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The receptor-type protein tyrosine phosphatases (RPTPs)
have been linked to signal transduction, cell adhesion, and
neurite extension. PTPRT/RPTPp is exclusively expressed
in the central nervous system and regulates synapse for-
mation by interacting with cell adhesion molecules and
Fyn protein tyrosine kinase. Overexpression of PTPRT in
cultured neurons increased the number of excitatory and
inhibitory synapses by recruiting neuroligins that interact
with PTPRT through their ecto-domains. In contrast,
knockdown of PTPRT inhibited synapse formation and
withered dendrites. Incubation of cultured neurons with
recombinant proteins containing the extracellular region
of PTPRT reduced the number of synapses by inhibiting
the interaction between ecto-domains. Synapse formation
by PTPRT was inhibited by phosphorylation of tyrosine
912 within the membrane-proximal catalytic domain of
PTPRT by Fyn. This tyrosine phosphorylation reduced
phosphatase activity of PTPRT and reinforced homophilic
interactions of PTPRT, thereby preventing the heterophilic
interaction between PTPRT and neuroligins. These results
suggest that brain-specific PTPRT regulates synapse for-
mation through interaction with cell adhesion molecules,
and this function and the phosphatase activity are attenu-
ated through tyrosine phosphorylation by the synaptic
tyrosine kinase Fyn.
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Introduction

The functions of PTPRT/RPTPp, a protein tyrosine phospha-
tase (PTP) expressed only in the brain, have not been
defined, although several potential substrates have been
suggested (Besco et al, 2006; Zhang et al, 2007). PTPRT is a
classical PTP that has a core cysteine residue in the active site
and is localized in the plasma membrane by its trans-mem-
brane domain (McAndrew et al, 1998; Paul and Lombroso,
2003; Besco et al, 2004; Sallee et al, 2006). PTPRT is classified
in the same subfamily as PTPRK, PTPRM, and PTPRU (PCP-2),
all of which have a common MAM domain in the extra-
cellular N-terminus followed by one Ig and several FN
domains. PTPRT has two intracellular catalytic domains;
the membrane-proximal catalytic domain is active, whereas
its membrane distal catalytic domain is inactive similar to
many other PTPs (Alonso et al, 2004). Several PTPRT gene
mutations have been found in colon cancer, and transforma-
tion could be inhibited by overexpression of wild-type (WT)
PTPRT (Wang et al, 2004). However, based on in situ
hybridization data, PTPRT has a brain-specific expression
pattern in contrast with PTPRK, PTPRM, and PTPRU (Paul
and Lombroso, 2003; Besco et al, 2004).

Several PTPs are reported to control axonal outgrowth,
guidance, and synapse formation in the central nervous
system (CNS), but many PTP-knockout mice have not
shown significant phenotypes because PTP has many sub-
families in the brain that can compensate for the knockdown
activity (Burden-Gulley and Brady-Kalnay, 1999; Harroch
et al, 2000; Xie et al, 2001; Johnson and Van Vactor, 2003;
Petrone et al, 2003; Dunah et al, 2005; Uetani et al, 2006).
It has been questioned whether PTP has substrate specificity
because structural analyses have not shown large differences
among the catalytic domains of PTPs (Hoffmann et al, 1997;
Nam et al, 1999, 2005; Johnson and Van Vactor, 2003; van
Montfort et al, 2003). PTP is thought to have limited access to
the phospho-tyrosine residues of substrates, and fine regu-
lation of its activity may be accomplished by interaction with
partners. PTP activity can be regulated by alternative splicing,
modulation of protein levels, posttranslational modifications,
dimerization, and subcellular localization (Paul and
Lombroso, 2003; van Montfort et al, 2003). Especially, dimer-
ization and active-site blockage was proposed for downregu-
lating the catalytic activity of receptor-type PTP (RPTP«) and
other RPTPs (Bilwes et al, 1996). The wedge formed by
amino-terminal helix-turn-helix segment of RPTPa D1 inserts
into the active site of a dyad-related D1 monomer, which
would block the access of the substrates. Some PTPs com-
municate with protein tyrosine kinase (PTK) directly or
indirectly, but it is rare for PTP activity to be controlled by
PTK; PTK is activated by PTP in many cases (Zeng et al, 1999;
Tsujikawa et al, 2002; Berman-Golan and Elson, 2007).
Despite the likelihood that tyrosine phosphorylation
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occurs in PTP, auto-dephosphorylation would make it diffi-
cult to detect.

