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ABSTRACT

Receptor protein tyrosine phosphatase gamma (PTPRG) is a cell surface receptor
expressed primarily on neurons. It combines cytoplasmic tyrosine phosphatase domains
and an extracellular region that includes a carbonic anhydrase-like (CA) domain. This
domain mediates binding to members of a family of neural cell adhesion molecules called
contactins (CNTN5s) that are expressed on neurons during development and adulthood.
The ectodomains of CNTNs are organized into six N-terminal immunoglobulin domains
followed by four fibronectin type III repeats (FN) and a glycophosphatidylinositol
anchor. Previous work demonstrated that PTPRG interacts specifically with CNTN3-6.
Here, we combine biochemical and structural approaches to further characterize the
interactions between PTPRG and its cognate CNTN partners. In particular, our work
indicates that PTPRG associates with CNTN3-6 with similar binding affinities. This
finding 1is consistent with our structural analyses of PTPRGeCNTN3 and
PTPRG+CNTN6 complexes suggesting that CNTN3-6 use a conserved interface to bind
the CA domain of PTPRG. As a first step to determine the in vivo functions of
PTPRG*CNTN complexes, we attempted to localize the sites where these receptors
interact. In particular, we identified the PTPRG*CNTN3 complex in the outer segment

(OS) of adult mouse retinas. Further investigation of these complexes in the OS revealed
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that PTPRG and CNTN3 form complexes when expressed on the same cell (cis
interactions). However, we also performed cell-aggregation assays indicating that
PTPRG and CNTN3 can associate when expressed on distinct cells (frans interactions).
To explain how the PTPRG*CNTN3 complex could form in these two distinct
geometries, we analyzed the conformations taken by the CNTN3 ectodomain. In
particular, our work indicates that the FN1-FN3 of CNTN3 adopts a bent conformation
suggesting that the CNTN3 ectodomain bends sharply between FN2 and FN3 domains
and then extends in parallel to the cell surface. Importantly, this bent conformation is
found in all six CNTN family members suggesting that all CNTNs might lie parallel to
the cell membrane. This orientation of CNTN ectodomains would accommodate the
formation of cis and trans PTPRG*CNTN complexes. Finally, we discuss the

implications of our results in PTPG/CNTN-mediated signaling.
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CHAPTER 1
INTRODUCTION
Phosphorylation and dephosphorylation in the Nervous system

The development and maintenance of the nervous system requires a robust set of
cellular events, such as cell migration, proliferation and maturation, neurite outgrowth
and synapse formation. At the molecular level these processes are driven by extra- and
intracellular cell signaling. The accuracy of these signaling events is an essential element
for the precise regulation of nervous system development and its functionality.

Reversible protein phosphorylation is an essential signaling mechanism, utilized
by nearly all living cells in metazoans, including neural cells. Protein phosphorylation is
catalyzed by a class of enzymes called protein kinases. A change in phosphorylation state
may modulate the activity of a protein and/or create docking sites for specific binding
partners. An example of a kinase-mediated activation in the nervous system is the
neurotrophic receptor tyrosine kinase A (TrkA), a receptor for nerve growth factor (NGF)
discovered in the 1950s (Levi-Montalcini, 1952). Upon ligand binding, TrkA dimerizes
and activates itself by tyrosine cross-autophosphorylation. Phosphorylated Y490 and
Y785 residues serve as docking sites for several binding partners, such as the Grb2
adaptor protein (ERK signaling pathway), phospholipase C-y (PLCy) and
phosphoinositide-3 kinase (PI3K); these interactions in turn launch corresponding
signaling cascades that result in various cellular events (Arévalo and Wu, 2006). In
contrast, the proteins responsible for dephosphorylation are called phosphatases. Kinases

and phosphatases work in tandem to maintain the necessary balance between



phosphorylated and dephosphorylated forms of the proteins. Together, they guide the
cellular processes necessary for the development and maintenance of all tissues and in
particular the nervous system. Protein phosphatases are organized into evolutionarily
distant families that include serine/threonine phosphatases, tyrosine phosphatases, and
dual-specificity phosphatases (Tonks, 2006). Both kinases and phosphatases may exist
as either receptor or non-receptor forms. Receptor forms are particularly interesting
because they signal across the membrane and extracellular cues to intracellular enzymatic
activity. The work presented in this dissertation is focused on Receptor Protein Tyrosine
phosphatases (RPTPs) — the subset of glycoproteins that combine both an extracellular
receptor ectodomain and an intracellular phosphatase region.
General properties of RPTPs

RPTPs belong to the family of classical Protein Tyrosine Phosphatases (PTPs),
which is defined by the presence of a canonical membrane-proximal phosphatase domain
(D1) with the signature (I/V)HCSxGxGR(S/T)G motif (Andersen et al., 2004; Tonks,
2006). All RPTPs are grouped into 8 different subtypes (Fig. 1) based on their structural
organization (Nam, 2005). In addition to catalytic D1 domain, more than one half of
known RPTPs are characterized by an additional membrane-distal phosphatase domain
— D2, which is usually inactive except in the case of PTPRA (Tonks, 2006). Apart from
the cytoplasmic phosphatase domains, RPTPs also include an extracellular receptor
portion variable in different subtypes of RPTPs. The ectodomains of RPTPs might
provide an additional mode of the phosphatase activity regulation through ligand binding.

Importantly, the extracellular region of most RPTPs resembles the ectodomains of cell



adhesion molecules, which presumably indicates that RPTPs participate in cell-cell and
cell-matrix contact events (Burridge et al., 2006; Sallee et al., 2006).

Whereas the mechanism of regulation of kinase receptors through ligand-induced
oligomerization is well described (Schlessinger, 2014), the regulation of RPTPs by the
same mechanism remains unclear. Moreover, it appears that distinct receptor
phosphatases might utilize different strategies for the regulation of their phosphatase
activity through the binding of extracellular ligands, oligomerization, reversible
oxidation and phosphorylation (Tonks, 2006). The mode of RPTP regulation by
oligomerization was originally proposed in the structural study of CD45 phosphatase
(Desai et al., 1993). In this study the intracellular region of CD45 that included tandem
phosphatase domains D1 and D2 was attached to the extracellular and transmembrane
domains of the EGF receptor (EGFR). EGFR/CDA45 chimera restored T-cell receptor
(TCR) signaling in CD45-null cells, indicating the autonomy of phosphatase signaling
relative to its native extracellular domain. Moreover, EGF stimulation of the chimera
leads to the repression of TCR signaling, indicating a mode of regulation through ligand-
induced oligomerization similar to what has been described for EGFR. However, recent
studies have shown that a long and rigid ectodomain of CD45 is sterically excluded from
sites of TCR-ligand engagement that leads to segregation of CD45 and the tyrosine
kinase Lck. This shifts an equilibrium towards TCR phosphorylation by Lck and further
activation of TCR (Chang et al., 2016). Other findings suggest that Lck should be

dephosphorylated by CD45 to be able to activate TCR signaling (Hermiston et al., 2003).



Therefore, the repression of TCR signaling upon EGF stimulation of the EGFR/CD45
chimera might be caused by its failure to activate Lck.

Although the dimer formation for CD45 has been shown to inhibit the
phosphatase activity, the structural basis for the RPTPs regulation though the
oligomerization was unclear. One of the first structural insights into the oligomerization-
induced inactivation of RPTPs comes from PTPRA (Bilwes et al., 1996). The crystal
structures of the D1 domain of PTPRA domain revealed a dimer that was observed in
three different space groups. The active site of each D1 monomer in the dimer was
occluded by the N-terminal helix-turn-helix region of another D1 monomer, named
“wedge” based on its shape (Fig. 2). This raised the possibility that the phosphatase
activity of RPTPs is inhibited by oligomer formation and subsequent occlusion of the
active site by the wedge from the opposing monomer.

However, the proposed wedge model had some limitations. The crystal structure
of PTPRA was obtained solely for the D1 domain and did not include the D2 domain
(Sonnenburg et al., 2003). Moreover, the model of wedge inhibition was not supported
by the structural analyses of the DI1-D2 tandem domains for LAR and CD45
phosphatases (H. J. Nam et al. 1999; H. J. Nam 2005). The superimposition of the LAR
and CD45 D1-D2 domain crystal structures on the corresponding PTPRA D1 crystal
structure revealed steric clashes between the opposite D2 domains so that the model of
wedge inhibition cannot apply to either LAR or CDA45. In the large-scale structural
analyses of tyrosine phosphatase domains (Barr et al., 2009), none of the obtained crystal

structures of RPTPs dimerized via the wedge region as is the case for PTPRA DI.



Subsequent analytical ultracentrifugation experiments revealed that the tandem
phosphatase domains for most of RPTPs are monomeric in solution. A monomeric state
in solution has been confirmed for IA2, IA2B3, GLEPP1, DEP1 and STEP single-
phosphatase domain RPTPs, as well as for CD45, PTPRE, and PTPRM tandem-
phosphatase domain RPTPs. These findings suggest an alternative mechanism to the
previously established model of the inhibitory wedge, which may include the binding of
an extracellular ligand followed by ectodomain oligomerization, proteolysis, and
oligomerization under an oxidative stress conditions (Barr et al., 2009).

Even though the tyrosine phosphatase domains appear monomeric in solution, the
intact RPTPs might still be regulated by ligand-induced oligomerization. For example,
an association of type Ila RPTPs (LAR, PTPRS, PTPRD) with proteoglycans modulates
their activity. The binding of heparan sulfate proteoglycans (HSPGs) induces
oligomerization and clustering of PTPRS phosphatase molecules and presumably
decreases their activity, creating zones of increased phosphorylation and promoting axon
outgrowth. In contrast, the binding of chondroitin sulfate proteoglycans (CSPGs) to
PTPRS stabilizes phosphatase molecules in a monomeric state maintaining a constitutive
phosphatase activity and inhibiting axonal extensions (Coles et al., 2011).

An oxidative stress regulation model, which has been proposed for PTPRA,
suggests an equilibrium between monomeric and dimeric forms of the membrane-bound
phosphatase. The treatment of PTPRA by H»O: oxidizes the D2 active site Cys723
residue that triggers a conformational change in the D2 domain. This leads to the

stabilization of the catalytically inactive dimeric conformation by the formation of a



disulfide bond between the Cys723 residues of two D2 domains (Blanchetot et al., 2002;

Tonks, 2006).
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Figure 1. Structural organization of Receptor Protein Tyrosine Phosphatases. Eight
families of RPTPs are expressed in nervous system and participate in various cellular
events that involve neuronal survival, synapse formation, axon targeting and neurite
outgrowth (Mohebiany et al., 2013).



N-terminal
wedge

Figure 2. PTPRA D1 domain forms an autoinhibitory dimer. Crystal structure (PDB
ID: 1YFO) of the PTPRA D1 domain (Bilwes et al., 1996) is shown in ribbon diagram
and colored in cyan. N-terminal loop-helix-loop wedge (blue) occludes the active site of
the opposing PTPRA D1’monomer. PTPRA D1 active site is represented by the key
catalytic residues shown in spacefill - Cys433 (magenta) and Asp401 (green).



PTPRZ and PTPRG

PTPRG and PTPRZ are two phosphatases that form the type V subfamily of
RPTPs. PTPRG and PTPRZ share a common structural organization and consist of a
carbonic anhydrase (CA) domain, a fibronectin type III (FN) repeat, a spacer region, a
transmembrane domain and tandem intracellular tyrosine phosphatase domains (Fig. 1,
5) (Krueger and Saito, 1992; Barnea et al., 1993; Bouyain and Watkins, 2010). Both
phosphatases are highly expressed in the developing and adult nervous system. In the
nervous system, PTPRZ is mostly localized to glial cells while PTPRG is predominantly
expressed on neurons (Canoll et al., 1996; Lamprianou et al., 2006). However, PTPRZ
can also be expressed in subsets of neurons (Hayashi et al., 2005), whereas PTPRG may
also be upregulated in certain types of glial cells, including small astrocytes during
neuroinflammatory conditions such as lipopolysaccharide (LPS) treatment or in an
Alzheimer’s disease murine model (Lorenzetto et al., 2013).

PTPRG is the only RPTP whose tandem phosphatase domains have been shown
to dimerize in solution (Barr et al., 2009). The crystal structure of PTPRG phosphatase
domains revealed that D1-D2 domains are organized in a head-to-toe orientation. In this
conformation, the catalytic site of each D1 active phosphatase domain is occluded by the
symmetry-related inactive D2 domain (Fig. 3). Structure-based mutations at the PTPRG
dimer interface impaired dimer formation as judged by an analytical ultracentrifugation
experiments; this indicated that the dimers identified in the crystal structure are identical
to those in solution. The dissociation constant (Kd) for the dimer of PTPRG is 3.5 uM

suggesting that it exists in a monomer-dimer equilibrium at the cell membrane. It has



been proposed that ligand binding to PTPRG shifts the equilibrium towards the inactive
dimeric conformation (Fig. 4) (Barr et al., 2009). Interestingly, in the PTPRG head-to-
toe occlusion model each active site of D1 domain is occluded by the loop from the
opposing D2 domain that contains a tyrosine residue (Y 1307), which in turn has shown
to be a site for PTPRG auto-dephosphorylation (Zhang et al., 2012). Therefore, dimer
formation of PTPRG and the regulation of its phosphatase activity may also be coupled
to increased tyrosine phosphorylation of PTPRG substrates while PTPRG
dephosphorylates itself.

It is likely that PTPRZ (RPTP(), the closest homolog of PTPRG, might be
regulated in a manner similar to PTPRG. Although no structural data suggesting the same
behavior for PTPRZ have been obtained, sequence alignments of PTPRG and PTPRZ
have shown that key residues required for the formation of the D1-D2 phosphatase dimer
are conserved (Barr et al., 2009). It has been shown that PTPRZ is inactivated by the
heparin-binding growth factor pleiotrophin (PTN) and by the VacA cytotoxin secreted
by Helicobacter pylori (Fukada et al., 2006; Barr et al., 2009). PTN binding to the
extracellular portion of PTPRZ results in increased phosphorylation of PTPRZ
downstream substrates Gitl and Magil, indicating that its phosphatase activity is
inhibited. The visualization of PTPRZ distribution upon PTN binding revealed the
clustering of phosphatase molecules suggesting that ligand binding induces dimerization
as well as inhibition of phosphatase activity. Similar results were obtained in an artificial
dimerization system in which the D1-D2 domains of PTPRZ were fused to the

intracellular domains of FKBP that forms a dimer upon the stimulation by the AP20187

10



(ARGENT™ Regulated Homodimerization Kit). Finally, the treatment by polyclonal
antibody also inactivated PTPRZ suggesting the inhibitory effect of ligand-induced
oligomerization (Fukada et al., 2006). Thus, the potential of PTPRG and PTPRZ to form
D1-D2 phosphatase dimers provides an alternative mode of a ligand-dependent RPTP

regulation that should be further investigated.

