revealed that 

these basic residues lie on loops between Ig1 β strands C–D and E–F and create an extended 

positively charged surface (Fig. 3a) [58,59]. An additional crystal structure of human LAR 

Ig1-2 in complex with the small molecule GAG-mimetic sucrose octasulphate (SOS), not 

only confirmed the site of GAG binding, but also demonstrated mobility of the C–D loop 

containing the four basic lysine residues [58].

Highly sulphated proteoglycan GAG chains carry a strong negative charge and bind to a 

wide range of proteins at the cell surface, playing roles in the assembly of various cell 

surface protein–protein complexes [71,72]. For example, HSPGs are crucial for the 

regulation of axon guidance molecules such as Robo, Slit and DCC [73,74] and for 

assembling key protein–protein complexes in both the FGF and hedgehog signalling 

pathways [75–77]. Therefore, the specificity of protein-GAG interactions is an important 

question [72,78–81]. The flexible, solvent-exposed nature of the Ig1 binding surface, and the 

observation that this site can bind to both HSPGs and CSPGs, would suggest that the type 

IIa RPTPs are likely to exhibit limited GAG binding specificity. However, amongst 

chondroitin sulphate isoforms, RPTPσ does demonstrate preferential binding to CS-E [82].

Given that HSPGs and CSPGs bind to the same type IIa RPTP interaction site, with 

approximately the same binding affinity (Kd 10–20 nM) [58], how then can these binding 

events produce such different functional outcomes? Solution studies illustrated that HS, but 

not CS, is able to promote clustering of the type IIa RPTPs [58]. For HS chains, regions of 

high sulphation (typically three sulphate groups per disaccharide) lie adjacent to 

intermediately modified sections and are interspaced by stretches largely lacking sulphation 

[83], whereas CS is sulphated at lower levels (usually one (CS-A and CS-C) or two (CS-D 

and CS-E) groups per disaccharide) [81,84–86]. Therefore, it has been proposed that the 

islands of higher sulphation present in HS but not CS are responsible for the observed 

oligomerisation in solution and may promote close packing of type IIa RPTP molecules at 

the cell surface (Fig. 3b) [58]. Receptor clustering would lead to an uneven distribution of 

tyrosine phosphatase activity at the plasma membrane, regardless of whether the clustered 

RPTPs themselves become deactivated. The consequent existence of transient zones with 

reduced phosphatase activity is expected to increase the localised levels of phosphorylated 

proteins involved in signalling pathways that stimulate neuronal extension [87,88]. 

Conversely, secreted CSPGs present in the post-traumatic glial scars could compete with 

HSPGs for type IIa RPTP binding, disrupting receptor clusters to produce a more uniform 

distribution of the phosphatase activity at the cell surface and ultimately inhibit axon 

growth.
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The contrasting consequences of type IIa RPTP interaction with HSPGs versus CSPGs have 

striking similarities to their ability to functionally modulate the axon guidance molecule 

Sema5A [89]. The interaction of Sema5A with either HSPGs or CSPGs renders Sema5A a 

permissive or a repulsive axon guidance signal, respectively [89]. Importantly, Nogo 

receptors NgR1 and NgR3 also bind CSPGs with inhibitory consequences upon neuronal 

regeneration and simultaneous ablation of RPTPσ, NgR1 and NgR3 leads to enhanced optic 

nerve regeneration following crush injury relative to single RPTPσ or dual NgR1/NgR3 loss 

[82]. Candidate type IIa RPTP substrates for involvement in growth-promoting signalling 

pathways in the axonal growth cone are also present at the synapse and will be discussed 

further in the following section.

4. Extracellular interactions of type IIa RPTPs at neuronal synapses

A variety of CAMs are believed to play important roles in the establishment and 

maintenance of chemical synapses [90,91]. Initially, the specificity of axon-dendrite contacts 

is mediated by an array of cell adhesion molecules such as members of the side-kick and 

Dscam families [92]. Subsequent adhesive interactions are required to recruit signalling 

molecules and ion channels, to promote the specialisation of both pre- and postsynaptic sites 

and to maintain the structural integrity of the synapse [90,91]. Such functions are performed 

by a variety of homophilic and heterophilic molecular systems, including neurexin/

neuroligin, SynCAMs, ephrin/Eph receptors and netrin-G/Netrin-G ligand (NGL), which 

establish bidirectional trans-synaptic signalling complexes [91,93–96]. The majority of the 

early in vivo work on the type IIa RPTPs focussed upon their role either in axon outgrowth 

and guidance [8,45,69,97] or at the presynaptic terminals of C. elegans and Drosophila 

neuromuscular junctions [19,40,98] and more recent studies have additionally highlighted 

their presynaptic functions in vertebrate systems [27–34,66,99]. Presynaptic type IIa RPTPs 

are also able to mediate both presynaptic differentiation and recruitment of the postsynaptic 

density components, through interaction with their postsynaptic ligands [27–34]. It should 

be noted that, while we will focus here on their presynaptic function, these proteins have 

also been reported to play important roles on the postsynaptic side [100,101].