Homophilic or heterophilic interactions among the ecto-do-
mains of cell adhesion molecules are well characterized for both
cis- and trans-interactions (Boggon et al, 2002; Dean et al, 2003;
Boucard et al, 2005; Kim et al, 2006). Trans-synpatic interaction
between neuroligin and neurexin is known to regulate synapse
formation and synaptic functions at excitatory and inhibitory
synapses (Graf et al, 2004; Chih et al, 2005; Chubykin et al, 2007;
Sudhof, 2008). However, signal transduction mechanisms that
regulate the functions of neuroligins and neurexins have not
been identified (Dean and Dresbach, 2006; Craig and Kang,
2007). Some RPTPs have ecto-domains similar to those of cell
adhesion molecules, and likely interact with other RPTPs or cell
adhesion molecules through these ecto-domains. The extracel-
lular ecto-domains of RPTP are highly divergent and consist of a
wide variety of different structural motifs, whereas the cytoplas-
mic catalytic domains are conserved. However, heterophilic
interactions through the ecto-domain of RPTP have not been
reported except in PTPo, PTP(/B, and LAR (Brady-Kalnay et al,
1995; Gebbink et al, 1995; Krasnoperov et al, 2002; Johnson and
Van Vactor, 2003; Anders et al, 2006; Woo et al, 2009). The ecto-
domains of PTPRK and PTPRM failed to interact in a heterophilic
manner despite their structural similarity (Zondag et al, 1995).
PTPRM is known to interact with E-cadherin through intracel-
lular domains, not ecto-domains (Brady-Kalnay et al, 1995).
When RPTPs interact with cell adhesion molecules through ecto-
domains, many cytoplasmic substrates could be made accessible
to RPTPs for further signal transduction.

In this study, the functions of PTPRT in the brain were
investigated. When overexpressed, PTPRT increased the den-
sity of dendritic spines and excitatory and inhibitory synapses
in cultured neurons. Knockdown of PTPRT resulted in a
decrease in the number of dendritic spines and excitatory
synaptic transmission. The soluble PTPRT ecto-Fc protein
reduced the number of dendritic spines and excitatory sy-
napses by inhibiting the interaction between ecto-domains.
Endogenous interaction partners of PTPRT were examined in
the rat brain synaptosome by immunoprecipitation using a
PTPRT-specific monoclonal antibody and tandem mass spec-
trometry for amino acid sequencing. As a result, neuroligin
was identified as a candidate interaction partner of PTPRT.
Both neuroligin and neurexin interacted with PTPRT through
the extracellular ecto-domains. Neuroligin was recruited by
overexpressed PTPRT and synapse formation by neuroligin
was not induced when PTPRT was knocked down in cultured
neurons. A specific tyrosine residue (Y912) in the wedge
formed by helix-turn-helix segment of PTPRT catalytic
domain was found to be phosphorylated by Fyn. The clashes
of phosphorylated tyrosine with the surrounding residues
would help the wedge into the catalytic pocket of other
monomer and strengthen the dimeric interaction. An in
vitro PTP assay showed that the catalytic domain of a
PTPRT phosphorylation-mimic mutant (Y912E) had a se-
verely reduced activity. Fyn interfered with synapse forma-
tion by increasing homophilic interactions of PTPRT and by
inhibiting interaction between PTPRT and neuroligin. PTPRT-
induced synapse formation was attenuated by co-expression
with Fyn and the augmentation of synapses did not occur
when neurons were transfected with PTPRT mutant mimicking
phosphorylation. Thus, brain-specific PTPRT/RPTPp regulates
synapse formation by gaining access to synaptic substrates
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connected with cell adhesion molecules, and its activity seems
to be regulated through tyrosine phosphorylation by Fyn PTK.

Results

PTPRT is localized in the brain and neuronal synapses

According to in situ hybridization data, PTPRT is expressed
only in the CNS in contrast to PTPRM, PTPRK, and PTPRU
(PCP-2), which are ubiquitously expressed in many organs. A
PTPRT-specific monoclonal antibody was produced against
the catalytic domain, and was shown to recognize only
recombinant PTPRT but not PTPRM, PTPRK, or other PTPs
(Supplementary Figures S1A and B). When overexpressed in
heterologous cells, only PTPRT reacted with the monoclonal
antibody, but PTPRM, PTPRTK, or PTPRU did not (Figure 1A)
(Jiang et al, 1993). In mouse samples, PTPRT proteins
appeared as two major bands, similar to other members of
this protein subfamily (Brady-Kalnay et al, 1995): a full-
length 210kDa form and a cleaved 110kDa form. These
forms were detected only in the brain, similar to the brain-
specific scaffolding protein post-synaptic density-95 (PSD-95)
(Figure 1B). To understand the nature of short form, a
predicted cleavage site for furin in PTPRT was changed
(Mut-PTPRT; K635N, R637L) (Figure 1C). The short form
(indicated by an arrowhead) disappeared by the mutation of
the furin-cleavage site (KSRR—NSLR). In the early develop-
ment stages of the rat brain, another 90kDa cleavage frag-
ment or possible alternative splicing form of PTPRT was
evident, but the expression level of full-length (210kDa)
and 110 kDa proteins gradually increased up to the 3 weeks
of age, whereas the expression of the 90kDa fragment
became undetectable from 3 weeks (Figure 1D) (Besco
et al, 2004). In subcellular fractions of the brain, the majority
of PTPRT proteins were localized in the synaptosomal (P2),
crude microsome (P3), synaptic plasma membrane (LP1),
and synaptic vesicle (LP2) fractions (Figure 1E). In PSD
fractions, PTPRT was retained in the PSD III, although it
was not enriched to the same extent as PSD-95.