11



Figure 3. PTPRG D1D2 domains form a dimer on the head-to-toe orientation.
Crystal structure (PDB ID: 2NLK) of PTPRG D1D2 domains (Barr et al., 2009) is shown
in ribbon diagram. PTPRG D1 domain is colored in cyan, D2 is colored in red. D1D2
domains form a dimer with a symmetry related mate D1°D2’ that results in the occlusion
of DI active site. The PTPRG D1 active site is represented by the key catalytic residues
shown in spacefill — Cys1060 (magenta) and Asp1028 (green). The D2 occluding loop is
represented by Tyr1307 residue (spacefill, orange), which has shown to be auto-
dephosphorylated in PTPRG.
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Figure 4. A model for PTPRG ligand-induced dimerization. Hypothetical model of
the PTPRG/PTPRZ catalytic inactivation through the ligand-induced oligomerization
(Barr et al., 2009). Graphical representations of PTPRG/PTPRZ domains are shown in
ribbon diagram. CA domain is colored in green, FN domain — in forest, TM domain — in
orange, D1 domain in — cyan, D2 domain in red.
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PTPRG and PTPRZ binding partners

Several ligands have been characterized for PTPRZ. In addition to previously
mentioned heparin-binding growth factors PTN and VacA cytotoxin, PTPRZ also binds
extracellular matrix (ECM) protein tenascin and several members of the immunoglobulin
superfamily of CAMs (Ig-CAMs). The first ligand discovered for PTPRZ was Contactin
(CNTN1), which was also the first binding partner characterized for any RPTP (Peles et
al., 1995). Further studies showed that the PTPRZ*CNTN1 complex is implicated in the
maturation of oligodendrocyte precursor cells (OPCs) and the differentiation of
oligodendrocytes (Lamprianou et al., 2011). These findings are consistent with data
indicating that mice lacking PTPRZ exhibit impaired recovery from demyelinating
lesions (Harroch et al., 2002). In contrast to PTPRZ, the binding partners of PTPRG have
not been extensively characterized. Based on the interaction of PTPRZ and CNTNI it
was predicted that the CA domain of PTPRG might interact with some members of
CNTN family. Indeed, subsequent in vitro analyses indicated that the CA domain of
PTPRG bound to specifically to CNTN3, 4, 5 and 6, but not CNTNI1 (Bouyain and
Watkins, 2010).

The six CNTNs belong to the Ig-CAMs superfamily and are composed of 6 N-
terminal immunoglobulin-like (Ig) domains, 4 fibronectin type III domains (FN), and a
glycophosphatidylinositol (GPI)-anchor, which tethers them to a membrane (Fig. 5).
CNTNs are expressed on the surface of neurons at a multitude of sites in the nervous
system during development and adulthood. They are involved in various

neurodevelopmental processes such as neural cell migration and proliferation, myelin

14



sheath formation, synaptogenesis and axon guidance (Shimoda and Watanabe, 2009).
CNTN3-6, the binding partners of PTPRG, display partially overlapping spatiotemporal
expression patterns in the nervous system. CNTN3 is the least studied member of the
CNTN family. It is expressed in adult brain in a certain subset of neurons, including
Purkinje cells of the cerebellum, granular cells of hippocampus and neurons of the
cerebral cortex (Yoshihara et al., 1994; Shimoda and Watanabe, 2009). CNTN4 is best
known for its expression in the mouse olfactory system and is found in certain
subpopulations of olfactory sensory neurons (OSNs). Despite a normal gross brain
anatomy, CNTN4 deficient mice exhibit abnormalities in axonal projections of OSNs to
multiple glomeruli suggesting a role for CNTN4 in the formation of odor maps (Kaneko-
Goto et al., 2008). Recently, CNTN4 was discovered in retinal ganglion cells (RGC),
where it is crucial for RGC axon targeting to the nucleus of the optic tract, the region
responsible for horizontal image stabilization during the processing of a visual signal
(Osterhout et al.,, 2015). CNTNS expression was characterized in developing
glutamatergic synapses of the adult rat auditory pathway. The characterization of CNTN5
deficient mice mutants did not reveal significant anatomical brain abnormalities.
However, mutant mice exhibited impaired processing of acoustic stimuli in the brain
(Toyoshima et al., 2009). The sites of CNTN6 mRNA expression include the olfactory
bulb, certain layers of the cerebral cortex, cerebellum and some other regions of the brain
(Lee et al., 2000). Similarly to CNTN4 and CNTN5 mutants, CNTN6 deficient mice
showed no gross abnormalities in brain development. However, CNTN6”~ animals

demonstrated some defects in motor coordination (Takeda et al., 2003). This may be
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associated with the role of CNTN6 in forming of glutamatergic synapses between
specific subsets of neurons (Purkinje cells and parallel fibers of granule cells) during
development of the cerebellum (Sakurai et al., 2009). A broader look at the role of
CNTN3-6 in mammalian brain function and development suggests they play a specific
role in transmission and processing of sensory signals, motor activity, and higher
cognitive function.

Although it is known now that CNTN3-6 bind PTPRG in vitro, there is no
evidence that the same binding event occurs on the cell surface. Moreover, the
physiological roles these complexes might play remain unknown. Interestingly, the
expression pattern of PTPRG in the nervous system partially overlaps with the sites of
CNTN3-6 expression. It is expressed in pyramidal neurons of the cerebral cortex and
hippocampus as well as in RGCs, olfactory bulb glomerulus cells, and ear sensory cells
(Lamprianou et al., 2006). Similarly to CNTN4-6 mutants, tissue analysis did not uncover
any visible abnormality for nervous system development in PTPRG” mice. Comparative
behavioral analyses have shown only mild changes in PTPRG mutants (Lamprianou et
al., 2006). At the same time, both the PTPRG knockdown and the phosphatase-inactive
mutant forms of PTPRG (C1060S) have been shown to produce the antidepressive-like
phenotype in mice. In addition to antidepressive behavior, the complete loss of PTPRG
resulted in increased locomotor activity; this was not detected in mice expressing a
catalytically inactive form of PTPRG indicating that PTPRG can be involved in signaling

events independent from its primary catalytic activity (Zhang et al., 2012).
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Figure 5. Structural organization of type V RPTPs and their binding partners
CNTNs. PTPRG/Z phosphatases include a carbonic anhydrase domain (CA),
fibronectin-like type III domain (FN), a spacer region, a transmembrane domain and two
phosphatase domains (D1 and D2). PTPRG/Z binds the members of CNTN family that
contain 6 immunoglobulin-like domains (Ig) and 4 FN domains. CNTNs do not have an
intracellular domain and tethered to a membrane with a glycophosphatidylinositol (GPI)
anchor.
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Conclusions

RPTPs are unique proteins that combine an intracellular phosphatase activity with
an extracellular receptor moiety. PTPRG and PTPRZ are two members of the type V
family of RPTPs that bind to CNTN family members in vitro. PTPRZ binds CNTNI,
whereas PTPRG binds CNTN3-6. The role of the PTPRZ*CNTN1 complex in OPC
proliferation and maturation has been extensively studied, but the function for PTPRG
binding to CNTN3-6 is poorly understood. Moreover, there is still no data confirming
that PTPRG*CNTN binding occurs on the cell surface. It would be very useful to obtain
more structural information about the geometry of these complexes to have a better
understanding of the possible outcomes from any PTPRG*CNTN binding event. In
particular, CNTNs may act as regulators of PTPRG phosphatase activity or co-receptors
together with the PTPRG ectodomain. Another question is the reason for the apparent
redundancy of having four highly homologous molecules bound to the same PTPRG
molecule. This work is intended to obtain more structural and biochemical insights into
the interactions between CNTNs and PTPRG, as well as to shed light on the possible

functional significance of these complexes.
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CHAPTER 2
MATERIAL AND METHODS
Protein expression and purification

Mouse CNTN5(Igl-Ig4) was transiently expressed using the pSGHP1 vector as
a fusion protein with human growth hormone (hGH), an octahistidine tag, and a human
rhinovirus 3C protease site. N-acetylglucosaminyltransferase I-negative HEK293S cells
were used for protein expression. The resulting protein was cleaved with human
rhinovirus 3C protease, deglycosylated using endoglycosidase H, and immobilized by
metal affinity and ion exchange chromatography. The purification was completed by
size-exclusion chromatography using a Superdex 200 26/60 column (GE Healthcare)
equilibrated in 20 mM Tris-HCI, pH 8.0 and 200 mM NaCl (Bouyain and Watkins, 2010).
Mouse CNTN3(Ig2-Ig3) and mouse CNTN6(Ig2-1g3) were expressed in Escherichia coli
strain T7 Shuffle Express cells (New England Biolabs) using the pT7HMP vector.
Proteins were expressed as hexahistidine fusion proteins with a human rhinovirus 3C
protease site. After proteolytic cleavage, proteins were purified by metal affinity, ion
exchange and size exclusion chromatographies (Bouyain and Watkins, 2010).

Mouse and human PTPRG(CA) were expressed as fusion proteins with a
thioredoxin tag, a hexahistidine tag, followed by a human rhinovirus 3C protease site in
Escherichia coli strain Origami 2 (DE3) using a modified version of the pET32 plasmid
(Novagen). The proteins were released from the thioredoxin tag following cleavage by
human rhinovirus 3C protease and purified metal affinity, ion exchange, and size

exclusion chromatographies (Bouyain and Watkins, 2010).
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Complexes of mouse CNTN3(Ig2-Ig3) and human PTPRG(CA) and of mouse
CNTN3(Ig2-Ig3) with mouse PTPRG(CA) were prepared by mixing the corresponding
purified proteins in equimolar ratios and further purification by gel filtration using a
Superdex 200 26/60 column (GE Healthcare) in equilibrated in 20 mM Tris-HCI, pH 8.0
and 200 mM NaCl.

Full-length mouse CNTN3, 4, 5, and 6 fused to a human IgG Fc were expressed
transiently in HEK293 cells. Conditioned media was dialyzed against a solution of 200
mM NaCl and 20 mM Tris-HCI pH 8.0, which also served as a binding buffer. Proteins
were purified by affinity chromatography using protein A UltraLink resin (Pierce).
Bound proteins were eluted with 0.1 M Glycine-HCI pH 2.0 and neutralized immediately
with 1 M Tris base (Bouyain and Watkins, 2010).

A mutant form of mouse PTPRG(CA) was engineered with a C-terminal cysteine
for the production of biotinylated PTPRG(CA), because free sulfhydryl groups react
specifically with maleimide groups at pH 7.0. The protein was expressed in Escherichia
coli strain Origami 2 (DE3) cells. The expression and purification process was the same
as described for the wild type PTPRG(CA), except the buffers were prepared at pH 7.0
to prevent the formation of disulfide dimers. After an ion-exchange purification step, the
protein was mixed with EZ-link Maleimide-PEG2k-Biotin reagent according to
manufacturer’s instructions and then further purified by gel filtration.

Mouse PTPRG(CA) mutants cDNAs were generated by PCR using the
megaprimer approach (Sarkar and Sommer, 1990). The mutants included the following

mutations: H295A+V296A and H226A+K229A. A cDNA for the B-hairpin deletion
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mutant of mouse PTPRG(CA) with the residues E*'QQDHVKSV?” was replaced by
Ala-Ser-Ala (ASA) sequence was generated by overlapping extension PCR. The cDNAs
were subcloned into the modified pET32 plasmid mentioned above (Novagen). The
proteins were expressed and purified as described for the wild-type PTPRG(CA).

Domains FN1-FN3 for chick CNTN1, human CNTN5 and mouse CNTN2, 3, 4
and 6 were expressed as fusion proteins with a hexahistidine tag and rhinovirus 3C
protease site using pT7HMP vector in E. coli strain BL21 (DE3). The methionine
auxotroph E. coli strain B834(DE3) was used for the production of selenomethionine-
labeled CNTN2(FN1-FN3). Proteins were proteolytically cleaved and purified using
metal-affinity, ion-exchange, and size exclusion chromatographies.

Crystallization and structure determination

All crystals were grown at 20°C by hanging drop diffusion. Crystallization and
cryoprotection conditions for each protein or protein complex are listed in Table 1. X-
ray diffraction data were collected at 1.00 A at Southeast Regional Collaborative Access
Team (SER-CAT) beamlines 22-ID and 22-BM at the Advanced Photon source of
Argonne National Laboratory. Diffraction data were processed with HKL2000 software
(Otwinowski and Minor, 1997). All structures except mouse CNTN2(FN1-FN3) were
solved by molecular replacement using PHASER (McCoy et al., 2007) software from the
PHENIX suite (Adams et al., 2010). The initial model for the FN1-FN3 fragment of
mouse CNTN2 was obtained by single-wavelength anomalous diffraction using data
collected from a crystal grown with selenomethionine-labeled protein. The initial

solution was obtained using the PHENIX AutoSol and AutoBuild routines. The BAYES
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correlation coefficient and figure of merit for the solution were 45.6 + 20.4 and 0.25,
respectively. Models were manually built in COOT software (Emsley and Cowtan, 2004)
and refined by PHENIX. Models were validated for Ramachandran statistics and
geometry using the RSCB Protein Data Bank validation server. Superimposition of
obtained structures was made by the DaliLite server (Hasegawa and Holm, 2009).
Interface area and polar interactions were calculated by the PISA server (Krissinel and
Henrick, 2007). CCP4 software was used to identify contact residues (Winn et al., 2011).
Shape complementarity coefficients were calculated by SC program (Lawrence and
Colman, 1993). Graphical representations of structures were generated by PyMol

(www.pymol.org).
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TABLE 1

CRYSTALLIZATION AND CRYOPROTECTION CONDITIONS

Protein / Protein complexes Conc. (uM) Crystallization condition Cryoprotection solution
1% (v/v) Tacsimate pH 7.0, 1% Tacsimate pH 7.0,
Human PTPRG(CA) and mouse 20% (w/v) PEG 3,350, 20% PEG (w/v) 3,350,
50
CNTN3(Ig2-Ig3) 50mM Imidazole-HCI pH 6.5 50mM Imidazole-HCI pH 6.5
15% (w/v) PEG 400
55% (v/v) Tacsimate pH 7.0, 55% Tacsimate pH 7.0,
Mouse gﬁ%ﬁ&?gg House 100 150 mM NDSB 201 150 mM NDSB 201,
20% (v/v) Glycerol
7% (v/v) Tacsimate pH 7.0, 50mM Imidazole pH 7.0,
Mouse CNTN5(lgl-Iegd) 40 15% (w/v) PEG 3,350, 5% (v/v) Tacsimate pH 7.0,
50 mM Imidazole pH 7.0 15% (w/v) PEG 3,350,
20% (v/v) Glycerol
1% (v/v) Tacsimate pH 7.0, 50 mM Imidazole pH 6.5,
Chicken CNTN1(FN1-FN3) 260 20% (w/v) PEG 3,350, 9% (w/v) PEG 3,350,
50mM Imidazole pH 6.5 21% Glycerol
50 mM NH4Cl, 50 mM Tris-HCI pH 8.5,
Mouse CNTN2(FN1-FN3) 230 50 mM Tris-HCI pH 8.5, 10% (w/v) PEG 4,000,
10% (w/v) PEG 4,000, 25% (v/v) glycerol
2% (v/v) glycerol
10% (w/v) PEG 1,500, 25% (w/v) PEG 1,500,
Mouse CNTN3(FN1-FN3) 200 50 mM Na-cacodylate pH 6.5

50 mM Na-cacodylate pH 6.5,
10% (v/v) glycerol
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“TABLE 1 -- Continued.”