In vertebrates, the catalogue of postsynaptic protein ligands for the three type IIa RPTPs has 

been rapidly expanding in recent years, and it currently includes: Netrin-G ligand-3 (NGL-3) 

[27,28], TrkC receptor protein tyrosine kinase [29], Slit- and Trk-like receptors 1–6 

(Slitrk1-6) [30,31], interleukin-1 receptor accessory protein (IL-1RacP) [32] and IL-1-

receptor accessory protein-like 1 (IL1RAPL1) [33,34]. In practice, the large number of 

potential complexes is restricted by protein expression patterns, for example RPTPδ-Slitrk3 

interaction appears to be specific for inhibitory synapses [30,31]. Several of the postsynaptic 

ligands also demonstrate a preference amongst the type IIa RPTPs, for instance TrkC 

selectively binds RPTPσ [29,57]. The specificity or strength of all type IIa RPTP-ligand 

interactions listed above, with the exception of RPTP-NGL3, are additionally regulated 

through alternative splicing at the RPTP meA and meB sites [29,30,32,33], a striking 

similarity to the binding specificity generated via alternative splicing in the neurexin–

neuroligin system [66].
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Structural analyses of type IIa RPTP-ligand complexes are now revealing the molecular 

basis for these interaction specificities. Crystal structures of the N-terminal leucine rich 

repeat (LRR) and Ig-domain of TrkC bound to RPTPσ Ig1-2, the minimal units required for 

the binding and synaptogenic activity of this trans-synaptic pair [29,57], display a 1:1 

complex, the orientation of which is consistent with a trans RPTPσ:TrkC complex spanning 

the synaptic cleft (Fig. 4a) [57]. Biophysical and cell based assays have demonstrated that 

three major binding sites along the extended protein–protein interface mediate RPTPσ:TrkC 

binding [57]. A small number of residue differences between type IIa RPTPs and Trk 

receptors at these three sites provide satisfying explanations for reported interaction 

specificities [29,57]. While the meA mini-exon insertion site on RPTPσ Ig2 lies remotely 

from the RPTPσ-TrkC interface (Fig. 4a), insertion of the meB mini-exon reduces 

RPTPσ:TrkC binding [29,57] and is predicted to disrupt a putative fourth accessory RPTPσ-

TrkC binding site.

The list of synaptic extracellular type IIa RPTP ligands also includes proteoglycans [19]. 

HSPGs are particularly abundant, either as membrane spanning or GPI-anchored proteins at 

the pre- and postsynapse or as molecules secreted into the extracellular milieu [71,73]. The 

importance of synaptic ligand location in type IIa RPTP regulation is illustrated by events at 

the Drosophila neuromuscular junction. While the interaction of type IIa RPTP dLAR with 

presynaptic HSPG dSyndecan promotes bouton growth, the postsynaptic HSPG dDallylike 

competes with dSyndecan for dLAR binding, leading to an inhibition of growth and active 

zone stabilisation [19]. There is strong evidence for the importance of HSPGs for correct 

mammalian glutamatergic synaptic function [102,103] and for the interaction of HSPGs 

with specific synaptic cell surface receptors [104,105].

Given the diversity of possible interactions with the type IIa RPTPs, a key question to 

address, is the competitive or cooperative nature of different ligand combinations. Recent 

analyses are beginning to shed light on this. For example, two RPTPσ residues essential for 

TrkC interaction (R96 and R99), form part of the extended positively charged surface on 

RPTPσ Ig1 (Fig. 3a) [57,58] and are also absolutely required for RPTPσ interactions with 

HSPGs [18,58]. Indeed, HS and heparin (a highly sulphated HS analogue) oligomers were 

able to directly compete with TrkC for RPTPσ binding in both biophysical and cell based 

assays (Fig. 4b) [57]. In contrast to TrkC, the interaction of RPTPσ with another trans-

synaptic protein ligand, NGL-3, reported to engage the FN1-2 domains [27], appeared 

insensitive to proteoglycans in both experimental settings [57].