In brain slices, PTPRT monoclonal antibodies revealed
PTPRT expression in specific brain regions (F2), whereas
signals could not be detectable in the kidney (a negative
control tissue) (F4) (Figure 1F). PTPRT signals were elimi-
nated when PTPRT monoclonal antibodies were pre-incu-
bated with cognate antigen proteins (G4) (Figure 1G). In
cultured hippocampal neurons, PTPRT was present in both
neurons and astrocytes, marked by staining for MAP2 and
GFAP, respectively (Figure 1H and I). PTPRT was localized to
dendritic spines, marked by PSD-95 (Figure 1J) and soluble
RFP (Supplementary Figure S1D) (arrowhead). PTPRT co-
stained with the representative synaptic markers synaptophy-
sin and PSD-95 and appeared to be localized to neuronal
synapses (Figure 1K and L, arrowhead). When EGFP-tagged
PTPRT was expressed in cultured neurons, PTPRT was shown
to co-localize with PSD-95 and vGLUT, which are markers for
excitatory synapses (Figure 1M, arrowhead). PTPRT was also
localized to inhibitory synapses stained with gephyrin and
vGAT (Figure 1N, arrowhead).

PTPRT induces synapse formation in
hippocampal-cultured neurons

We next tested whether overexpression of PTPRT has any
effects on neuronal synapses (Figure 2). The density of
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Figure 1 PTPRT localizes only to the brain and neuronal synapses. (A) The specificity of PTPRT monoclonal antibody was evaluated by
immunoblotting of each PTPRT(T), PTPRK(K), PTPRM(M), and PTPRU(U), respectively, overexpressed in heterologous cells. PTPRT-specific
monoclonal antibody (mRT) recognized only PTPRT and did not PTPRK, PTPRM, PTPRU that were detected by antibody SK-7 (generously
gifted by Dr Brady-Kalnay). (B) Tissue distribution patterns of PTPRT revealed by immunoblot analysis. Monoclonal antibodies specific for
PTPRT (Supplementary Figures S1A and B) were used. Br, brain; Ht, heart; Lv, liver; Lu, lung; Kd, kidney; Ts, testis; Tm, thymus; Sp, spleen;
Sm, skeletal muscle. PSD-95 and B-catenin were used as controls. (C) The short form of PTPRT was generated by furin protease. The short form
(indicated by an arrowhead) disappeared by the mutation of the predicted furin-cleavage site (KSRR— NSLR). (D) Developmental pattern of
PTPRT in the rat brain. E, embryonic; P, postnatal days. PSD-95 was used as a control. (E) Distribution pattern of PTPRT in biochemical rat
brain fractions. PTPRT is retained in the PSD III fraction. H, homogenate; P1, cell and nuclei-enriched pellet; P2, crude synaptosomes; S2,
supernatant after P2 precipitation; S3, cytosol; P3, light membranes; LP1, synaptosomal membranes; LS2, synaptosomal cytosol; LP2, synaptic
vesicle-enriched fraction (see Materials and methods). PSD-95 was used as a control. (F) In brain slices, PTPRT monoclonal antibodies revealed
PTPRT expression in specific brain regions (F2), whereas signals could not be detectable in the kidney (F4). F1&3, DAPI signal; F2&4. F1&2, rat
brain; F3&4, rat kidney. Scale bar, 1 mm. (G) As pre-incubated with cognate antigen proteins, PTPRT signals disappeared in brain slices. G1&3,
DAPI signal; G2&4, PTPRT. G1&2, original antibody; G3&4, pre-incubated antibody. Scale bar, 0.5 mm. (H, I) Expression patterns of PTPRT in
rat neurons stained with MAP2 and in rat astrocytes stained with GFAP. Scale bar, 20 um. (J) PTPRT was localized to the dendritic spines
marked with PSD-95 (arrowhead). Scale bar, 2 pm. (K, L) PTPRT co-localized to neuronal synapses stained with synaptophysin and PSD-95.
Scale bar, 20um. (M, N) EGFP-tagged PTPRT co-localized to excitatory synapses with PSD-95 and vGLUT or to inhibitory synapses with
gephyrin and vGAT. Scale bar, 10 pm.