CRYSTALLIZATION AND CRYOPROTECTION CONDITIONS

Protein / Protein complexes Conc. (uM) Crystallization condition Cryoprotection solution
100 mM (NH4)2SOg4, 25 mM (NH4)2SOs,
50 mM Tris-HCI pH 8.5, 50 mM Tris-HCI pH 8.5,
Mouse CNTN4(FN1-FN3) 180
10% (w/v) PEG 4,000 10% (w/v) PEG 4,000,
25% (v/v) glycerol
1.0 M NH4H,PO4, 1.0 M NH4H,PO4,
Human CNTN5(FN1-FN3) 270 10% (v/v) Tacsimate pH 5.0 10% (v/v) Tacsimate pH 5.5,
38% (w/v) sorbitol
300 mM Na-Malonate pH 7.0, 15% PEG 400,
20% (w/v) PEG 3,350, 20% (w/v) PEG 3,350,
Mouse CNTN6(FN1-FN3) 25
50 mM Na-Cacodylate pH 6.5 250 mM Na-Malonate pH 7.0,
50 mM Na-Cacodylate pH 6.5
7.5% (w/v) PEG 8,000, 7.5% (w/v) PEG 8,000,
Mouse CNTN3(Ig5-FN2) 100 50 mM Imidazole pH 7.5 50 mM Imidazole pH 7.5

15% (v/v) glycerol




AlphaScreen binding assays

The AlphaScreen binding assay (PerkinElmer Life Sciences) is based upon the
interaction between a ligand immobilized on donor beads and a second protein bound to
acceptor beads (Fig. 6). Upon illumination at 680 nm, phthalocyanine from the donor
beads converts ambient oxygen to its singlet form, which travels approximately 200 nm
in solution. If there is an acceptor bead within that distance, the singlet oxygen will
activate thioxene derivatives within the acceptor bead, and a luminescent signal at 520-
620 nm will be emitted. Thus, the signal is produced when donor beads are proximal to
acceptor beads, which results from the interaction between proteins immobilized on the
bead surfaces.

The assay was designed in 96-well plate format (PerkinElmer Life Sciences semi-
opaque microplates) and was based on inhibiting the signal obtained from the interaction
of biotinylated PTPRG bound to streptavidin-coated donor beads, and IgG FC fused
CNTN3, 4, 5 or 6 bound to protein A-coated acceptor beads. Both types of beads were
obtained from an AlphaScreen general IgG (Protein A) detection kit from PerkinElmer
Life Sciences. Final reaction volumes were kept at 25 pl for all experiments. Initially, 5
ul of biotinylated mouse PTPRG(CA) (5 nM final concentration) were mixed with 5 pl
of human IgG FC-fused CNTN3, 4, 5 or 6 and incubated with 5 pl aliquots of untagged
wild-type PTPRG(CA) of varying concentrations. After a 1-hour incubation at room
temperature protein A-coated acceptor beads (5 pl, 20 pg/ml final concentration) were
added to each well. After another 1-hour incubation, streptavidin-coated donor beads (5

ul, 20 pg/ml final concentration) were added to each well. The reactions were allowed to
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stand at room temperature for 30 minutes prior to transferring to 96-well /2 area opaque
microplates for detection using an EnSpire multimode plate reader (PerkinElmer Life
Sciences). Values for normalized binding were calculated by dividing the signal
measured for a reaction without inhibitor. For the control experiment, bovine carbonic
anhydrase Il was used as an inhibitor in the equivalent assay. Results were fitted to a one-
site competition equation, in which the ICso is the concentration of inhibitor that gives
50% inhibition of maximal binding using GraphPad Prism (GraphPad). The values of

ICso are reported as averages = standard deviations of at least three experiments.
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Figure 6. AlphaScreen technology (Perkin Elmer) based competition assay design.
Biotinylated PTPRG(CA) protein bound to streptavidin donor bead interacts with the
CNTN3 to 6 expressed as fusion proteins with human IgG FC tag, which binds to protein
A-coated acceptor bead. Under these conditions, excitation of donor beads at 680 nm
triggers the release and migration of singlet oxygen to acceptor beads followed by a
signal emission at 520-620 nm. Based on the inhibition of the produced signal by either
untagged PTPRG(CA) or control bovine CAII competition curves were obtained and ICso
values were determined.
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Small angle X-ray scattering (SAXS)

SAXS data were collected at the ALS beamline 12.3.1 LBNL Berkeley,
California (Hura et al., 2011). The wavelength A and the sample-to-detector distances
were set to 1.03 A and 1.5 m, respectively, resulting in scattering vectors q ranging from
0.01 A to 0.32 A"!. The scattering vector is defined as ¢ = 4z sin6/4, where 20 is the
scattering angle. All experiments were performed at 20 °C and data was processed as
described (Hura et al., 2011). Data acquired for 0.5, 1, and 2 M concentrations were
merged for calculations using the entire scattering profile. The protein was prepared by
size exclusion chromatography on a Superdex 200 10/30 HR column (GE Healthcare)
equilibrated in 20 mM Tris-HC] pH8.0, 200 mM NacCl prior to data collection. The
experimental SAXS data for different protein concentrations were analyzed for
aggregation using Guinier plots (Guinier and Fournet, 1956). The radius of gyration Rg
is 30.9 A and was derived by the Guinier approximation I(g) = 1(0) exp(-q*Rc*/3) with
the limits gRc < 1.6. The theoretical SAXS profile and the corresponding fit to the
experimental data were calculated using the program FoXS (Schneidman-Duhovny et al.,
2013). A molecular envelope for CNTN3(FNI-FN3) was calculated from the
experimental scattering data using the program DAMMIF and averaged using
DAMAVER (Volkov and Svergun, 2003; Franke and Svergun, 2009). The molecular
envelope and the crystal structure of CNTN3(FNI-FN3) were superimposed using

Chimera (Pettersen et al., 2004).
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Cell binding assays

HEK293 cells were maintained in DMEM high glucose supplemented with 10%
(v/v) of fetal bovine serum. GPI-anchored mouse CNTNs were transiently expressed in
HEK293 cells (Fig. 7) as fusion proteins with hGH as described previously (Bouyain and
Watkins, 2010). A fragment of human PTPRG including its CA and FN domains fused
to human IgG FC was incubated in the presence of fluorescein isothiocyanate-labeled
anti-human Fc antibodies (Jackson) for 30 minutes. The labeled PTPRG was added to
the transfected cells for 15 minutes in DMEM/F12 containing 1% N2 supplement at room
temperature and then fixed in 4% (w/v) paraformaldehyde (PFA) in PBS for 10 minutes.
The presence of transfected proteins was detected by immunostaining against hGH using
a rabbit polyclonal antibody (Fitzgerald) (Hamaoka et al., 2004; Bouyain and Watkins,

2010).
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Figure 7. Cell binding assays design. CNTNs fused to hGH were transiently expressed
on the surface of HEK293 cells. The expression of CNTNs was detected by the
immunostaining against hGH with the rabbit polyclonal antibody (green). A recombinant
protein consisting of CA and FN domains of PTPRG was expressed as a fusion with a
human IgG Fc fragment and incubated with fluorescein isothiocyanate-labeled anti-
human Fc antibodies (magenta). The labeled PTPRG(CA-FN)-Fc protein was applied to
the surface of the transfected HEK293 cells. The binding was detected using the
immunohistochemistry protocol.
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Immunostaining of mouse adult retinas and proximity ligation assays

Retinas were obtained from adult C57BL6 mice (> 8 weeks old) from the Jackson
Laboratory. All studies followed the guidelines prescribed by the UMKC IACUC and
the U.S. National Institutes of Health/National Eye Institute. Adult mice were deeply
anesthetized with CO., eyes were enucleated, and the cornea and lens were removed. All
eyecups were rapidly fixed for 15 min in 4% (w/v) PFA and processed as previously
described for immunohistochemistry (Stella et al., 2012). Solitary rod photoreceptors
were dissociated from isolated retina as previously described (Zayas-Santiago and Kang
Derwent, 2009) and fixed for 10 minutes in 4% (w/v) PFA, washed in PBS and processed
for indirect immunofluorescence or Duolink™ analysis.

All tissue was labeled using the indirect immunofluorescence technique using
goat anti-CNTN3 (1:200, R&D systems) and mouse anti-PTPRG (1:80, Novus
Biologicals) as described previously (Stella et al., 2012). The primary antibody/antigen
complexes were detected using secondary antibodies conjugated to CF488 and CF568
(Biotium). In situ proximity ligation assays (PLAs) were performed to detect in vivo
interactions between PTPRG and CNTN3 using the primary antibodies and dilutions
mentioned above. Retinas were labeled using DuoLink™ in situ reagents from Olink
Bioscience according to the manufacturer’s instructions. A fluorescent signal is obtained
when the labeled proteins are within 40 A of one another. In control experiments, primary
antibodies were omitted and only secondary antibodies and Duolink reagents were
included in the subsequent steps to rule out spurious non-specific labeling. All images

were acquired sequentially using a Nikon C2 confocal microscope with appropriate lasers
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for excitation (e.g, 488 and 561 nm) and filters (e.g., 505-530BP and 565-600BP
respectively) for emission collection as either 12-bit or 8-bit signals. Images were
processed for publication using Fiji (Schindelin J, Arganda-Carreras I, Frise E, Kaynig
V, Longair M, Pietzsch T, 2003).
Cell aggregation assays

cDNAs encoding full-length mouse CNTN1, CNTN3 and PTPRG without their
signal sequences were cloned into the mammalian expression vectors pSmEmerald
(CNTNI, 3) and pSmCherry (PTPRG) designed in the laboratory. These vectors derive
from the pLEXm plasmid (Aricescu et al., 2006) and direct the expression of the chicken
PTPRS signal sequence followed by a monomeric Emerald or monomeric Cherry
fluorescent protein and the protein of interest. HEK293F cells (ThermoFisher Scientific)
were grown in suspension in FreeStyle™ 293 expression medium. Cells (107 at a density
of 10° cells/ml) were transfected using a mixture 10 pg of plasmid and 30 pg of
Polyethylenimine HC1 MAX, Mw 40,000 (Polysciences, Inc) (Longo et al., 2013). Two
days after transfection, ~ 5 x 10° cells were spun, washed once with Hank’s Balanced
Salt Solution (HBSS) and resuspended into HBSS supplemented with 1% (v/v) of fetal
bovine serum and 10 mM Na-HEPES pH 7.5 to a final density of 5 x 10° cells/ml and
briefly vortexed. Cell aggregation was initiated by mixing equal amount of cells into a
microcentrifuge tube (final volume 1 ml) and incubated at room temperature with
constant agitation. After a 45-minute incubation, a 0.5-ml aliquot of the reaction was
transferred to a poly-D-lysine coated glass coverslip. Cells were allowed to attach for 20

minutes. The cell suspension was then removed and the coverslip was washed once with
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PBS. Cells were fixed with 4% (w/v) PFA, washed with PBS and mounted. Confocal
images were acquired sequentially on an Olympus BX61WI with appropriate lasers for
excitation (488 and 543 nm) and filters (502-538BP and 604-644BP respectively) using
a DP30BW cooled ccd camera. Images were processed for publication using Fiji
(Schindelin et al., 2012)

Specific contributions of members of the laboratory and collaborators

Roman M. Nikolaienko: Protein expression, purification, crystallization, and
crystal structure determination of CNTN1(FN1-FN3), CNTN6(FN1-FN3), CNTN3(Ig5-
FN2), PTPRG(CA)*CNTN3(Ig2-Ig3) and PTPRG(CA)*CNTN3(Ig2-Ig3) complexes.
Crystallization and crystal structure determination of CNTNS5(Igl-Ig4). AlphaScreen
protein-protein binding assays including protein expression and purification. Protein
expression, purification and sample preparation for SAXS experiments for CNTN3(FN1-
FN3).

Samuel Bouyain: Protein expression, purification, crystallization, and crystal
structure determination of CNTN2, 3, 4, and 5 FN1-FN3 regions. Protein expression of
Fc fusion full-length CNTNs for AlphaScreen binding assay. Protein expression and
purification of CNTN5(Igl-Ig4). Cell aggregation assays.

Salvatore L. Stella and Rana Zalmai: Immunostaining of mouse adult retinas and
proximity ligation assays.
Michal Hammel: SAXS data collection and analysis of CNTN3(FN1-FN3).

Veronique Dubreil and Sheila Harroch: Cell binding assays.
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crystallization and crystal structure determination of CNTN2, 3, 4, and 5 FN1-FN3

regions.
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CHAPTER 3
STRUCTURAL BASIS FOR THE CONSERVED INTERACTION OF CNTN3, 4, 5,
AND 6 WITH THE CA DOMAIN OF PTPRG
Overview

Interactions between CAMs at the surfaces of neural cells are essential to guide
the development and maintenance of the nervous system. Previously, the results of in
vitro affinity isolation assays have shown that CNTN family members bind to PTPRG
and PTPRZ (Bouyain and Watkins, 2010). PTPRZ specifically interacts with CNTNI,
whereas PTPRG binds to CNTN3-6. The binding sites encompass the CA domain of
PTPRG or PTPRZ and domains Ig2 and Ig3 in CNTNs. The analysis of the crystal
structures of the PTPRG(CA)*CNTN4(Igl-Igd) and PTPRZ(CA)*CNTNI1(Ig2-Ig3)
complexes has provided a structural basis for the interactions between PTPRG/Z and
CNTNs and confirmed the results of the affinity isolation assays. In particular, these
structural data indicate a conserved orientation of the protein molecules within the
complexes in which the B-hairpin loop of PTPRG/Z interacts with a horseshoe-like
structure formed by repeats Ig2-Ig3 of a CNTN molecule. Despite a similar orientation,
binding interfaces in these complexes are not the same, with predominantly hydrophobic
interactions in the PTPRZ(CA)*CNTN1(Ig2-Ig3) complex compared to more polar
interactions in the PTPRG(CA)*CNTN4(Igl-Ig4) complex (Bouyain and Watkins, 2010;
Lamprianou et al., 2011).

Whereas the binding of CNTN1 and PTPRZ has been demonstrated at the

surfaces of neurons and glial cells and has been linked to the maturation and
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differentiation of oligodendrocytes, the in vivo associations of CNTNs with PTPRG has
yet to be confirmed. Here, I present data that confirm the specific interactions of CNTN3-
6 and PTPRG at the surfaces of HEK293 cells. These data are complemented with
structural and biochemical studies of PTPRG*CNTN complexes that suggest a conserved
mode of interactions of PTPRG with CNTN3, 4, 5 and 6 with similar binding affinities.
Specific interaction of CNTN3-6 with PTPRG on cell surfaces

To test that PTPRG interacts with CNTN3-6 on cells surfaces, we used HEK293
cells transfected with full-length hGH-tagged CNTNs and incubated them with the CA
and FN domains of PTPRG expressed as fusion proteins with human IgG Fc (Fig. 8). In
agreement with previous affinity-isolation assays PTPRG-Fc fusion proteins bound to
cells expressing CNTN3-6, but not to cells expressing CNTNI1 and 2 (Bouyain and
Watkins, 2010). These results demonstrate that the specific interactions of PTPRG with
CNTN3-6, which has been shown in vitro, also occur at the surface of cells. PTPRG does
not interact with CNTNI1, the specific binding partner of PTPRZ. It also does not bind to
CNTN2, which has been shown to be involved in homophilic interactions. The
configuration of this assay suggests a PTPRG/CNTN interaction in frans, which mimics
interactions of proteins on opposing membranes, similarly to what has been shown for
CNTNI1 and PTPRZ. However, it does not exclude that the two proteins might interact

when expressed on the same cell (cis-interactions).
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Figure 8. PTPRG interacts with CNTN3-6, but not with CNTN1 or CNTN2.
HEK?293 cells transfected with full-length CNTNs fused to human growth hormone
(hGH) were incubated with an Fc fusion of the CA and FN domains of mouse PTPRG
labeled with fluorescein isothiocyanate (magenta). CNTN-expressing cells were labeled

with an antibody conjugated to a green fluorophore. The nuclei were visualized using
DAPI
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Similar biochemical characteristics of PTPRG*CNTN interactions

Previous data from affinity isolation assays along with the results of cell surface
binding assays presented here confirm the interactions of PTPRG with CNTN3-6.
However, neither of these techniques can evaluate a difference in binding affinities to
PTPRG for each CNTN member. The strict conservation of CNTN3-6 amino acid
residues involved in the interaction with PTPRG suggests a similar binding mode for
each complex. However, binding affinities may be affected by other factors independent
of interactions within a binding site, such as binding geometry, surface potential,
glycosylation pattern, and conformations of CNTN ectodomains. To investigate the
affinity of interactions within PTPRG*CNTN complexes, we designed a binding assay
based on AlphaScreen technology in which a biotinylated form of PTPRG(CA)
immobilized on a streptavidin-coated donor bead interacts with a full-length CNTN-Fc
fusion protein bound to a protein A acceptor bead via its Fc tag. Protein-protein
interactions bring donor and acceptor beads together that allows an emission of a
luminescent signal after illumination at 680 nm. Under this condition, we have measured
binding affinities indirectly in a competitive-binding assay, using a soluble form of
PTPRG(CA) as an inhibitor of interactions between our immobilized proteins.