Which extracellular features of the type IIa RPTPs may equip them to function as interaction 

hubs? The length of the type IIa RPTP ectodomain may be important to extend the HSPG 

binding site beyond a saturating layer of cis interactions, analogous to the use of a longer 

ectodomain by Sialoadhesin, a member of the sialic acid-binding Siglec family of cell 

surface receptors, to ‘escape’ from the inhibitory glycocalyx on the same cell surface [106]. 

The flexibility of the type IIa RPTP ectodomains may also be a functionally important 

characteristic, allowing a range of conformations at the plasma membrane of both the 

growth cone and the presynaptic terminals (Fig. 5) [57]. At the transition from axonal 

extension to synaptogenesis, an array of additional RPTPσ ligands are presented by the post-

synaptic neuronal surface [66,99], which compete with each other, the presynaptic ligands 
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and soluble HSPGs for type IIa RPTP binding. For example, during synapse formation and 

stabilisation, the post-synaptic TrkC ligand must out-compete proteoglycans for RPTPσ 

binding, providing an adhesive trans interaction that may also disrupt HSPG-mediated 

RPTPσ clusters (Fig. 5) [57]. Binding of RPTPσ to a first postsynaptic ligand, will limit the 

conformational freedom of the flexible receptor ectodomain and reduce the entropic penalty 

for ligand binding at other RPTPσ sites, potentially facilitating the formation of higher order 

cell surface assemblies [107]. Soluble factors such as the NT3 neurotrophin and the 

astrocyte-derived HSPGs glypican-4 and glypican-6, may additionally regulate this system 

(Fig. 5) [108]. Proteolytic cleavage events add a further level of complexity. Cleavage of the 

whole type IIa RPTP ectodomain [36] and potentially of Ig1-2 fragments [57,58] would 

firstly decouple the receptor phosphatase activity from regulation via ligand binding to these 

regions. Secondly, the released soluble RPTPσ fragments may also be able to compete with 

the remaining intact receptors for binding to extracellular ligands.

5. Intracellular interactions of type IIa RPTPs at neuronal synapses

Trans-synaptic interactions between type IIa RPTP ectodomains and their ligands trigger bi-

directional intracellular signals. These lead to both presynaptic differentiation, including the 

accumulation of synaptic vesicles, and clustering of postsynaptic density proteins [27–

34,109]. The exact mechanisms of signal transduction across the plasma membranes remain 

to be elucidated, and may vary on a case-by-case basis, but interactions spanning the 

synaptic cleft are likely to impact on the localisation, trafficking/turnover rate, relative 

arrangement and possibly conformation of the cell surface proteins involved, all of which 

can modulate downstream signalling. On the intracellular side of the membrane, type IIa 

RPTPs interact directly with liprin-α [39,98,110–112] a key component of the active zone 

scaffolding array, which stabilises the receptors at the synapse and links them to other 

components of the presynaptic machinery [113]. On the opposing cell surface, postsynaptic 

ligands for the type IIa RPTPs contain intracellular PDZ domain binding motifs, facilitating 

the recruitment of scaffolding proteins such as PSD-95 (Fig. 5). TrkC does not contain a 

typical PDZ domain binding motif, but is able to bind to the scaffolding protein tamalin 

[114]. Ligands containing intracellular catalytic domains such as the TrkC isoform TrkCTK

+, may provide additional signalling routes, although this requires further investigation. So 

far, it has been shown that kinase activity is not required for the RPTPσ-mediated 

synaptogenic function of TrkC [29].

A recent screen of RPTP family members against an array of phosphopeptides revealed that 

their substrate selectivity varies significantly [12]. While the type I RPTP CD45 displayed a 

high enzymatic activity for almost all substrates, RPTPσ was only able to dephosphorylate a 

peptide derived from its physiological substrate N-cadherin [12]. This suggests that the type 

IIa RPTPs may regulate quite specific downstream signalling pathways, rather than gross 

phosphotyrosine levels, both in the growth cone and at the synapse. The currently known 

type IIa RPTP substrates are depicted in Fig. 5. Assembly of dephosphorylated N-cadherin 

and β-catenin [115–117] with α-catenin to form adhesive complexes linked to the actin 

cytoskeleton, would likely increase synaptic stability [117]. However, upon phosphorylation 

of N-cadherin or β-catenin, formation of these adhesion sites will likely be disrupted. 