dendritic spines resulting from the overexpression of WT
PTPRT (WT-RT) significantly increased compared with con-

In some cases WT and the activity-dead mutant PTP show
similar phenotypes because both of them could block signal

trol neurons (Figure 2A; Supplementary Figure S2A). In the
case of the activity-dead mutant (2cs-RT), the spine density
was less than that of WT-RT, but was not reduced to the
control level, suggesting that some interaction partner
recruitment occurred through the ecto-domain or the endo-
genous substrate was trapped to 2¢s-RT (Barford et al, 1995).
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transductions by dephosphorylating (WT) or trapping (the
activity-dead mutant) substrates. However, the spine length
of dendrites in these mutants was greater, indicating imma-
ture synapse formation because of the elimination of PTP
activity (below, Supplementary Figure S2B). The distribu-
tions of the representative synaptic markers were examined
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Figure 2 Enhanced synapse formation by overexpression of PTPRT. (A) Increased spine density by PTPRT. Cultured hippocampal neurons
were transfected at DIV9 with pSuper.gfp/neo only (control) or with PTPRT (WT-RT, 2cs-RT), and immunostained for GFP at DIV 20
(Supplementary Figure S2A). When wild-type PTPRT (WT-RT) was overexpressed, the density of dendritic spines increased compared with the
control. In the case of the PTPRT activity-dead mutant (2cs-RT), the increase of spine density was less than WT although spine density
increased compared with the control. Mean + s.e.m. n =51 dendrites for control, 37 for WT-RT, and 36 for 2cs-RT. *P<0.0001 and **P<0.005
(Student’s t-test). Scale bar, 10 um. (B-F) Enhanced synapse formation by PTPRT. After transfection at DIV9, the cultured neurons were
immunostained for GFP (green) and PSD-95, vGLUT, or vGAT (red). PTPRT expression increased the number of synaptic markers. (B) PSD-95
staining. Mean * s.e.m. n =49 dendrites for control, 50 for WT-RT, and 53 for 2cs-RT. (C) vGLUT staining. Mean * s.e.m. n =32 dendrites for
control, 42 for WT-RT, and 43 for 2cs-RT. (D) vGAT staining. Mean +s.e.m. n =55 dendrites for control, 31 for WT-RT, and 33 for 2cs-RT.
*P<0.0001 and **P<0.01 (Student’s t-test). Scale bar, 10 um. (E) The number of excitatory synapses (vGLUT-positive PSD-95 clusters).
Mean * s.e.m. n =30 dendrites for control, 31 for WT-RT, and 30 for 2¢s-RT. *P=0.0017, **P=0.0205, and ***P<0.0001 (Student’s t-test).
Scale bar, 10 um. (F) The number of inhibitory synapses (vGAT-positive gephyrin clusters). Mean £ s.e.m. n =27 dendrites for control, 28 for
WT-RT, and 28 for 2¢s-RT. *P<0.0001, **P=0.0176, and ***P=0.0346 (Student’s t-test). Scale bar, 10 um.

to obtain more evidence to support the role of PTPRT in
synapse formation (Figure 2B-D). The density of PSD-95
increased with transfection of WT-RT but not with transfec-
tion of 2cs-RT compared with the control (Figure 2B). Many
areas in which increased spines were induced by 2cs-RT
expression did not appear to be real synapses; therefore,

©2009 European Molecular Biology Organization

PTP activity is necessary for mature synapse formation
(Supplementary Figure S2B). The density of vGLUT was
increased by WT-RT and considerably increased by 2cs-RT
(Figure 2C). The density of vGAT was increased by WT-RT and
not by 2cs-RT (Figure 2D). To verify the excitatory synapse
formation vGLUT-positive PSD-95 clusters were examined
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(Figure 2E). When PTPRT was overexpressed, the excitatory
synapses were increased. When vGAT-positive gephyrin clus-
ters were examined, the inhibitory synapses were also in-
creased by overexpression of PTPRT (Figure 2F).