The calculated 1Cso values overall suggest that PTPRG binds CNTN3-6 with
similar affinities (Fig. 9A). The strongest interaction was detected for the
PTPRG*CNTN4 complex (ICso = 235 nM). The ICso values measured for the binding of
PTPRG to CNTN3 and 5 are 428 nM and 327 nM, respectively. The association between

PTPRG and CNTNG6, with an ICso value of 519 nM, appears to be the weakest one. These
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ICso values are also similar to the corresponding ICso value of 332 nM for
PTPRZ+CNTNI complex (Fig. 10, Table 2).

The obtained ICso values reflect the binding affinities measured under conditions
used in particular binding assays and may not be the most accurate representations of the
physiological Kd values in the cellular environment. For example, in our assay, we used
a truncated form of PTPRG and artificially dimeric CNTN-Fc fusion proteins. However,
we can rely on obtained values to characterize the relative binding affinities within the
different members of CNTN family under given conditions. Based on ANOVA and
Tukey analysis the differences between CNTN3-CNTN4, CNTN4-CNTN6 and CNTNS-
CNTNG6 affinities are characterized as statistically significant, whereas the CNTN3-
CNTNS, CNTN3-CNTN6, and CNTN4-CNTNS differences are not (Fig. 9B). It remains
unclear, however, whether these differences in binding affinities lead to distinct

physiological outcomes.
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Figure 9. Interactions between the CA domain of PTPRG with CNTN3-6, as
determined by an AlphaScreen bead-based competition assay. (A) The ability of
mouse PTPRG(CA) or bovine CAII (control) to inhibit binding between an Fc fusion of
full length mouse CNTN3-6 and biotin labeled PTPRG(CA) was assessed over a
logarithmic dilution series. ICso values are reported as averages + standard deviations
from at least three experiments. One representative experiment for each series is shown.
See Table 2 and Appendix for detailed results. (B) One-way ANOVA analysis of the ICs
values measured in (A).
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Figure 10. Interactions between the CA domain of PTPRZ with CNTNI1, as
determined by an AlphaScreen bead-based competition assay. The ability of bovine
CAII (control) and human PTPRZ(CA) to inhibit the AlphaScreen signal between an Fc
fusion of full length mouse CNTNI1 and biotin-labeled PTPRZ(CA) was assessed over a
logarithmic dilution series. One representative experiment out of four is shown.
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TABLE 2

SUMMARY OF DATA ANALYSIS CURVE-FITTING OF ALPHASCREEN
BEAD-BASED COMPETITION ASSAYS

Standard

Inhibitor Immoblollzed ICso (nM) deviation Number

proteins (nM) of assays
PTPRZ(CA) ' RS 33 15 4
PTPRG(CA) o RN g 78 7
PTPRG(CA)  TiURU(CA) 935 65 10
PTPRG(CA) Pgﬁ%gfé) 327 39 5
PTPRG(CA) Pgﬁ?gé%i) 519 95 7
PTPRG(CA) PTPRG(CA) o _ T )

H295A+V296A  CNTN4-Fc
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A conserved binding mode for the PTPRG*CNTN complex formation

Given the strict conservation of PTPRG-interacting residues in CNTN3-6, we
wondered if there were distinct structural features that might account for differences in
binding affinities. For this reason, we determined co-crystal structures of the Ig2-Ig3
repeats of CNTN3 and CNTNG6 bound to the CA domain of PTPRG. The arrangements
of the protein molecules in the complexes resembled those determined in the
PTPRZ+CNTNI1 and PTPRG*CNTN4 crystal structures (Fig. 11, 12). In both crystal
structures, the binding interface includes the B-hairpin loop of the CA domain of PTPRG
(residues 288-301) that contacts the Ig2-Ig3 repeats of CNTN3 or 6 and the PTPRG(CA)
short loop (residues 225-229) that interacts only with the Ig3 domain of CNTN. The
interface areas for the PTPRG*CNTN3 and PTPRG*CNTN6 complexes are 1,668 A2 and
1,446 A2 respectively, and are comparable to those published for the PTPRZ*CNTNI1
(1,658 A% and PTPRG*CNTN4 (1,702 A®) complexes. The values for the shape
complementarity coefficients are measured as 0.62 for the PTPRG*CNTN3 complex and
0.68 for the PTPRG*CNTN6 complex. These values are similar to those for the
PTPRZ+CNTNI1 and PTPRG*CNTN4 complexes (0.68 and 0.67, respectively).

In broad terms, the interfaces for the PTPRG*CNTN complexes can be
subdivided into four parts (Fig. 13, 14): (1) a predominantly hydrophobic core site that
comprises the residues on the base of the PTPRG B-hairpin loop, (2) a short 5-aa loop
region that contacts residues within the Ig3 domain of CNTN3/6, (3) an antiparallel -
sheet formed by the B-hairpin loop interacting with an antiparallel three-strand B-sheet of

Ig2 CNTN3/6, and (4) a tip region of the B-hairpin loop formed by residues Q293-V296.
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The hydrophobic core site in PTPRG*CNTN3/6 complexes is formed by PTPRG(CA) -
hairpin loop residues F288, T289, T290 and Y301, and CNTN3/6 residues M222 and
Y225. Site 2 includes PTPRG residues V225-K229 as well residues E226, P227, K228
and N306 of CNTN3/6. In particular, PTPRG K229 forms a hydrogen bond with N306
and a salt bridge with E226 in CNTN3/6. In site 3, two strands of the PTPRG B-hairpin
loop combine with a three strands antiparallel B-sheet in domain Ig2 of CNTN3/6 to form
a 5-strand antiparallel B-sheet. It is stabilized by the hydrogen bonds between H295-H300
in PTPRG and G139-L143 in CNTN3/6. In addition, CNTN3/6 Q138 side chain forms
two hydrogen bonds with the main chain atoms of V299 and the side chain atoms of E300
in PTPRG. Unlike sites 1-3 that are conserved in all PTPRG*CNTN structures, the tip of
the B-hairpin in site 4, which includes Q293-V296 side chains, adopts distinct
conformations in the PTPRG*CNTN3 and PTPRG*CNTN6 complexes. The only
invariant contact on this site is the packing of H295 from PTPRG against R129 of
CNTN3/6. Given the distinct conformations of the B-hairpin loop in PTPRG*CNTN
complexes, we suggest that this region is flexible and does not play an essential role in
the protein-protein interactions.

Overall, the conservation of molecular contacts in the PTPRG complexes with
CNTN3, 4 and 6 (Fig. 15) is consistent with the comparable ICso values determined in
protein-protein binding assays. Although it was not possible to obtain co-crystals of the
PTPRG+CNTNS5 complex, analysis of the crystal structure of unliganded CNTN5(Igl-
Ig4) indicates that the putative PTPRG-binding site is nearly identical to the one

discovered in the PTPRG*CNTN4 complex (Fig. 16). Thus, the structural information

44



and protein-protein binding assays it can be argued that the mode of PTPRG binding to

CNTN3, 4, 5 and 6 is conserved.
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TABLE 3

DATA COLLECTION AND REFINEMENT STATISTICS FOR
PTPRG(CA)*CNTN3/6 (1G2-IG3) COMPLEXES, AND CNTN5(IG1-1G4) CRYSTAL
STRUCTURES

CNTN3(Ig2-1g3)e

CNTN6(Ig2-1g3)e

CNTN5(Igl-Ig4)

PTPRG(CA) PTPRG(CA)
Data Collection
Beamline APS 22-1D APS 22-BM APS 22-BM
Wavelength (A) 1 1 1
Unique reflections 31,166 70,482 14,070
Resolution (A) 50-2.6 50-2.0 50-2.6
Space group P2,2,2 P2,2,24 C2
Unit cell
74.14, 78.64, 179.98,
a, b, c(A) 90.53, 113.53, 50.66,
147.45 117.05 51.02
90.0, 90.0, 90.0,
a, B,y (©) 90.0, 90.0, 101.67,
90 90 90
Rsym® 0.134 (0.588)° 0.096 (0.593) 0.154 (0.435)
Completeness® (%) 99.6 (96.3) 98.7 (89.2) 98.8 (90.7)
Redundancy 11.4 (5.3) 7.1(5.3) 6.5 (3.5)
I/ol 7.2 (2.3) 19.5 (2.0) 11.4 (2.3)
Refinement
Molecules
in the asymmetric 2x2 2x2 1
unit
Resolution (A) 49.2-2.6 24.9-2.0 37.0-2.6
Ruwork® / Rree 0.187/0.249 0.167/0.217 0.195/0.264
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“TABLE 3 -- Continued.”

DATA COLLECTION AND REFINEMENT STATISTICS FOR
PTPRG(CA)*CNTN3/6 (IG2-IG3) COMPLEXES, AND CNTN5(IG1-1G4) CRYSTAL

STRUCTURES

CNTN3(Ig2-Ig3)e CNTNo6(Ig2-Ig3)e CNTNS5S

PTPRG(CA) PTPRG(CA) (Igl-Ig4)
Refinement
Number of atoms 7291 8.039 3,086
Protein 7,205 7,392 2,968
Ligand 27 112 28
Water 59 535 90
R.m.s. deviations
Ideal bonds (A) 0.009 0.007 0.003
Ideal angles (°) 1.1 1.05 0.83
Average B factors
(A?) 71.2 40.9 50.1
Protein 71.3 40.4 49.6
Ligand 98.3 71.9 88
Water 499 41.6 51.6
Ramachandran
statistics
Favored (%) 94 97 95
Allowed (%) 6 3 5
PDB accession code SESR 5E5U SE4]

*Rsym = Zh Zj|li(h) - <I(h)>| / Zy Z; Li(h), where [i(h) is the ith measurement of reflection
h and <I(h)> is a weighted mean of all measurements of h.

®Values in parentheses apply to the high-resolution shell.

‘R = Zn|Fobs(h) — Fearc(h)| / Zn|Fobs|- Rwork and Reee were calculated from the working and
test reflection sets, respectively. The test set constituted 5% of the total reflections not
used in refinement.
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A PTPRG+CNTN3

PTPRG
— CNTN3
m— CNTNG6

Figure 11. The crystal structures of the PTPRG*CNTN3 and PTPRG*CNTN6
complexes. The PTPRG*CNTN3 (A) and PTPRG*CNTNG6 (B) complexes are shown in
ribbon diagrams along with an overlay of all the complexes formed by PTPRG, PTPRZ
and their CNTN-binding partners. PTPRG and PTPRZ are colored cyan and green,
respectively. CNTN3 and CNTNG6 are colored in orange and dark green, respectively.
The letters N and C indicate the N- and C termini, respectively.
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s PTPR7, s CN'TN3
PTPRG === CNTN4
= CNTN] == CNTN6

Figure 12. A conserved arrangement of complexes formed by PTPRG/Z and
CNTNs. The complexes were superimposed by fitting domains Ig2-Ig3 of CNTN4 with
the homologous repeats in CNTN1 (RMSD 1.27 A over 186 equivalent Cas), CNTN3
(RMSD 0.97 A over 180 equivalent Cas), and CNTN6 (RMSD 1.16 A over 195
equivalent Cas). PTPRG and PTPRZ are colored cyan and green, respectively. CNTN1,
CNTN3, CNTN4, and CNTN6 are colored slate, magenta, orange and dark green,
respectively. The letters N and C indicate the N- and C-termini, respectively.
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Figure 13. The molecular interfaces in PTPRG*CNTN3 and PTPRG*CNTN6
complexes include four sites of interactions. An “open book” surface representation of
the binding interfaces for the PTPRG*CNTN3 (A) and PTPRG*CNTNG6 (B) complexes.
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Figure 14. The molecular contacts at PTPRG*CNTN3 and PTPRG.CNTN6
interfaces. Detailed ribbon diagrams of the binding interfaces for PTPRG*CNTN3 (A)
and PTPRG*CNTN6 (B) complexes. The contacting residues are shown in ball-and-
sticks representation. These views are in the same orientations as the ones shown on the
left in Figure 11. Transparent gray spheres highlight residues involved in van der Waals
contacts. Dashed lines indicate potential hydrogen bonds (black) and salt bridges (green).
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Figure 15. The PTPRG*CNTN interfaces include essentially identical interactions.
PTPRG and CNTN3, 4, and 6 are colored cyan, magenta, orange and dark green,
respectively. Interfaces are shown as ribbon diagrams with the contacting residues shown
in ball-and-sticks representation.
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R135/207

M220/294

¥ K226/30¥\BO4/’377

= —— CNTN4
m— CNTNS

Figure 16. The structure of mouse CNTN5(Igl-Ig4). (A) The ribbon diagram of
mouse CNTN5(Igl-Ig4) is shown in red overlaid on the crystal structure of mouse
CNTN4(Igl-Ig4). The letters N and C indicate the N- and C-termini, respectively. (B)
Overlay of the PTPRG-binding region of mouse CNTN4 (orange) and mouse CNTN5

(red).
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Validation of the PTPRG*CNTN interface

Most of the interactions in the PTPRG*CNTN complexes involve residues from
the PTPRG B-hairpin loop. However, the conformational flexibility of its tip suggests
that this particular region might not be responsible for essential interactions. In order to
determine the contribution of the different PTPRG regions to interactions with CNTNSs,
we designed three mutant forms of the CA domain of mouse PTPRG: (1) a deletion
mutant in which residues 290-299 of the B-hairpin loop replaced by the tripeptide ASA,
(2) a double mutant form with H295A+V296A mutations at the tip of the B-hairpin, and
(3) another double mutant form with the substitution of H226 and K229 in the short loop
to alanine (H226A + K229A) (Fig. 17A). These mutant forms were used as inhibitors in
a competitive binding assay based on Alpha Technology (Fig. 6). All proteins behaved
comparably to wild-type PTPRG(CA) and in particular are monomeric as determined by
size exclusion chromatography, which indicates that the mutations did not alter their
structures. Because the work accomplished so far indicates that PTPRG and CNTNs
share a conserved binding mode, note that the mutants were only tested in the context of
the PTPRG*CNTN4 complex.