Therefore, a reduction in the enzymatic activity of type IIa RPTPs would be predicted to 
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disrupt synaptic stability (Fig. 5) [117]. Other potential type IIa RPTP signalling 

mechanisms also converge on the actin cytoskeleton. For example, Ableson kinase (Abl) 

and its substrate Enabled (Ena), a facilitator of actin polymerisation [118], are both type IIa 

RPTP ligands and substrates [8]. In addition, the RPTP intracellular binding partner Trio, as 

well as p250GAP, a type IIa RPTP substrate, are both Rho family GTPases, important 

regulators of actin dynamics (Fig. 5) [119–122]. Therefore, the phosphatase activity of the 

type IIa RPTPs appears to contribute to synaptic organisation and stability by transmitting 

multiple signals that modulate actin cytoskeleton organisation.

6. Conclusions and future directions

Numerous novel synaptic ligands have been identified for the type IIa RPTPs over recent 

years and structural work characterising their modes of interaction is progressing at pace. 

The structural and biophysical characterisation of RPTPσ binding to either proteoglycan 

GAGs or protein ligands have revealed specific binding modes for each interaction, as well 

as overlaps in binding sites. These observations raise important new questions for future 

investigation. Which ligands compete for type IIa RPTP binding? Which combination of 

ligands might bind in a complementary manner? Is it possible to modulate such interactions 

in vivo, and thus provide novel strategies for nerve regeneration? Chemical synapses and 

their many components exist in a highly dynamic state [123,124]. What is the timing of the 

different interactions during the processes of axon-dendrite recognition, presynaptic 

differentiation, recruitment of the postsynaptic machinery, and at later stages during synaptic 

stabilisation and maintenance?

The type IIa RPTPs have been described as synaptic signalling hubs, important organising 

modules linking signals from the synaptic cleft to the scaffolding networks of both the pre- 

and postsynapse [66,99]. Proteomics studies have identified RPTPσ and RPTPδ in voltage-

gated Ca2+ channel nano-environments [125] and shown RPTPσ to be associated with 

GluRδ2-centric protein complexes [109]. Therefore are these type IIa RPTP signalling hubs 

actually an important component of much larger, localised multi-component synaptic 

structures? Key synaptic signal transduction molecules, including postsynaptic NMDA 

receptors, have been reported to be part of such ‘supercomplexes’ [126]. While it is well 

established that voltage-gated Ca2+ channel nano-environments exist at the pre- and 

postsynapse to confine the transient increase in intracellular Ca2+ concentration to very local 

spatiotemporal domains [127], the concept of ‘nanodomains’ has only more recently been 

extended to neurotransmitter receptors. Superresolution light microscopy studies have 

identified that postsynaptic AMPA receptors are also clustered in dynamic nanodomains, as 

are postsynaptic scaffolding proteins including PSD95 [128,129]. The type IIa RPTPs have 

previously been linked to AMPA receptor synaptic recruitment [100,130] and their potential 

role in these localised, dynamic signalling domains remains to be determined.

Future structural studies on full length type IIa RPTPs will be crucial to demonstrate the 

impact of ectodomain conformation, receptor oligomerisation and transmembrane 

interactions upon the arrangement, ligand interactions and activity of the intracellular 

phosphatase domains. The determination of type IIa RPTP structures in the context of larger 

protein–protein complex arrays, initially reconstituted in vitro and ultimately within intact 
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synapses, would provide essential details about the signalling system in progressively more 

realistic, close to physiological settings. Finally, the development of imaging strategies to 

monitor downstream signalling of synaptic type IIa RPTPs in primary neuronal cell cultures, 

and ideally also in vivo, will be essential to properly appreciate their enzymatic in addition 

to their organisational functionality. A comprehensive mechanistic understanding of type IIa 

RPTP synaptic function, guided by structural biology, could potentially shed new light on 

neurological disorders linked to dysfunction of synaptic signalling hubs and inspire new 

strategies for nerve regeneration.
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Fig. 1. 
RPTP family classification, cellular localisation and regulation. (a) Classification of the 

human RPTPs, based on [1]. (b) Schematic depicting RPTP cellular location and modes of 

RPTP regulation: (i) the pro-proteins of both type IIa and IIb RPTPs are processed by 

subtilisin/kexin-like endoproteases in the trans-Golgi and subsequently presented at the cell 

surface as two non-covalently bonded subunits [35,36,131–134]. (ii) Alternative splicing 

occurs across the RPTP families, yielding multiple receptor isoforms [1]. The type V RPTP, 