Synapse formation is inhibited by knockdown of PTPRT
To inhibit PTPRT expression in cultured neurons, specific
short-interfering RNA (siRNA) (RTsiRNA#1) was produced
in the pSuper.gfp/neo vector and the effects of PTPRT knock-
down on synapse formation were examined (Supplementary
Figure S2C). Spine density was dramatically decreased by
PTPRT knockdown and somewhat rescued by the overexpres-
sion of PTPRT (Resc RT) (Figure 3A). However, the rescued
spine morphology did not appear as mature as the control,
which suggests that the effects of PTPRT knockdown by
siRNA are irreversible. Knockdown of PTPRT caused PSD-95
puncta to significantly decrease (Figure 3B), and density of
vGLUT and vGAT was attenuated (Figure 3C and D). To verify
the effect of PTPRT knockdown new siRNA (RTsiRNA#2) was
produced and synapse formation was examined (Supple-
mentary Figure S2D). Spine density was decreased by
PTPRT knockdown and rescued by the overexpression of
PTPRT (Figure 3E). Contrary to former siRNA the rescued
spine morphology was as mature as the control. The fre-
quency of mEPSC was reduced dramatically, but not the
amplitude by PTPRT knockdown in cultured neurons
(Figure 3F). These results confirm that PTPRT regulates
synapse formation in hippocampal neurons.

PTPRT interacts with neuroligin and neurexin through

its extracellular ecto-domain

Rat brain synaptosomal fractions extracted with sodium
deoxycholate were immunoprecipitated with anti-PTPRT
monoclonal antibody to determine the identity of endogen-
ous PTPRT interaction partners. Co-precipitants were re-
solved by SDS-PAGE, then the proteins in ~50 gel pieces
were digested with trypsin and identified by tandem mass
spectrometry (Figure 4A) (Husi et al, 2000). Among the
candidates of interaction partners, neuroligin 3 was identified
by two peptides (Figure 4B). The amino acid sequences of
these peptides were conserved in all neuroligins (NLG1,2,&3)
except for one amino acid. PTPRT associates with neuroligin
and neurexin in the brain synaptosome (Figure 4C). When
immunoprecipitation was performed using an anti-PTPRT
monoclonal antibody, neuroligin and neurexin co-precipi-
tated with PTPRT. As neuroligin and neurexin are receptors
of each other in the synapse, the co-precipitated neurexin was
considered a reasonable result. Conversely, PTPRT and neu-
roligin were co-precipitated using anti-neurexin-specific anti-
body (Figure 4C; Supplementary Figure S1C). The inter-
actions between PTPRT and neuroligin or neurexin were
investigated through co-immunoprecipitation in heterologous
cells (Supplementary Figures S3 and S4). PTPRT seems to
associate with members of the neuroligin and neurexin
families with varying intensity.

To define the domains of PTPRT that interact with neuro-
ligin and neurexin, several PTPRT truncation mutants were
tested in heterologous cells (Figure 4D; Supplementary Figure
S5). Only full-length PTPRT co-precipitated with neuroligin
and neurexin, whereas truncated PTPRT without the extra-
cellular ecto-domain did not (Figure 4E). Only ecto-domain
of PTPRT without intracellular domains (AJDD&ADD) was

3568 The EMBO Journal VOL 28| NO 22 | 2009

sufficient for co-immunoprecipitation with neuroligin and
neurexin even though neurexin seems to interact with PTPRT
in somewhat different ways from neuroligin (Figure 4F;
Supplementary Figure S6). PTPRT seemed to interact with
neuroligin and neurexin through extracellular ecto-domains.
In cultured neurons, PTPRT and neuroligin were co-localized
as much as neuroligin and PSD-95 (Figure 4G, arrowhead).
On the basis of these results, PTPRT seems to associate with
neuroligin and neurexin in the pre- and post synapse.

PTPRT interacts with neuroligin and neurexin
functionally

The expression level of neuroligin was examined in cultured
neurons when PTPRT was overexpressed. The numbers of
neuroliginl and neuroligin2 puncta was increased by over-
expression of WT PTPRT, which suggests that PTPRT re-
cruited synaptic neuroligin (Figure SA and B). To analyse
whether the synapse-inducing activity of neuroligin is regu-
lated by PTPRT, the density of dendritic spine was examined
when neuroligin was overexpressed in the same neurons that
the expression of PTPRT was inhibited by siRNA (Figure 5C).
The synaptic formation induced by neuroligin seemed to be
attenuated by PTPRT knockdown whereas neuroligin func-
tioned normally in cultured neurons that still expressed
PTPRT as reported earlier (Chih et al, 2005). Soluble PTPRT
ecto-Fc was produced in heterologous cells, and purified
PTPRT ecto-Fc was incubated with the hippocampal primary
cultured neurons. After several days, the density of dendritic
spines and the synapsin puncta was significantly decreased
compared with control cells (Figure 5D).