The B-hairpin deletion mutant, which eliminates sites 3 and 4, does not inhibit
interactions between PTPRG and CNTN4, indicating that this region is essential for
complex formation. However, the PTPRG double mutant with H295A and V296A
mutations at the tip of the B-hairpin loop inhibits the complex formation with a ~ 4-fold
increase in ICso compared to the wild type PTPRG inhibitor (Fig. 17B, Table 2). The

decrease in the inhibitor binding affinity to CNTN4 may be explained by the disruption
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of the interactions between hydrophobic V296 of PTPRG and CNTN L142 and V132.
The mutation of the H295 residue to alanine prevents its interaction with CNTN R129
and C144. However, the substitution of H295 and V296 to alanine is not expected to
disrupt the formation of the five-strand antiparallel B-sheet in the complex that preserves
the most of the mutant’s inhibitory effect. Finally, mutation of H226 and K229 to alanine
abrogates the CNTN4-binding activity suggesting that these residues in site 2 mediate
essential interactions with CNTN4. Indeed, H226 mediates conserved non-polar
interactions with Y225, P227 and K228, and a hydrogen bond with the main-chain
oxygen atom of E298. In addition, the K229A mutation disrupts the K229-E226 salt
bridge and the K229-N306 hydrogen bond. Thus, our interface validation confirms the
essential role of the PTPRG B-hairpin loop in the PTPRG interactions with CNTN.
Furthermore, it suggests the important contribution of the small loop of the CA domain
of PTPRG in complex formation. Although the flexible tip of the PTPRG B-hairpin
appears to be less critical for the interaction, it still contributes to the binding of PTPRG

to CNTNE.
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Figure 17. Mutational analysis of interactions between the CA domain of PTPRG
with CNTN4. (A) The localization of the introduced mutations against the 4 binding
sites on the surface of PTPRG(CA). (B) The ability of bovine CAII (control), mouse
PTPRG(CA) or mouse PTPRG(CA) mutants to inhibit binding between an IgG Fc fusion
of mouse CNTN4 and a biotin-labeled PTPRG(CA) as it was assessed over a logarithmic
dilution series.
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Identification of a PTPRG*CNTN complex in adult mouse retina

Although our data strongly suggest that PTPRG interacts specifically with
CNTN3-6 in vitro and at the surfaces of cells (Fig. 8), the in vivo formation of these
complexes has not been thoroughly investigated yet and is crucial for the validation of
its physiological relevance. According to previous studies, both PTPRG and CNTN3-5
are expressed in specific layers of vertebrate retinas (Horvat-Brocker et al., 2008;
Yamagata and Sanes, 2012) although it unknown whether they form a complex in this
tissue. The retina is an extension of the central nervous system (CNS) that combines
anatomical and physiological features found in brain and spinal cord (London et al.,
2013). It is also convenient for manipulation and imaging, and therefore is a good model
for investigation of in vivo protein-protein interactions in nervous tissue. Therefore, we
focused on the mouse retina to investigate the potential for formation PTPRG*CNTN
complex formation and to further examine their physiological roles in vivo.

The retina includes three major neuronal layers (Fig. 18A). Light is first detected
by photopigments in the outer segments of rod and cone photoreceptor cells spanning the
outer segment (OS), inner segment (IS) and outer nuclear layer (ONL). Information is
then transmitted to the bipolar cells found in the inner nuclear layer (INL) and then to
ganglion cells in the ganglion cell layer (GCL) before being sent to the visual cortex by
the optic nerve. The outer plexiform layer (OPL) and inner plexiform layer (IPL) include
synapses between the photoreceptors and bipolar cells and between the bipolar cells and

ganglion cells, respectively.
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As a first step, we decided to characterize the distribution of PTPRG and CNTN3
in an adult mouse retina using immunohistochemistry approach with commercial
antibodies that had been previously validated in our laboratory (Fig. 21). We detected a
strong signal for PTPRG in the outer segments (OS), inner segments (IS), inner plexiform
layer (IPL), and ganglion cell layer (GCL) that is consistent with previous findings
(Horvat-Brocker et al., 2008). In contrast to PTPRG, CNTN3 localizes only to the OS
where it overlaps with PTPRG (Fig. 18B). Despite the co-localization of PTPRG and
CNTN3 in the OS, it was unclear whether these two proteins form complexes in this
layer. To address this question, we used an in situ proximity ligation assay (PLA)
(Soderberg et al., 2008; Hayashi et al., 2013). This type of assay makes it possible to
visualize in vivo interactions of endogenous PTPRG and CNTN3 with a signal produced
only if these proteins are less than 40 nm apart. The data suggest that PTPRG and CNTN3
associate in the retinal OS, which is in line with the co-localization data in the same
region of retina (Fig. 19). No signal could be observed in control experiments that lack
the primary antibodies against PTPRG and CNTN3 (Fig. 18B). Moreover, a similar PLA
signal was observed with a distinct PTPRG antibody raised against its CA domain (Fig.
22). The sum of these experiments strongly suggests that PTPRG and CNTN3 form a
complex in the OS of the adult mouse retina.

Although our data have shown that PTPRG and CNTN3 interact on the surfaces
of photoreceptors, it was still unclear whether these proteins could form a complex on
the same photoreceptor (cis-interactions). Previous studies suggest that certain RPTPs

are able to form functional cis-oriented complexes on the surface of the same cell. For
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example, Dlar presynaptically binds the heparan sulfate proteoglycan (HSPG) Syndecan
in cis to promote the formation of synaptic boutons at neuromuscular junctions in
Drosophila (Johnson et al., 2006). In a similar fashion, PTPRS (vertebrate homolog of
Dlar) interacts with HSPGs on the surface of the same neural cell to promote axon
outgrowth (Coles et al., 2011).

To investigate the potential for cis-interactions between PTPRG and CNTN3, rod
photoreceptor cells were isolated and dissociated for in situ PLAs. The PLA signal was
observed in the OS of a single rod cell and is thus consistent with a same-cell interaction
for PTPRG and CNTN3 in the OS (Fig. 20). Therefore, we can postulate that PTPRG
and CNTN3 are capable of forming cis complexes in the OS of an adult mouse retina.
Given the conserved mode of PTPRG*CNTN interactions and overall high sequence
homology of CNTN members, it is likely that PTPRG and CNTN3-6 interact in cis in

Vivo.
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Figure 18. PTPRG and CNTN3 are localized to the outer segment of retina. (A) Schematic representation of the retinal
architecture. Light information detected in an outer segment (OS) of a photoreceptor cell is eventually transmitted to cells in
the ganglion cell layer (GCL) before being sent to the visual cortex by the optic nerve. (B) PTPRG and CNTN3 both localize
to the outer segments of adult mouse retinas. A retinal section was stained with antibodies against PTPRG or CNTN3.
RedDot™ 1 staining was used to visualize nuclei. The panel with DIC (differential interference contrast) shows a more detailed
view of the retinal organization. Scale bar is 10 pm.



Proximity ligation assay Proximity ligation assay
(a-PTPRG only) (a-PTPRG + 0-CNTN3)

Figure 19. PTPRG and CNTN3 associate in the outer segments of photoreceptors.
A proximity ligation assay (PLA) was performed to detect the presence of a
PTPRG*CNTN3 complex. Omission of the primary antibodies against PTPRG or
CNTN3 did not yield any detectable signal (control, left panels) whereas introducing
these antibodies revealed the presence of punctate staining indicative of PTPRG and
CNTN3 being in close proximity in the OS. Scale bar is 10 pm.
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Proximity ligation assay - single rod cell
(a-PTPRG + 0-CNTN3)

IS

Soma

Figure 20. PTPRG and CNTN3 form a cis complex on the outer segment of a
photoreceptor. An in situ PLA performed on a single photoreceptor cell shows the
presence of PTPRG*CNTN3 complexes on the same cell. Scale bar is 5 um.
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Figure 21. Identification of the PTPRG and CNTN3 complex in the outer segment:
antibody validation. (A) The rabbit anti-PTPRG antibody used for the experiments
shown in Figures 18-20 stains the outer segment of an isolated mouse rod cell from a
wild-type mouse, but not the outer segment of a rod cell from a PTPRG-null mouse.
Nuclei (blue) were visualized using RedDot™ 1 staining while PTPRG staining is shown
in green. Scale bars are 5 um. (B) Validation of anti-CNTN3 antibody (used in
experiments shown in Fig. 18-20) reveals its specificity against CNTN3, but not against
other CNTNSs.
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Proximity ligation assay
(0-PTPRG + 0-CNTN3)

Figure 22. PTPRG*CNTN3 complex formation in the outer segment as reproduced
with a different anti-PTPRG antibody. An in situ PLA shows that PTPRG and CNTN3
associate in the outer segments. This experiment includes the same goat anti-CNTN3
antibody used for the experiments shown in Figures 18-20, whereas PTPRG is detected
with a rabbit polyclonal antibody raised against its CA domain. Scale bar is 10 pm.
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PTPRG binds CNTN3 in trans

The discovery of cis PTPRG*CNTN3 complexes did not exclude the possibility
that PTPRG and CNTN3 might interact in trans. We decided to investigate this issue by
designing a cell aggregation assay in which HEK293F cells were transfected either with
mEmerald-CNTN1, mEmerald-CNTN3, or mCherry-PTPRG. Cells were then mixed
together and tested for the formation of aggregates. Cells expressing CNTN1, CNTN3
or PTRPG only were not able to form aggregates. However, when mixed together,
PTPRG and CNTN3-expressing cells formed clusters composed of red and green colored
cells, indicating the presence of the trans cell-adhesion interactions between PTPRG and
CNTN3 (Fig. 23). The formation of aggregates did not occur in CNTN1 and PTPRG-
expressing cells, consistent with the inability of PTPRG to bind CNTN1, as shown in our
previous assays. Thus, our data suggest that in vivo interactions of PTPRG with CNTN3
occur in both cis and frans configurations, which also may be the case for CNTN4, 5 and

6.
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CNTN3

Figure 23. PTPRG and CNTN3 interact in frans on the cell surface. The ability of
PTPRG and CNTN3 to interact in frans was assessed using a cell aggregation assay. (A-
C) HEK293F cells grown in suspension were transfected with mEmerald-CNTNI,
mEmerald-CNTN3 or mCherry-PTPRG. Cells expressing CNTN1, CNTN3 or PTPRG
alone do not form aggregates. Likewise, cellular aggregates do not form when CNTNI1
and PTPRG expressing cells are mixed, consistent with the inability of PTPRG and
CNTNI1 to interact with one another (D). (E) CNTN3 and PTPRG-expressing cells form
aggregates (white arrowheads) after the two populations are mixed. Scale bar is 100 pm.
(F) Close-up view of the PTPRG-CNTN3 cell aggregate designated by a filled arrowhead
in panel E. Scale bar is 10 um.
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Conclusions

In this chapter we have combined cell biology, biochemical and structural
approaches to characterize PTPRG*CNTN complexes. We have demonstrated the
binding of PTPRG to the HEK293 cells transfected with CNTN3, 4, 5 and 6, but not to
cells transfected with CNTNI or 2, confirming the specific PTPRG*CNTN complex
formation on cell surfaces. In the protein-protein binding assays, we have discovered that
PTPRG binds to CNTN3-6 with similar affinities. According to our structural analyses,
the close ICso values are consistent with the conserved arrangement observed in
complexes of PTPRG with CNTN3, 4, and 6. Validation of the binding interface
confirmed that both the B-hairpin loop and a small loop region are critical for the
interaction of PTPRG with CNTN. Finally, we present data that identify for the first time
a complex between PTPRG and CNTN family member in vivo. Our PLA analysis
suggests that the PTPRG*CNTN3 complex forms on the surface of the OS of a single
photoreceptor, whereas our cell aggregation experiments suggest that PTPRG and
CNTN3 can interact in trans. Taken together, our data suggest that PTPRG and CNTN3-
6 might interact in both cis and trans configurations through a conserved binding

interface.
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CHAPTER 4
STRUCTURAL ANALYSES OF CNTN ECTODOMAINS REVEAL AN

UNEXPECTED BENT CONFORMATION
Overview

In the previous chapter, we have shown that CNTN3, and presumably other
CNTN members, are likely to associate with PTPRG (PTPRZ in the case of CNTN1) in
both the cis and trans conformations. However, it is unclear how the conformations of
the CNTN ectodomains would accommodate such distinct binding modes. PTPRG
appears to include a ~ 300 amino acid stalk region in between its CA-FN moiety and TM
region. This stalk does not include any recognizable structural motifs other than N- and
O-linked glycosylation sites and therefore may be flexible enough to engage CNTNs in
both cis and trans conformations (Barnea et al., 1993). Although the ectodomains of
CNTNs do not include such a flexible region, they might still be able to bend easily
because of the linkers between the Ig and FN domains. For example, structural analyses
of the extracellular region of PTPRS indicate that it adopts several distinct
conformations. This extent of this conformational mobility is such that PTPRS forms
both cis and trans interactions with its cognate ligands during the formation of synapses
(Coles et al., 2014). On the other hand, another model to explain how CNTN3-6 could
bind PTPRG in both cis and #rans conformations would be that the ectodomains lie
parallel to the cell surface (Fig. 24). Such a conformation has already been described for
the neural cell adhesion molecule NCAM2, which features a sharp bend between two
membrane proximal domains so that the majority of the receptor lies parallel to the cell

surface (Kulahin et al., 2011). Therefore, in this chapter, I present crystallographic data
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that provide a rationale for the formation of PTPRG*CNTN complexes in both cis and
trans orientations. These data are confirmed by solution scattering experiments
performed on an FN1-FN3 region of CNTN3. Overall, our data indicate that CNTNs lie
parallel to the cell membrane to associate with their ligands in both cis and trans

conformations.
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frans 1iteraction PTPRG

CNTN3-6

cis interaction

CNTN3-6 PTPRG

Figure 24. A possible model for the co-existence of cis and frans interactions between
PTPRG and CNTN3-6. A hypothetical model showing how the conformations of
PTPRG and CNTN3-6 could accommodate the formation of cis or trans complexes
without altering the interactions between Ig2-Ig3 of CNTNs and the CA domain of
PTPRG.
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The Ig5-FN2 region of CNTN3 adopts an extended conformation

The results from chapter 3 suggested that CNTN3 forms complexes with PTPRG
in both cis and trans conformations (Fig. 20, 23). Therefore, to gain insights into the
geometry of a CNTN3 ectodomain, we undertook structural studies of the region
excluding the first four Ig domains. Our unpublished data have shown that fragments of
CNTNs that include the FN4 repeat are either unstable or readily form aggregates.
Therefore, we limited our investigations to the Ig5-FN3 region of CNTN3. Although we
were able to crystallize this protein, the crystals failed to diffract (Fig. 25). We thus
further truncated our protein to only the Ig5-FN2 domains of CNTN3 and were able to
determine the crystal structure of this region, which adopts an extended conformation
(Fig. 26).