RPTPζ, can also be expressed as a soluble isoform, more commonly known as phosphacan 

[135]. (iii) At the plasma membrane of activated T cells, the type I RPTP CD45, is recruited 

to lipid rafts [136]. (iv) Trans-homodimerisation of the type IIb RPTPs mediates the stability 
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of adherens junctions [14,137]. (v) Although many of the RPTPs remain orphan receptors, 

the type IIa RPTPs have been shown to bind extracellular matrix (ECM) or soluble ligands 

[18,25,26] and cell surface proteins [27–29]. (vi) Ligand binding can potentially modulate 

clustering of RPTPs, for instance heparan sulphate proteoglycans (HSPGs) induce 

oligomerisation of type IIa RPTPs [58]. (vii) The generally inactive, membrane-distal 

phosphatase domain (D2) is thought to function as a redox sensor; oxidation of the D2 

catalytic site cysteine regulates RPTPα (a type IV RPTP) dimerisation and phosphatase 

activity [138]. (viii) RPTPs may themselves be phosphorylated. For example Tyr and Ser 

phosphorylation mediates the activity of RPTPα and its interaction with intracellular 

signalling proteins [139,140]. (ix) RPTPs can be retrieved from the plasma membrane by 

endocytosis; the type VIII (pseudo-phosphatase) RPTP IA-2β contains a YXXφ motif within 

the cytoplasmic tail, targeting the receptor for clathrin-mediated endocytosis [141]. 

Alternatively, the type IIa RPTP, RPTPσ has been found to regulate autophagy and (x) to be 

located in autophagic vesicles targeted for lysosomal degradation [142]. (xi) Mature types 

IIa and IIb RPTPs at the cell surface can undergo proteolytic processing events to shed 

ectodomain fragments into the extracellular environment, followed by release of the 

intracellular tandem phosphatase domains [133,143]. (xii) This intracellular fragment may 

subsequently be targeted for proteosomal degradation. (xiii) However, it has been 

demonstrated that the intracellular fragment of RPTPκ and RPTPρ may also be imported 

into the nucleus and regulate transcription via dephosphorylation of transcriptional 

activators (TF) such as β-catenin and STAT3 [133,144].
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Fig. 2. 
Architecture and flexibility of the type IIa RPTP ectodomain. (a) Domain organisation of the 

type IIa RPTPs. N, amino-terminus (extracellular); SP, secretion signal peptide; TM, 

transmembrane; C, C-terminus (intracellular); Ig, immunoglobulin-like; FN, fibronectin 

type-III. Alternative splicing of the type IIa RPTPs by insertion of FN domains 4–7 and mini 

exons A–D (closed arrowheads) generates many isoforms, which exhibit distinct expression 

patterns [35,39]. Additional isoforms, lacking Ig3 (RPTPσ) or FN5 (LAR) domains, have 

also been reported [37,41]. (b) Type IIa RPTP domains required for binding to the listed 

extracellular ligands are illustrated by filled or dashed vertical bars (structural information 

currently available or unavailable respectively). (c) Cartoon illustrating the flexibility 

revealed by combined crystallographic, electron microscopy and small-angle X-ray 

scattering analyses of the human RPTPσ ectodomain. Conformations representative of Ig1-

FN3 (top) and short ectodomain (bottom) molecules are depicted [57]. The conformation 

corresponding to the human RPTPσ Ig1-FN3 crystal structure (PDB accession code 4PBX) 

is coloured. Approximate molecular dimensions are indicated.
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Fig. 3. 
Structural and functional consequences of type IIa RPTP-proteoglycan binding. (a) Solvent 

accessible surface of human RPTPσ Ig1-2 (2YD3 [58]) coloured by electrostatic potential 

from red (−8 kT/e) to blue (+8 kT/e). Labelled residues are important for proteoglycan 

binding (numbering corresponds to chicken RPTPσ). (b) Model for HS-induced clustering of 

the type IIa RPTPs believed to result in neuronal extension (top). Disruption of type IIa 

RPTP clusters through interaction with CS results in growth inhibition (bottom). The 

heparin 30-mer is coloured to indicate zones of differing sulphation level in HS: grey (low), 

intermediate (yellow) and high (pink). GAG chains were built from the following PDB 

accession numbers: heparin (1HPN [145]) and chondroitin-4 sulphate (1C4S [146]).
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Fig. 4. 
Synaptic type IIa RPTP-ligand complexes. (a) Cartoon illustrating the trans interaction mode 

observed in the chicken RPTPσ Ig12:TrkC LRRIg1 crystal structure (PDB accession code 