To define the main cause of inhibition, a pull-down assay
using purified PTPRT ecto-Fc ‘pre-bound’ on protein A-beads
was performed (Figure SE). It was hypothesized that the
trans-interactions could be shown mainly in this scheme
because the streric hindrances from pre-bound protein A-
bead inhibit the cis-interaction. Interestingly, the interactions
between the ecto-domains of PTPRT and neuroligins/neurex-
ins were not as strong as the PTPRT homophilic interactions.
Next purified PTPRT ecto-Fc was mixed with neuroligin
before addition of protein A-beads and significant neuroligins
were pulled down (Figure 5F). These results suggest that the
interactions between PTPRT and the cell adhesion molecules
could be a cis-interaction rather than a trans-interaction. To
confirm cis-interaction between PTPRT and cell adhesion
molecules, PTPRT ecto-Fc was co-expressed with cell adhe-
sion molecules in heterologous cells and then a pull-down
assay was performed in the cell lysate (Figure 5G). This time,
neuroligin and neurexin were pulled down by PTPRT ecto-Fc
proteins suggesting cis-interaction between PTPRT and cell
adhesion molecules.

Tyrosine phosphorylation of PTPRT by Fyn attenuates
synapse formation

Phospho-tyrosine levels are regulated through PTP-PTK in-
teractions in the cell, and PTP could be a substrate for PTK,
and hence the functions of PTP could potentially be regulated
by tyrosine phosphorylation. The phospho-tyrosine level of
PTPRT was examined in cultured neurons treated with per-
vanadate, a potent phospho-tyrosine phosphatase inhibitor,
and PTPRT was shown to be phosphorylated at tyrosine
residues (Figure 6A). Of several possible PTK candidates
responsible for tyrosine phosphorylation of PTPRT, Fyn

©2009 European Molecular Biology Organization
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Figure 3 Loss of synapses by knockdown of PTPRT. (A) PTPRT knockdown using siRNA (RTsiRNA#1) reduced the spine density and was
rescued by overexpression of PTPRT (Supplementary Figure S2C). Mean £ s.e.m. n =55 dendrites for control (pSuper.gfp/neo), 69 for siRNA,
and 65 for rescue. *P<0.0001, **P<0.005 (Student’s t-test). Scale bar, 10 um. (B-F) Reduced synapse formation by knockdown of PTPRT. The
synaptic markers PSD-95, vGLUT, and vGAT showed decreased synapse formation when PTPRT was knocked down. (B) PSD-95 staining.
Mean + s.e.m. n =36 dendrites for control and 32 for siRNA. (C) vGLUT staining. Mean + s.e.m. n =40 dendrites for control and 30 for siRNA.
(D) vGAT staining. Mean * s.e.m. n =40 dendrites for control and 32 for siRNA. *P<0.0001 (Student’s t-test). Scale bar, 10 pm. (E) PTPRT
knockdown using new siRNA (RTsiRNA#2) reduced the spine density and was rescued by overexpressing PTPRT (Supplementary Figure S2D).
Mean * s.e.m. n = 31 dendrites for control, 32 for siRNA, and for 28 rescue. *P<0.0001 (Student’s t-test). Scale bar, 10 um. (F) Knockdown of
PTPRT in cultured neurons (DIV 13-16) decreased the frequency, but not amplitude of mEPSCs (n=12 for control and n =10 for siRNA,
*P=0.015, Student’s t-test).
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Figure 4 Interaction of PTPRT with neuroligin and neurexin. (A) Representative base peak chromatograms generated in MS and MS/MS
modes. The example given shows the trypsin digestion products of 30th SDS-gel bands corresponding to a ~100kDa protein band. The top
panel shows the base peak chromatogram of the MS survey scan, and the lower two panels are the base peak chromatogram of MS/MS
channels. (B) Combined MS/MS spectra of neuroligin 3 peptide ions. The amino acid sequences were identified using the Mascot database
search program. The matched fragment ion peaks for the most probable sequence are labelled on the spectra. (C) In vivo co-immunoprecipita-
tion in the rat brain synaptosome. Neuroligin 2 and neurexin 2o were co-precipitated by treatment with PTPRT monoclonal antibody. PTPRT
also was co-precipitated by specific antibody for neurexin 2o (Supplementary Figure S1C). Input, 10%. Quantification; (left column) NLG, 126;
NRX2a, 153; PSD-95, 61.9; SSCAM, 19.4; CASK, 10.4; PTPRT, 601; (right column) NLG, 386; PTPRT, 23.6; PSD-95, 77.5; SSCAM, 12.7; CASK,
61.5; NRX2a, 883 (%, immunoprecipitated/input proteins). (D) Domain structure of PTPRT and the deletion mutants used for in vitro co-
immunoprecipitation. Signal peptides were added to the N-terminus of all expression constructs except JDD. MAM, Meprin/A5/PTPmu
domain; Ig, immunoglobulin-like domain; FN, fibronectin-type IlI-like domain; TM, trans-membrane domain; J, juxta-membrane domain; D1
and D2, PTP-catalytic domains. (E) Co-immunoprecipitation using a deletion mutant of PTPRT without the extracellular ecto-domain in the
heterologous cells. PTPRT interacts with neuroligin and neurexin through PTPRT’s ecto-domain. Note that neurexin 2o showed a different
interaction pattern with AMIF than neuroligin. STf, single transfection; Inp, input (Supplementary Figures S3 and S4). Input, 3%. (F) The
interaction of PTPRT ecto-domains with neuroligin. Neuroligin 1 was recruited by PTPRT ecto-domain mutants (Supplementary Figure S5).
Input, 3%. (G) Co-localization of PTPRT and neuroligin 2. Overexpressed PTPRT and neuroligin 2 were co-localized in cultured hippocampal
neurons (arrowhead). Scale bar, 20 pm.