The detailed analysis of the molecular contacts between consecutive Ig and FN
domains did not reveal a significant interface, suggesting a certain degree of flexibility
in this region. For example, the interface between Ig5 and Igb domain includes a salt
bridge between K471 and D526. D526 is conserved in other CNTNs while K471 is either
a lysine or an arginine (the residue conservation was assessed throughout human, mouse
and chicken CNTN1-6). Thus, this salt bridge is likely to occur all CNTNs. This
interaction is complemented with non-polar interactions between Q420, Q422 in Ig5 and
L529, P499, respectively, in Ig6. These residues are not conserved in all CNTNs, which
might indicate the transient nature of these interactions. Two contacts occur at the Ig6-
FNI1 interface. A hydrogen bond is formed between the conserved R595 residue and the
carbonyl oxygen of H625. Another contact includes a hydrophobic residue V513 (V, L
or I in other CNTNs) that forms a non-polar interaction with the conserved G596. In
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contrast to the Ig5-Igb and Ig6-FNI1 interfaces, the FNI-FN2 interface is more
substantial. It includes the non-polar contacts of conserved P667 and W668 residues on
FN1 with N731 (conserved in CNTN2-6; replaced by Y in CNTNI1) and the conserved
G732 on FN2. The conservation of the molecular contacts between the interfaces implies
that the Ig5-FN2 fragments of all CNTNs might adopt an extended conformation similar
to that observed in the CNTN3(Ig5-FN2) region. It is, however, difficult to predict the
conformation of this region in solution. Our attempts to obtain solution scattering data
for the Ig5-FN2 region of CNTN3 were ultimately unsuccessful because of protein
aggregation. The short interdomain linkers indicate that the extended conformation for
CNTN3(Ig5-FN2) might persist in solution. However, further experiments need to be

done to characterize the rigidity of this region.

72



Figure 25. Crystals of mouse CNTN3(Ig5-FN3). Protein crystals were obtained in 2.9
M NacCl, 0.1 Bis-Tris-HCI pH 5.5 but failed to diffract.
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Figure 26. The extended conformation of Ig5-FN2 domains of mouse CNTN3. Two
Ig domains (Ig5 and Ig6) and two FN domains (FNI and FN2) adopt a linear
conformation in crystals of mouse CNTN3(Ig5-FN2).
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The FN1-FN3 domains of CNTNs adopt a conserved bent conformation

The extended conformation found for the Ig5-FN2 region of CNTN3 was not
sufficient to explain the co-existence of cis and frans interactions of the CNTN3
ectodomain with PTPRG. Therefore, we determined the crystal structure of the FN1-FN3
region for CNTN3. Strikingly, this region adopts an L-shaped conformation with a sharp
bend between its FN2 and FN3 domains (Fig. 27). This bent arrangement is not an artifact
of crystallization because it is observed in the crystal structures of the FNI1-FN3
fragments of CNTNI, 2, 4, 5, and 6. These proteins obtained from different species
(mouse, human and chicken) were crystallized in distinct crystal lattices and all feature a
sharp bend between domains FN2 and FN3. The superposition performed on FN1-FN2
domains of FN1-FN3 crystal structures for CNTN1-6 reveals a similar conformation in
CNTN1-4 and some domain flexibility in the case of CNTNS5 and CNTNG6 (Fig. 28).
These fluctuations likely result from the interactions with a symmetry related protein
chain for the CNTNS structure, or with another protomer in the same asymmetric unit for
the CNTNG6 structure. The sequence analysis of the FN2-FN3 linker indicates that it is
fully conserved in CNTN2-4, but reveals some sequence variations in CNTN1, 5 and 6
(Fig. 29B).

The analysis of the interface between the FN2 and FN3 domains reveals a similar,
yet variable mode of interactions for CNTN1-6. Here, one or two negatively charged
amino acid residues from the linker region on the FN2 side forms hydrogen bonds with
a conserved NXA (X =S, T, G, R) region on the FN3 domain (Fig. 29). Other regions
that contact the FN2-FN3 linker include a glycine-rich stretch on the FN2 domain and a
positively charged amino-acid residue on the FN3 domain, but these interactions vary
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among the six CNTNs (Fig. 30). Although not being fully conserved, the linker
arrangements and FN2-FN3 molecular contacts form similar L-shaped conformations for
all CNTN members (Fig. 27). The analysis of the FN1-FN2 interface in the FN1-FN3
crystal structures of CNTNs recapitulates our findings from the CNTN3(Ig5-FN2) crystal
structure. The non-polar FNI-FN2 interface contacts discovered in CNTN3 are
conserved in CNTNI, 2, 4, 5 and 6. Given the conservation of the FN1-FN2 interface
throughout CNTN1-6 in FN1-FN3 structures, we suggest that this region is relatively

rigid and does not significantly contribute to the flexibility of CNTN ectodomains.
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TABLE 4

DATA COLLECTION AND REFINEMENT STATISTICS FOR FNI1-FN3 DOMAINS OF CNTN1-6 AND IG5-FN2
DOMAINS OF CNTN3

CNTNI1 CNTN2 CNTN3 CNTN4 CNTN5 CNTN6 CNTN3
(FN1-FN3)  (FN1-FN3)  (FNI-FN3)  (FN1-FN3)  (FNI-FN3) (FN1-FN3)  (Ig5-FN2)
Data
Collection
Beamline APS22-ID  APS22-ID  APS22-ID APS22-BM  APS22-ID  APS22-ID APS 22-BM
X‘)‘Vdength 1 | I 0.97933 I I |
i‘;ggﬁom 48,701 28,357 8,976 13,387 14,285 21,656 20,578
5;)501“&0“ 50-2.5 30-2.0 50-2.8 50-2.5 50-2.7 50-2.7 50-2.4
Space group P2, P212,2 C2 C222, C222, P212124 P21212;
Unit cell
87.48 124.39 185.10 94.79 83.77 86.74 58.22
a, b, c(A) 49.87 40.67 39.03 144.3 154.52 90.85 76.93
163.3 82.6 52.4 55.4 90.42 99.35 115.82
90.0 90.0 90.0 90.0 90.0 90.0 90.0
o, B,y ) 97.12 90.0 96.9 90.0 90.0 90.0 90.0
90.0 90.0 90.0 90.0 90.0 90.0 90.0
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“TABLE 4 -- Continued.”

DATA COLLECTION AND REFINEMENT STATISTICS FOR FNI1-FN3 DOMAINS OF CNTN1-6 AND IG5-FN2

DOMAINS OF CNTN3
CNTNI CNTN2 CNTN3 CNTN4 CNTNS CNTNG6 CNTN3
(FN1-FN3) (FNI1-FN3) (FN1-FN3) (FN1-FN3) (FNI-FN3) (FN1-FN3)  (Ig5-FN2)
R 0.075 0.110 0.139 0.08 0.112 0.155 0.165
sym (0.380) (0.508) (0.377) (0.460) (0.418) (0.515) (0.548)
b
((;;’?pleteness 99.2(92.3)  97.8(89.3) 97.7(90.0) 98.3(87.4) 85.7(56.3) 97.9(92.5)  98.2(87.5)
0
Redundancy 6.9 (4.7) 5.9 (3.2) 8.9 (5.8) 6.1 (4.2) 12 (5.9) 7.4 (4.8) 11.9 (7.9)
Vol 204 (3.3)  12.5(1.6) 15.0 (4) 20.7(2.3)  1735(3.6)  8.4(2.1) 14.8 (2.4)
Refinement
Molecules
in asymmetric 4 1 1 1 1 2 1
unit
Resolution (A)  43.51-2.5  29.1-2.0 478 -28  28.7-2.5  386-27  434-27  43.1-24
Ruvork / Riree 0.204/0.247 0.190/0.226  0.183/0.244  0.19/0.255  0.194/0.231 0.200/0.241  0.203/0.253
Number of 9,572 2,491 2,135 2,394 2,282 4,715 3,190
atoms
Protein 9,267 2,301 2,110 2,325 2,258 4,672 3,032
Ligand 75 - - - 5 - 6
Water 230 190 25 69 19 43 152
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“TABLE 4 -- Continued.”

DATA COLLECTION AND REFINEMENT STATISTICS FOR FNI1-FN3 DOMAINS OF CNTN1-6 AND IG5-FN2

DOMAINS OF CNTN3
CNTN1  CNTN2  CNTN3 CNTN4 CNTNS5 CNTN6  CNTN3
(FN1-FN3) (FN1-FN3) (FNI1-FN3) (FN1-FN3) (FN1-FN3) (FNI-FN3) (Ig5-FN2)
R.m.s.
deviations
Ideal bonds (A) 0.004 0.007 0.01 0.009 0.009 0.004 0.009
Ideal angles (°) 0.84 1.06 1.21 1.12 1.13 0.92 1.28
Average B
factors (A) 63.7 39.2 57 61.6 93.7 42.8 412
Protein 63.9 39.1 57.2 61.8 93.8 42.9 413
Ligand 85.5 ; ; ; 121.1 ; 62.9
Water 50.2 40.5 38.9 53.5 69.7 34.9 36.9
Ramachandran
statistics
Favored (%) 96 98 95 97 94 97 96
Allowed (%) 4 2 5 3 6 3 4
f;]z accesion SE53 SE7L SE4Q SE4S SE52 SESS 5199

*Rsym = Zh Zij|li(h) - <I(h)>|/ Zp Z; Ii(h), where Ii(h) is the ith measurement of reflection h and <I(h)> is a weighted mean of all
measurements of h. ®Values in parentheses apply to the high-resolution shell.°R = Zn|Fobs(h) — Feaic(h)| / Zh|Fobs|. Rwork and Riree
were calculated from the working and test reflection sets, respectively. The test set constituted 5% of the total reflections not
used in refinement.



CNTNI CNTN2 CNTN3

Figure 27. The FN1-FN3 regions of CNTN family members adopt similar bent
conformations. Ribbon diagrams of CNTNI1-6(FN1-FN3) crystal structures. Residues
from CNTNI are colored in slate, from CNTN2 are colored in gray, from CNTN3 are
colored in magenta, from CNTN4 are colored in orange, from CNTNS are colored in red
and from CNTNG6 are colored in dark green.
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CNTNI-4
superposition

CNTNI, 6
superposition

CNTNL1, 5
superposition

s CNTN1 s CNTN4
CNTN2 e CNTNS5
s CNTN3 s CNTNG

Figure 28. Flexibility in the FN3 domain orientation in CNTN1-6

The FNI-FN2 domains of mouse CNTN2, 3, 4 (A), human CNTNS5 (B) and mouse
CNTNG6 (C) were overlaid on the corresponding region of CNTNI.

Superposition details:

CNTNI1(FN1-FN2)/CNTN2(FN1-FN2) — RMSD: 2.36A over 188 positions;
CNTNI1(FN1-FN2)/CNTN3(FN1-FN2) — RMSD: 1.15A over 175 positions;
CNTNI1(FN1-FN2)/CNTN4(FN1-FN2) — RMSD: 2.62A over 190 positions;
CNTNI1(FN1-FN2)/CNTN5(FN1-FN2) — RMSD: 1.91A over 189 positions;
CNTNI1(FN1-FN2)/CNTN6(FN1-FN2) — RMSD: 2.00A over 190 positions.
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Figure 29. Sequence conservation at the FN2-FN3 interface of CNTNs. (A)
Conserved amino acid contacts at the FN2-FN3 interface. The structure of CNTN3(FN1-
FN3) is shown as a tube along with a detailed view of the conserved non-covalent
interactions at the FN2-FN3 interface. Residues at the interface are shown as ball-and-
sticks. Transparent gray spheres and black-dotted lines denote residues involved in van
der Waals contacts and potential hydrogen bonds, respectively. A more detailed view of
the FN2-FN3 interface for each CNTN is shown in Figure 30.

(B) An alignment of mouse CNTN sequences indicates that the contact amino acids at
the FN2-FN3 interface shown in panel A are conserved in CNTN family members.
Identical amino acids are shaded in blue while similar residues are colored light gray.
The numbering corresponds to the mouse CNTN3 sequence. Magenta dots below the
alignments denote residues at the FN2-FN3 interface.
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Figure 30. Conserved and specific interactions at the FN2-FN3 interfaces of CNTNs.
Two-dimensional representations of the contacts at the FN2-FN3 interfaces of CNTNs
were drawn using LigPlot" (Laskowski and Swindells, 2011). Dashed lines indicate
potential hydrogen bonds while spine curves indicate residues involved in hydrophobic
contacts. Although interactions mediated by the NXA residues found in a loop in FN3
are conserved in all CNTNs, most contacts at the FN2-FN3 interface are unique to each
CNTN family member.
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The bent conformation is conserved in solution

The results from the previous section indicate that all CNTN FN1-FN3 regions
adopt a conserved bent arrangement in crystals. Therefore, we surmised that this
conformation would persist in solution. To test this hypothesis, we analyzed the solution
conformation of FN1-FN3 of CNTN3 by small angle X-ray scattering. We limited our
analysis to CNTN3 because our in vivo findings indicate that it forms a cis-complex with
PTPRG. Data sets were acquired at both different concentrations and exposure times and
were merged to obtain an experimental scattering profile for CNTN3(FN1-FN3) (Fig.
31A), which matches closely to the theoretical scattering profile calculated using the
crystal structure of CNTN3(FN1-FN3) (> = 1.77). Furthermore, the crystal structure of
CNTN3(FN1-FN3) corresponds a molecular envelope calculated using the experimental
scattering profile (Fig. 31B). Overall, this analysis demonstrates that the L-shaped
conformation adopted by this fragment of CNTN3 mirrors its conformation in solution.
Taken together, these findings indicate that the FN regions of CNTNs all adopt a bent

conformation reminiscent of the one adopted by NCAM?2 (Kulahin et al., 2011).
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Figure 31. Small-angle X-ray scattering analysis of CNTN3(FN1-FN3). (A) The
experimental scattering profile (gray) and the theoretical scattering (magenta line, y° =
1.77) calculated from the CNTN3(FN1-FN3) crystal structure. Residuals from the fitting
of the experimental and scattering profiles are shown below. The lower panel shows the
Guinier plot with linear fit in red. (B) The crystal structure of CNTN3(FN1-FN3)
corresponds to a molecular envelope calculated from the experimental solution scattering
profile CNTN3(FN1-FN3) shown in (A).
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A model of the PTPRG*CNTN interaction