4PBW) [57]. The three major binding sites are indicated by arrows and white labels. Protein 

features labelled as follows: Ig, immunoglobulin-like domain; LRR, leucine rich repeat 

domain (containing NT, amino-terminal cap; 1–3, leucine rich repeats; CT, carboxy-terminal 

cap); N, amino-terminus; C, carboxy-terminus; black arrowheads, potential meA and meB 

insertions; orange loop, RPTPσ Lys-loop. (b) Cartoon to illustrate the overlap of the sucrose 

octasulphate binding site on LAR (based on PDB accession code 2YD8 [58]) with the 

RPTPσ:TrkC interface. HS and heparin oligosaccharides have been shown to compete with 

TrkC for RPTPσ binding [57].
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Fig. 5. 
Model depicting synaptic interactions and signalling of type IIa RPTPs. The type IIa RPTP 

(RPTPσ illustrated) flexible ectodomains are able to adopt a variety of conformations [57]. 

For the RPTPσ N-terminal Ig domain to interact with presynaptic proteoglycans such as 

syndecan, more bent forms must be adopted (left), whereas to bind postsynaptic ligands such 

as TrkC, NGL-3, Slitrk and glypican, more extended conformations are required (right). 

HSPGs and soluble NT3 produce higher order RPTPσ arrays. RPTPσ can bind to 

presynaptic scaffolding proteins including liprin-α. Presynaptic RPTPσ signalling may also 

occur through dephosphorylation of N-cadherin and β-catenin and the stabilisation of 

adhesive N-cadherin:β-catenin:α-catenin:F-actin complexes or through several indicated 

cascades which culminate in activation of the Rho-GTPases and subsequent cytoskeletal 

remodelling. The same trans-synaptic interactions also lead to recruitment of postsynaptic 

density components such as PSD-95. Space filling models are derived from the following 

PDB accession codes and studies: human RPTPσ Ig1-2 (2YD3 [58]), Ig1-3 (2YD9 [58]), 

Ig1-FN3 (4PBX [57]; crystal structure used in full and divided into fragments to generate 

full range of ectodomain conformations; blue ovals represent FN4 and FN5 domains) and 

D1D2 (2FH7 [53]), mouse NGL-3 LRRIg1 (3ZYO [147]; green circles represent PDZ 

domain binding motifs), human RPTPσ Ig1-2:mouse TrkC LRRIg1 complex (4PBW [57]; 

aligned to 2IFG to generate model of RPTPσ:TrkC:NT3 complex), human TrkA LRR-

Ig2:NGF complex (2IFG [148]; used to represent TrkC LRR-Ig2:NT3), rat tamalin PDZ 
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domain (2EGO [149]; cyan ovals represent additional tamalin protein domains), human 

glypican-1 core protein (4AD7 [150]; heparan sulphate chains represented by ribbons and 

coloured as in Fig. 3b), mouse N-cadherin ectodomain (3Q2W [60]; grey boxes represent 

unbound N-cadherin intracellular tails, for clarity only one N-cadherin:α-catenin:β-catenin 

complex is shown), human α-catenin (4IGG [151]), zebrafish β-catenin (2Z6G [152]), 

mouse α-catenin:mouse β-catenin complex (4ONS [153], 4IGG and 2Z6G aligned to this 

crystal structure to obtain a more complete complex model), mouse E-caherin:β-catenin 

(1I7X [154], used to generate model of N-caderin intracellular domain with β-catenin), 

rabbit F-actin filament (3MFP [155]), rat PSD-95 PDZ-binding domains (3GSL [156] and 

1TQ3), human liprin-α2 SAM1-3:mouse liprin-β1 SAM1-3 complex (3TAD [157]; brown 

boxes represent coiled-coil regions) and human CASK kinase domain:human liprin-α2 

SAM1-3 complex (3TAC [157]; aligned with 3TAD to generate CASK:liprin-α:liprin-β 

model; blue oval represents remainder of CASK molecule). Structural information is 

currently lacking for Slitrk (red ovals, LRR repeats; small red circles, cysteine-rich caps; 

intracellular red circle, PDZ domain binding motif) and many HSPGs (grey stalk, protein 

core; heparan sulphate chains coloured as for glypican-1). Intracellular proteins signalling 

downstream of RPTPσ are represented as simple ovals or circles. Key phosphorylation sites 

are indicated by small white circles labelled ‘P’.
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