PTK was examined because Src-related PTKs were discovered PTPRT, Fyn was recruited to PTPRT and tyrosine residues of
as interactive factor from IP-proteomics (data not shown). PTPRT were phosphorylated (Figure 6B). On the other hand,
When the constitutively active form of Fyn PTK (caFyn) (Liu PTPRT was not phosphorylated when co-transfected with
et al, 2006) was co-expressed in heterologous cells with kinase-dead mutant of Fyn (kdFyn). WT-RT seems to be
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auto-dephosphorylated, and the phospho-tyrosine level of
WT-RT was lower than that of the activity-dead mutants
(csRT and 2csRT). Then two tyrosine residues (Y912,
Y1027) in the first catalytic domain of PTPRT, predicted to
be candidates for phosphorylation by Fyn PTK, were changed
to phenylalanine for phospho-tyrosine immunoblotting
(Figure 6C). As the phospho-tyrosine residues of WT-RT
underwent auto-dephosphorylation, YF mutants were con-
structed in the activity-dead PTPRT context (2csRT). The level
of tyrosine phosphorylation was significantly decreased in
the Y912F mutant compared with single 2cs and the Y1027F
mutant although not decreased to the 2YF mutant, therefore
the 912 tyrosine residue seems to be the major target of
Fyn PTK.

To determine the effects of Fyn PTK on the synapse
formation activity of PTPRT, caFyn PTK was co-expressed
with PTPRT in cultured neurons (Figure 6D). PTPRT-
mediated synapse formation was attenuated by caFyn PTK,
which suggests that Fyn PTK regulates the function of PTPRT
through tyrosine phosphorylation during synapse formation,
but expression of Fyn alone had no effect on synapse forma-
tion in this system (Supplementary Figure S7A). To confirm
the 912 tyrosine residue is the major target of Fyn; the density
of dendritic spine was examined when YF mutants were co-
expressed with Fyn (Supplementary Figure S7B). Y912F
mutant still increased the number of dendritic spine, but
WT and Y1027F mutant did not when Fyn was co-expressed.
The Fyn-targeted tyrosine residue was changed to a gluta-
mate residue to mimic a phosphate group, and then the effect
of this mutation on synapse formation was examined by
overexpressing Y912E-RT in cultured neurons (Figure 6E).
As expected, synapse formation by overexpression of PTPRT
was attenuated when tyrosine 912, but not tyrosine 1027, was
mutated to glutamate (Supplementary Figure S7C). When
tyrosine residues were changed to phenylalanine to block
phosphorylation, synapse formation was induced as much as
in WT (Supplementary Figure S7C). From these results, we
suggest that tyrosine residue 912 is a major target of Fyn and
synapse formation can be regulated by phosphorylation of
this residue.

PTPRT activity and the PTPRT-neuroligin interaction
are regulated by Fyn

To elucidate the regulatory effect of tyrosine phosphorylation
on PTPRT-induced synapse formation, an in vitro PTP assay
was first carried out using recombinant proteins. PTP activity
was remarkably reduced when the Y912E mutation was
introduced, but not when the Y1027E mutation was intro-
duced (Figure 7A). Therefore, Fyn seems to regulate PTPRT
activity by phosphorylating specific tyrosine residue in
PTPRT’s catalytic domain.