Based on the available crystallographic information, we have built a model for
the conformation of the CNTN ectodomain. First, we superposed the crystal structures
of CNTN3(Ig5-FN2) and CNTN3(FN1-FN3) to obtain a model for the Ig5-FN3 region
(Fig. 32). The structure of CNTN3 FN4 has been solved by NMR (PDB ID: 1WJ3) by
another group. However, we were missing the information about the conformation of the
linker between the FN3 and FN4 area. Therefore, we have used Modeller 9.15 software
(Sali and Blundell, 1993) to model this region based on the crystal structure of
CNTN3(FN1-FN3) and NMR structure of CNTN3FN4. Stereochemical restraints for
modeling were obtained from the CHARMM-22 molecular mechanics force field
(Mackerell et al., 1998). The structure with the lowest Modeller 9.15 molpdf score was
picked. Given the high sequence similarity of CNTNs, we suggest that the conformation
of four N-terminal Ig domains of CNTN3 is similar to the one found for the CNTN4(Ig1-
Ig4) structure (PDB ID: 3JXA) (Bouyain and Watkins, 2010). Because we were missing
the conformation of the CNTN Ig4-1g5 linker, we hypothesized that Ig3-1g5 domains of
CNTN adopt an extended conformation similar to what has been found in the N-terminal
regions of NCAM2 (PDB ID: 2WIM) and SYG1 (PDB ID: 40FY) crystal structures
(Ozkan et al., 2014). Therefore, to orient the N-terminal horseshoe-like region of CNTN,
we used the crystal structure of mouse CNTN4(Igl-Ig4) (PDB ID: 3JXA) as a template,
and a structure of NCAM?2(Igl-Ig3) to orient the horseshoe-like region against the
CNTN3(Ig5-FN2) structure. Immunoglobulin domains 3 and 4 of the CNTN4(Igl-Ig4)
crystal structure were superposed to Igl and Ig2 of NCAM2, and the Ig5 domain of the
CNTN3(Ig5-FN2) structure was superposed to Ig3 of NCAM2. The modeled structures
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of Ig5-FN3, FN1-FN4 and Ig1-FN2 fragments of CNTN3 were then combined to yield a
hypothetical model of the full-length CNTN3. Given the missing structural information
for the FN3-FN4 and Ig4-Ig5 linkers, our model can only partially predict the
conformation of a CNTN ectodomain and we assume that our model might represent
only a single structure from an array of possible CNTN conformations. We next
superposed the PTPRG(CA)*CNTN3(Ig2-Ig3) crystal structure on our CNTN3
ectodomain model to assess the orientation of PTPRG against CNTN. In this case, the
binding interface of PTPRG and CNTN is oriented in perpendicular to a cell surface (Fig.
33). Given the flexible spacer region of PTPRG, we suspect that this orientation allows
both cis and frans interactions without significant conformational changes of both

molecules.
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Figure 32. The model of CNTN3(Ig5-FN3) ectodomain. The model was created by the
superposition of CNTN3(FN1-FN3) and CNTN3(Ig5-FN2) crystal structures
(RMSD:1.28 A, over 176 residues).
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Figure 33. A hypothetical model of the CNTN ectodomain in complex with the CA
domain of PTPRG. The full-length model of CNTN was built using the CNTN3(Ig5-
FN3) model (Fig. 32), CNTN3FN4 domain (PDB ID: 1WJ3), and a model of
CNTN4(Igl1-4) domains. The NCAM2(Igl-Ig3) (PDB ID: 2WIM) model was used to
orient CNTN4(Ig1-4) structure against the rest of the ectodomain. Modeller was used to
orient CNTN3FN4 domain. The superposition of the PTPRG(CA)*CNTN3(Ig2-Ig3)
complex structure was used to model binding of PTPRG(CA) to our CNTN ectodomain
model.
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Conclusions

The data presented in this chapter complement the results described in Chapter 3
and provide a structural basis for the cis and trans interactions between PTPRG and
CNTNSs. Our results demonstrate that the FN1-FN3 regions of all CNTN family members
adopt an L-shaped conformation for the FN1-FN3 region with a sharp bend between FN2
and FN3. This conformation identified in crystals of CNTNs was further confirmed by
solution scattering experiments performed on CNTN3(FN1-FN3). The crystal structure
of the CNTN3(Ig5-FN2) region suggests an extended conformation for the portion of
CNTN ectodomain that follows the FN2-FN3 bend. The modeling of the CNTN
ectodomain structure suggests that the CNTN ectodomain undergoes sharp bending at
FN2-FN3 and then extends in parallel to the cell surface. In our model, the binding
interface of PTPRG*CNTN is oriented perpendicular to the cell surface allowing both a

cis and trans orientation of the complex.
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CHAPTER 5
FINAL DISCUSSION
A conserved mode of interactions for PTPRG*CNTNs complexes

In this work, we have used structural, biochemical and cell biological approaches
to gain insights into the interactions between the receptor protein tyrosine phosphatase
PTPRG and the neural CAMs CNTN3-6. We have demonstrated that PTPRG specifically
associates with CNTN3-6 on the cell surface (Fig. 8). It is not uncommon for homologous
proteins to interact with the same cell surface receptor in the nervous system. However,
these molecules typically do not bind to the receptor with similar binding affinities. For
instance, a short splice variant of neurexin — f-neurexin 1 (Nrx1) specifically binds to
neuroligins (NL) 1, 2 and 4 during the maturation of glutamatergic and GABAergic
synapses (Leone et al., 2010). In this case, there is a ~500-fold difference between the
dissociation constants for these complexes: 16 nM, 8.8 uM, and 115 nM for the
complexes of B-neurexin 1 with neuroligins-1, 2, and 4, respectively. However, the
binding affinities measured for the interactions between CNTN3-6 and PTPRG are very
similar (Fig. 9, Table 2). Moreover, the sum of our structural analyses demonstrates that
PTPRG binds to CNTN3, 4, 6 — and most likely 5 — in essentially identical fashion. Thus,
it remains unclear why four CAMs would bind the same receptor with the same affinity.
This does not mean, however, that all PTPRG*CNTN complexes are identical. There are
several ways by which these complexes may be involved in distinct cell signaling events.
Those possibilities might include: a difference in the localization and timing of protein
expression; the formation of different multipartite signaling receptors through the
recruitment of additional binding partners, distinct effects of CNTN binding on the
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phosphatase activity of PTPRG, or distinct properties of PTPRG*CNTN complexes
depending on their cis or trans orientation.
In vivo localization of PTPRG*CNTN complexes

In broad terms, the expression pattern of CNTN3-6 and PTPRG might look
similar in the cortical layers and hippocampal cell groups of an adult mouse brain (Lein
et al., 2007). However, a closer inspection reveals only a partial overlap with some
differences at the level of specific layers within particular brain structures (Zuko et al.,
2011). The expression patterns of CNTNs are even more complex when observed
throughout brain development. For example, analysis of the CNTN expression pattern in
developing mouse cerebellum revealed contacting, but not overlapping zones of CNTN2
and CNTNG6 expression in the deep external granular layer (EGL). The expression of
CNTNG6 starts during the PO stage of postnatal cerebellum development and replaces
CNTN2 by stage P15 (Sakurai et al., 2009). Therefore, the expression of PTPRG and
CNTN within the same brain structure does not necessarily imply that they will associate
in an active signaling unit. To address this problem, we decided to investigate the
formation of PTPRG*CNTN complexes by immunofluorescence microscopy of mouse
tissues. In particular, we focused on the retina because PTPRG, CNTN3, 4, and 5 are
expressed in this tissue during development (Yamagata and Sanes, 2012). During the
course of these investigations, we discovered that PTPRG forms a complex with CNTN3
in vivo in the outer segment (OS) of adult mouse retinas. We were not able to observe
similar results for CNTN4 or 5. In the case of CNTNS, a lack of suitable antibodies
thwarted our efforts. In contrast, PTPRG and CNTN4 were not found in similar layers
of adult retinas and consequently could not associate.
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Cis-orientation of the PTPRG*CNTN3 complexes

Our in vivo analysis of the PTPRG*CNTN3 complex has also revealed that these
two receptors associate on the surface of a single photoreceptor in a cis configuration.
Given that CNTNs are GPI-anchored proteins and thus lack intracellular regions to
transmit signals inside the cell, a possible role of their cis interaction with PTPRG could
be the formation of a co-receptor that interacts with other binding partners. There are in
fact multiple examples of CNTNs associating in cis with other cell surface receptors (see
Table 5).

CNTNI interacts with a contactin-associated protein 1 (CNTNAP1) in cis, to
form a co-receptor complex that interacts with neurofascin 155 (NF-155) in paranodal
junctions (Boyle et al., 2001). These interactions are crucial for paranodal junction
integrity, proper nerve conduction velocity and distribution of potassium Shaker-type ion
channels. In another example, CNTN2 binds CNTNAP2 in cis and forms homophilic
interactions with another CNTN2 molecule in frans at juxtaparanodal junctions (Traka
et al., 2003). Here, the disruption of the CNTN2/CNTNAP2 tertiary complex in the
CNTN2 mouse mutant also results in the aberrant localization of CNTNAP2 and Shaker-
type potassium channels but does not significantly affect the functionality of the nerve.
Recently, CNTNS5 has been shown to act as a part of cis CNTNS5/CNTNAP4 co-receptor
complex on the surface of sensory neurons that interacts with Nr-CAM/CHL1 complex
expressed at the GABAergic interneurons (GABApre) in the mouse spinal cord. The
disruption of these interactions results in a partial decrease in the high-density

accumulation of GABApre boutons on sensory terminals (Ashrafi et al., 2014).
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Cell adhesion molecules from the the Ig-CAM superfamily are often involved in
the formation of a co-receptor complex with CNTNs. Neuronal CNTN1 forms a co-
receptor with Nr-CAM, which binds PTPRZ on opposing glial cells (Sakurai et al., 1997).
These interactions are essential for the promotion of neurite outgrowth and neuronal
differentiation. CHL1, the member of L1-CAM family, interacts with CNTNG6 in cis to
promote the oriented growth of apical dendrites in the neocortex (Ye et al., 2008). It is
suggested that the effect of CHL1 and CNTN6 on dendrite outgrowth is mediated through
PTPRA.

Another possibility for the formation of cis complexes with CNTNs might
involve APP/APP-like proteins (Osterfield et al., 2008). The formation of the complex
in a cis orientation has been shown for CNTNS5 and APLP1 at the presynaptic membrane
of hippocampal neurons (Shimoda et al., 2012). It has been recently demonstrated that
the interaction of CNTN4 and APP, presumably in a cis orientation, targets axons of
retinal ganglion cells to the nucleus of the optic tract (Osterhout et al., 2015). Thus, it is
not unusual for the members of CNTN family to form co-receptors in a cis orientation,

as it has been shown for the PTPRG*CNTN3 complex.
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TABLE 5

PROTEIN-PROTEIN INTERACTIONS OF CONTACTINS

CNTN Cis- Trans- Localization Physiological Reference
partner partner role
Paranodal
junction
integrity,
CNTNI SNTNAPL g 155 Paranodal g dbution of — (BOYIe etal.
Kvl junctions . 2001)
potassium
shaker-type ion
channels
. Neuronal :
CNTN1 NrCAM PTPRZ Neuron-glial outgrowth and (Sakurai et
contacts ) .. al., 1997)
differentiation
. Differentiation
Neuron-glial of OPCs info
PTPRZ, contacts at (Lamprianou
CNTNI1 . . mature
tenascin  sites of . etal., 2011)
o oligodendro-
myelination
cytes
Localization of
Juxta- CNTNAP2 and
CNTN2 CNTNAP2, CNTN2  paranodal shaker-type (Traka tal,
Kvl ; . . 2003)
junctions potassium
channels
Targeting of
CNTN4 APP ililce}lg(fefs((())ll‘ls RGCs axons to  (Osterhout
obtic sV teri,l the nucleus of  etal., 2015)
pHC 8y the optic tract
Axoaxonic
synapses
between Accumulation
: sensory of GABApre
CNTNS5 CNTNAP4 Nr-CAM neurons and  boutons on (Ashrafl et
CHLI al., 2014)
GABA sensory
interneurons  terminals
in mouse
spinal cord
PTPRA, Pyramidal Oriented (Yeetal.,
CNTN6 neurons of growth of
CHLI . ) 2008)
neocortex apical dendrites
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A possible mode of the phosphatase activity regulation

The discovery of a cis-interaction between PTPRG and CNTN3 suggests a
possible regulatory effect on the phosphatase activity of PTPRG. It has been mentioned
previously that tandem phosphatase domains of PTPRG exist in a dimeric conformation,
which is thought to be inactive in solution (Barr et al., 2009). Therefore, a cis-interaction
with CNTN3 might modulate the oligomeric state of PTPRG favoring either a
catalytically active or inactive conformation. For example, the PTN-induced clustering
of PTPRZ, the close homolog of PTPRG, results in decreased phosphatase activity that
might be associated with stabilization of the naturally occurring inactive dimeric
conformation of intracellular phosphatase domains (Fukada et al., 2006). The binding of
HSPGs to PTPRS stabilizes the phosphatase in an inactive conformation and creates
zones of increased phosphorylation, whereas the binding of CSPGs has an opposite effect
on PTPRS activity (Coles et al., 2011). The clustering of PTPRA mediated either by
CNTNG6 or CHLI leads to increased dephosphorylation of the PTPRA substrate, p59™"
kinase, indicating an increase in phosphatase activity (Ye et al., 2008).

Ligand-induced clustering might also regulate the activity of a receptor
phosphatase in a concentration-dependent manner. It has been mentioned before that the
CD45 ectodomain is sterically excluded from the receptor-ligand “close-contact” zones
during TCR signaling that decreases the effective phosphatase concentration available
for substrate dephosphorylation (Chang et al., 2016). It can be speculated that a cis
interaction with CNTN3 might create specific zones with either increased or decreased

PTPRG phosphatase activity.
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The model for the cis and frans-interactions
in PTPRG*CNTN complexes

The ability of two cell surface receptors expressed on distinct cells (trans
interactions) to associate with one another is often a critical event triggering signaling
events that determine cellular fates. Whereas cis interactions between cell surface
receptors often function to dampen the receptor signaling formed in trans. In addition to
uncovering cis-interactions between PTPRG and CNTN3, we demonstrated that PTPRG
and CNTN3 also associate in trans. This is consistent with the trans interaction found in
PTPRZsCNTNI1 complex (Table 4), which has a similar domain orientation to
PTPRG*CNTN complexes (Lamprianou et al., 2011). Because of the homology between
CNTN3-6, we surmise that these four CNTNs are able to associate in cis/trans with
PTPRG. It was unclear, however, how PTPRG and CNTN3 could form a complex in
both the cis and trans orientation using the same binding interface. Our structural
analyses indicate that the CNTN3 ectodomain, and presumably all CNTN ectodomains,
is oriented parallel to the cell surface to allow both cis and #rans orientations. On the
other hand, our insights into the conformation of the CNTN3 extracellular domain
provide an explanation of how long CNTN molecules such as CNTNs could be
accommodated within a narrow space between two opposing cells. As mentioned before,
CNTNI1 is involved in myelination process and localizes at paranodal axon membranes,
where it acts as an organizer molecule during the formation of axoglial septate-like
paranodal junctions (Boyle et al., 2001; Colakoglu et al., 2014). The intermembrane
spacing in septate-like paranodal junctions was measured by electron tomography as ~
75 A (Nans et al., 2011). Given an approximate length of a single Ig or FN domain of
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CNTN measured along the domain axis as ~ 40 A, the total length of an extended CNTN
extracellular moiety would be around 320 A. Indeed, to pack within a narrow space such
as this one, a long CNTN molecule cannot just simply extend from the cell surface. In
contrast, the bent conformations of CNTN ectodomains conformation presented in this
thesis are consistent with their localization within the limited space of paranodal
junctions. Moreover, CNTN5 and CNTN6 were reported to localize at chemical
synapses, where the distance between pre- and postsynaptic membranes is around 200 A
(Sakurai et al., 2010; Shimoda et al., 2012). Here, a bent conformation of a CNTN
molecule localized on a presynaptic membrane might provide additional space to
accommodate the possible CNTN interactors on a postsynaptic membrane. A similar
arrangement has been observed for the ectodomain of the synaptic cell adhesion molecule
NCAM2, which indicates that these folded protein conformations might be a common
theme in the conformations of neural adhesion molecules (Kulahin et al., 2011).

It is tempting to speculate that cis and trans orientations of the PTPRG*CNTN
complexes might be associated with the formation of functionally distinct co-receptors
(Fig. 34). These complexes might have a differential effect on the phosphatase activity
as it is in the case of type Ila RPTPs. For example, PTPRS is activated when binding to
HSPGs in cis and inhibited when associating with CSPGs in trans. A similar effect has
been uncovered with the phosphatase LAR in Drosophila (Johnson et al., 2006). The
binding of Syndecan to LAR in cis activates the cytoplasmic phosphatase activity to
promote the growth of synaptic boutons. In contrast, Dally-like protein, expressed on an
opposing cell, displaces Syndecan in a competitive fashion to inhibit LAR, which results
in the switch from the growth of synaptic boutons to the assembly of the synaptic active
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zone (Johnson et al., 2006). The distinct effects that cis and trans might have on receptor
activity is not limited to RPTPs, however, and have been described in Delta-Notch
signaling. Here, the canonical frans binding results in the activation of the Notch
pathway, whereas the formation of the same complex on the same cell surface in cis has
an inhibitory effect (Matsugo et al., 2015). In this model, Delta-like protein 4 (DLL4)
forms an antiparallel dimeric complex with Notchl that is consistent both with the trans
and cis orientations (Matsugo et al., 2015). For both scenarios, the Delta-Notch complex
would be oriented in parallel to the cell surface, which is similar to our model of
PTPRG*CNTN interaction. Importantly, CNTN6 and CNTN1 have been characterized
as Notch ligands during the differentiation and maturation of oligodendrocytes (Hu et al.,
2003; Cui et al., 2004). The L-shaped conformation of the CNTN ectodomain might thus
be consistent with both cis and trans association with Notch. Although the mechanism
of Delta/Notch signaling is completely different from that of RPTP signaling, we surmise

that a similar scenario might take place for PTPRG and CNTN interactions.
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. cis-interaction

CNTN3-6

L CNTN3-6 trans-interaction

Figure 34. A possible model for the formation of PTPRG*CNTN co-receptor
complexes in cis and trans orientations. PTPRG interacts with CNTN either in cis or
trans orientation. By recruiting potential binding partners cis and trans PTPRG*CNTN
co-receptors form tertiary complexes with alternative functionalities.
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A possible role for PTPRG in photoreceptor outer segments

The discovery of the PTPRG*CNTN3 complex in the OS of photoreceptors raises
a question about its physiological role in this region. We might speculate that this role is
associated with the phosphatase activity of PTPRG. Given the fact that a PTPRG
substrate has yet to be discovered, it is unclear what the substrates of PTPRG in
photoreceptors could be. The OS is the region of a photoreceptor that is directly involved
in phototransduction. The conversion of the light signal in a photoreceptor is performed
by the G-protein-coupled receptor rhodopsin, which uses the G protein transducin to
activate phosphodiesterase. This is turn leads to an increased cGMP hydrolysis and a
closure of cyclic nucleotide-gated (CNG) channels, causing membrane hyperpolarization
and further signal transduction. The activity of CNG channels is regulated in part by
binding to Ca?*/calmodulin, diacylglycerol and divalent ions (Kramer and Molokanova,
2001). One of the most important processes underlying the regulation of CNG channels
is phosphorylation. The phosphorylation of Y498 on the CNG channel nucleotide-
binding alpha domain results in the channel’s closure due to its decreased affinity to
cGMP (Molokanova et al., 1997, 1999). The presence of tyrosine phosphorylation as a
regulatory factor would also indicate some tyrosine dephosphorylation activity that might
be attributed to intracellular PTPs or RPTPs including PTPRG. It has been shown
recently that the insulin receptor (IR) directly phosphorylates CNG channels either in a
light- or insulin-dependent manner (Gupta et al., 2012). Conversely, IGF-1 secreted by
retinal pigment epithelial cells increases the cGMP sensitivity of CNG channels,
presumably by recruiting a phosphatase (Savchenko et al., 2001). Another link between
the IGF-1 signaling and phosphatase activity in photoreceptors might be associated with
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the STAT3 transcription factor. During the development of the retina, IGF-1 signaling
mediates the downstream dephosphorylation of STAT3. This process has been shown to
involve PKCB1 and vy, and the non-receptor tyrosine phosphatases Shpl and Shp2. This
pathway is thought to be essential for the differentiation of the rod photoreceptors from
the retinal progenitors (Pinzon-Guzman C, Xing T, Zhang SS, 2011). The increased
expression of the tyrosine phosphorylated form of STAT3 (pSTATS3) has been also linked
to photoreceptor survival in murine models of photoreceptor degeneration (Jiang et al.,
2014). Several studies performed in cancer cell lines characterize pSTAT3 as a substrate
for RPTPs, such as PTPRD, CD45, PTPRT, and PTPRJ (Zhang et al., 2007; Ortiz et al.,
2014; Yan et al., 2015; Kumar et al., 2016). In fact, recent data suggest that STAT3 might
be activated by PTPRG activity in monocytes (Mirenda et al., 2015). It is tempting to
speculate that PTPRG might act cooperatively with other receptor phosphatases to ensure
an adequate balance between the phosphorylated and non-phosphorylated STAT forms
during the phototransduction or photoreceptor survival. In this regard, the OS of an adult
mouse retina has been shown to be abundant in different receptor phosphatases, including
PTPRS, PTPRE, PTPRJ, PTPRK, RPTPRR, as well as PTPRG (Horvat-Brocker et al.,
2008).

In the adult retina, the OS constantly renews itself through shedding of the apical
disk, which is phagocytosed by the retinal pigmented epithelium (Kennedy and Malicki,
2009). The possible role of RPTPs in this area might include maintenance of proper
substrate phosphorylation levels in the rapidly growing cell region. Interestingly, the OS
of each photoreceptor is surrounded by an interphotoreceptor matrix (IPM) enriched with
growth factors, enzymes and proteoglycans (Ishikawa et al., 2015). Here, the interaction
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of PTPRG and CNTN3 on the OS membrane might provide an interface for the binding
of molecules originated from the matrix. For example, similarly to what has been shown
for PTPRS and LAR receptor phosphatases, proteoglycans of the IPM might be involved
it the regulation of the phosphatase activity of PTPRG or other RPTPs. The primary
physiological roles of the interaction between OS and IPM include the OS adhesion to
RPE, retinoid, oxygen and nutrient transport to photoreceptors, and cytoskeletal
rearrangements. It has been shown in murine models that components of IPM are
significant in the etiology of retinal degeneration disorders (Ishikawa et al., 2015). Any
of these processes might potentially involve the PTPRG/CNTN3 signaling.

Given a large number of receptor phosphatases in the OS, it is difficult to imagine
an exact role for the PTPRG*CNTN complex in this region. PTPRG-null mice show no
abnormality in retinal laminar organization or in the expression of specific retinal
markers, suggesting only a minor role of PTPRG during the retinal development, if any.
In contrast, the PTPRZ” mice exhibit decreased expression of vimentin, a marker for
Miiller glial cells, along with an altered morphology of Miiller glial cell processes
(Horvat-Brocker et al., 2008). It should be noted that the current examinations of retinas
were performed at a P1 stage and may not reflect the full role of PTPRG and PTPRZ
during other developmental stages or well into adulthood.

Because of the lack of distinct anatomical phenotypes for mice deficient in
PTPRG and CNTN3-6, further experiments should be focused on the detailed
investigation of functional electrophysiological outputs. For example, removal of CNTN4
in mice, which affects the ability of the specific subset of retinal ganglion cells to target
the nucleus of the optic tract, results in a decreased ability to track the horizontal
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movement of the image (Osterhout et al., 2015). CNTN5 null mice have specific defects
in the auditory system including abnormal responses to auditory stimuli and specific
behavioral changes (Li et al., 2003). In summary, genetic removal of CNTN-encoding
genes in sensory pathways does not lead to gross defects in sensory organ function, but
rather appears to alter how the information is processed. These subtle changes might be
significant at the level of the human brain by producing specific behavioral deviations.
In fact, mutations in CNTN3-6 genes have been shown to be associated with autism
spectrum disorders (ASDs) and other neuropsychiatric diseases (Zuko et al., 2011). Thus,
the role of the PTPRG*CNTN3 complex in the retina should be thoroughly investigated
in knock-out animals during various developmental stages as well as in the adult animals
with focus on the processing of specific visual inputs.

Future directions

The future directions of this work should be focused on both fundamental and
clinically relevant research topics. Therefore, it is important to characterize the
interactions between PTPRG and CNTN within the context of the existing disorders
associated with PTPRG, CNTN3-6 or their binding partners, such as CNTNAPs,
APP/APLP or L1-CAM family members.

Although we were able to show the formation of the PTPRG*CNTN complex in
vivo, the exact function and the signaling pathway for this interaction has yet to be
discovered. It is likely that both proteins act as parts of the larger membrane-associated
protein complexes, and this should be further investigated. Characterizing these entities
might shed a light on the functional difference between the cis and frans orientations of
the PTPRG*CNTN complexes.
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It is important to establish the relationship between the cell-adhesion created by
PTPRG and CNTN and the phosphatase activity of PTPRG. For this reason, we need to
identify substrates specific for PTPRG phosphatase function. It seems likely that that the
activity of PTPRG in knock-out animals might be rescued by other RPTPs. Therefore, it
is important to dissect possible overlap in RPTPs functionality by creating relevant
experimental platforms. Finally, there are still questions related to the structural aspects
of interactions of CAMs and RPTPs on the cell surface, such as the relationship between

the phosphatase signaling and oligomerization.
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APPENDIX

ALPHASCREEN BEAD-BASED COMPETITION ASSAYS.

DETAILED PARAMETERS OBTAINED FROM DATA ANALYSIS CURVE-FITTING OF

Inhibitor Immobilized - "y R signal/Noise YOS oudiers 0> 70 confidence
proteins analyzed interval
PTPRZ(CA) fﬁ?ﬁfﬁ) 353 0.99 1051 20 0 283 to 441 nM
PTPRZ(CA) PCT;I’TRI%E%) 316 0.99 1307 19 0 242 t0 413 nM
PTPRZ(CA) g\’ﬁﬁfﬁ} 328 0.98 417 19 0 224 t0 481 nM
PTPRZ(CA) Ig\l;TRﬁfé) 332 0.93 445 17 2 157 to 705 nM
PTPRG(CA) Pgﬁ?gfﬁ) 306 0.98 994 18 I 224 t0 418 M
PTPRG(CA) Pgﬁ?gg_cﬁ) 437 0.98 997 19 0 324 to 589 nM
PTPRG(CA)  IPRG(CA) 465 0.99 1019 19 0 372 to 580 nM

CNTN3-Fc
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“APPENDIX -- Continued.”

DETAILED PARAMETERS OBTAINED FROM DATA ANALYSIS CURVE-FITTING OF ALPHASCREEN BEAD-

BASED COMPETITION ASSAYS.

Immobilized

95% confidence

Inhibitor . ICso0 (nM) R? Signal/Noise Points Outliers .
proteins interval
PTPRG(CA)  PTPRG(CA) 418 0.99 1206 18 I 365 to 479 nM
CNTN3-Fe
PTPRG(CA) ng?%_cé) 564 0.98 932 19 0 408 to 780 nM
PTPRG(CA) Pgﬁ?gfﬁc) 412 0.99 780 19 0 315 to 538 oM
PTPRG(CA) Pgﬁ?gg_cﬁ) 397 0.98 621 19 0 282 to 559 nM
PTPRG(CA) Pgﬁ?gfﬁc) 146 0.98 303 19 0 103 to 205 nM
PTPRG(CA) Pgﬁ?gfﬁ) 192 0.98 364 19 0 142 t0 259 nM
. to n
PTPRG(CA)  DIPRG(CA) 207 0.99 605 19 0 173 to 248 1M

CNTN4-Fc




“APPENDIX -- Continued.”

DETAILED PARAMETERS OBTAINED FROM DATA ANALYSIS CURVE-FITTING OF ALPHASCREEN BEAD-
BASED COMPETITION ASSAYS.

801

Inhibitor Immobl.llzed ICso (nM) R? Signal/Noise Points Outliers 3 /o. confidence
proteins interval
PTPRG(CA) i n i) 235 099 579 19 0 193 t0 287 nM
PTPRG(CA) it 153 096 303 19 0 92 0 254 nM
PTPRG(CA) ' mO(H 236 0.99 729 17 2 202 t0 274 nM
PTPRG(CA) Pgﬁ?gflfé) 297 0.99 460 19 0 239 t0 367 1M
PTPRG(CA) it 343 0.98 183 19 0 261 t0 451 nM
PTPRG(CA) Pgﬁ?gfﬁ) 236 0.97 350 19 0 187 to 296 1M
PTPRG(CA) T APRG(CA) 305 0.98 193 19 0 230 to 401 nM

CNTN4-Fc
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DETAILED PARAMETERS OBTAINED FROM DATA ANALYSIS CURVE-FITTING OF ALPHASCREEN BEAD-
BASED COMPETITION ASSAYS.

601

Immobilized

95% confidence

Inhibitor . ICso0 (nM) R? Signal/Noise Points Outliers .
proteins interval
PTPRG(CA) ng?gg_cﬁ:) 311 0.99 802 19 0 257 t0 377 1M
PTPRG(CA) T ROt 298 0.99 1511 19 0 245 t0 362 nM
PTPRG(CA) ng?gg_cﬁ:) 395 0.98 1334 18 I 288 t0 541 nM
PTPRG(CA) Pgﬁ?gfﬁ) 315 0.99 678 19 0 243 t0 409 nM
PTPRG(CA) T Rt 317 0.98 606 18 I 236 to 426 nM
PTPRG(CA) Pgﬁ?gé?ﬁ) 397 0.98 289 19 0 287 to 550 nM
PTPRG(CA) L IPRG(CA) 636 0.99 431 17 2 490 to 824 nM

CNTN6-Fc
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“APPENDIX -- Continued.”

DETAILED PARAMETERS OBTAINED FROM DATA ANALYSIS CURVE-FITTING OF ALPHASCREEN BEAD-
BASED COMPETITION ASSAYS.

Immobilized 95% confidence

H295A + V296A

CNTN4-Fc

Inhibitor proteins ICs0 (nM) R? Signal/Noise Points Outliers interval
PTPRG(CA) L RUCA) 406 0.98 390 17 284 to 579 nM
PTPRG(CA) i nU(CH) 563 0.96 332 17 327 t0 967 nM
PTPRG(CA) iUt 579 0.96 324 17 344 t0 975 nM
PTPRG(CA) Pgﬁ?ggﬁ) 586 0.99 254 18 445 t0 771 nM
PTPRG(CA) Pgﬁ?gé_clfé) 465 0.97 43 17 315 to 686 nM

O SN i 761 0.99 616 17 573 t0 1,010 nM
PTPRG(CA) — PTPRG(CA) 940 0.99 378 19 724 to 1,220 nM
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DETAILED PARAMETERS OBTAINED FROM DATA ANALYSIS CURVE-FITTING OF ALPHASCREEN BEAD-

BASED COMPETITION ASSAYS.

o o
Inhibitor Immobl.llzed ICso (nM) R? Signal/Noise Points Outliers 5 A) confidence
proteins interval
PTPRG(CA) PTPRG(CA)
H295A + V296A  CNTN4-Fe 940 0.99 156 19 0 712 to 1,241 nM
PIPRG(CA) — PTPRG(CA) 108 097 288 19 0 686 to 1,541 nM

H295A + V296A  CNTN4-Fc
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