The effects of tyrosine phosphorylation on the homophilic
interactions of PTPRT were then examined, because cis-
homophilic interactions of PTPRT were suggested in the
PTPRT ecto-Fc experiment (Figure 5F and G) and it is possible
that an inactive cis-dimer of PTPRT may exist, as seen
for RPTPa (Blanchetot et al, 2002). Although considerable
PTPRT seemed to compose dimer already, Fyn was shown to
reinforce the homophilic interaction of PTPRT in experiments
using differentially tagged PTPRT (Figure 7B). The effects of
tyrosine phosphoryaltion on homophilic interaction of PTPRT
were examined in cultured neurons (Figure 7C). The cluster-
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ing of PTPRT could be reflected by puncta of PTPRT
in cultured neurons even though the possible difference
between molecular and cellular phenomena cannot be ruled
out. The area and intensity of PTPRT-EGFP puncta were
increased by overexpression of Fyn whereas the number
of PTPRT-EGFP puncta was decreased significantly.
To know effects of PTPRT clustering on synaptic localization,
co-localizations of PTPRT and neuroligin were evaluated
(Figure 7D). When Fyn was co-expressed, less neuroligin
puncta were found to be with PTPRT and it seems to be
related with attenuated synapse formation.

Homophilic multimerization—possibly  cis-interaction
seems to decrease PTPRT activity and as a result synapse
formations could become attenuated by uncontrollable phos-
phorylation of synaptic substrates (Supplementary Figure
S9). Dimerization of PTPRT could be enhanced by PTPRT
ecto-Fc in reduced synapse formation because Fc-fusion
proteins compose dimer (Figure 5D). Inactivated PTPRT
clusters might deform neuronal synapses and appear to be
far from neuroligin. Thus, Fyn PTK induces multimerization
and inactivation of PTPRT by phosphorylating tyrosine resi-
due 912 in the catalytic domain resulting in the attenuation of
synapse formation.

Discussion

PTPRT regulates synapse formation by gaining access
to synaptic substrates connected with cell adhesion
molecules, and its activity seems to be regulated through
tyrosine phosphorylation by Fyn PTK. Inactivated PTPRT
could not control synaptic substrates nor induce synapse
formation.

The modelling of PTPRT catalytic domain

The 912 tyrosine residue seems to be the major target of
Fyn and the homophilic interaction of PTPRT was induced by
Fyn (Figures 6C and 7B). On the basis of these results
and a model for dimerization of RPTPa, one hypothesis in
the structural context of PTPRT was developed (Bilwes et al,
1996). In the model of RPTP«, a wedge formed by helix(x1')-
turn-helix(«2’) segment at the N-terminus of one monomer
occludes the catalytic face of the other monomer within
dimer, which would completely block the access of the
substrates (Supplementary Figure S8). Tyrosine 912 of
PTPRT belongs to helix a2’ of wedge and is situated in the
interface between wedge and the body of the catalytic do-
main. In the crystal structure of PTPRK/RPTPx (pdb code:
2c7s), tyrosine 892, equivalent to tyrosine 912 in PTPRT,
participates in extensive hydrogen-bonding interaction
(Figure 7E) (Eswaran et al, 2006). The phosphorylation
of 892 would result in the clashes with the surrounding
residues and the detachment of the wedge from the body
of the catalytic domain. The resulting flexible wedge
may enter the catalytic pocket of other monomer deeply,
strengthen the dimeric interaction, and eventually inhibit
catalytic activity.

Thus, Fyn PTK might induce cis-multimerization and in-
activation of PTPRT by phosphorylating tyrosine residue 912
in the wedge of the catalytic domain resulting in the attenua-
tion of synapse formation.
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The regulation of synapse formation by PTPRT and
Fyn PTK

There have been many reports that PTK activity is regulated
through dephosphorylation by PTP. CD45 PTP is thought to
dephosphorylate the non-receptor Lck PTK, thereby enhan-
cing PTK signal transduction activity (Mustelin and Altman,
1990). RPTPa regulates Fyn activity through interaction with
NCAM and the elongation of neurites (Bodrikov et al, 2005).
RPTP LAR was also suggested to regulate Lck and Fyn PTK
activity, although no linker between LAR and PTK has been
discovered to date (Tsujikawa et al, 2002). PTPRO functions
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in negative regulation of the Eph receptor tyrosine kinase
in retinal axon growth (Shintani et al, 2006). Conversely,
examples of PTK controlling the activity of PTP through
tyrosine phosphorylation have been suggested in several
cases such as PTP D1 and RPTPa (Vogel et al, 1993; Zheng
et al, 2000).

Here, PTPRT seems to be regulated by Fyn PTK through
tyrosine phosphorylation. The catalytic activity of PTPRT was
decreased to basal levels through phosphorylation of a spe-
cific tyrosine (Y912) by Fyn. PTPRT seems to be connected to
its substrates through neuroligin and neurexin, well-known
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synaptic molecules inducing synapse formation. When
PTPRT activity is attenuated by phosphorylation by Fyn, the
functions of synaptic molecules may be impaired by hyper-
phosphorylation. In our system, overexpression of Fyn alone
did not induce a significant increase in synapse formation
(Supplementary Figure S7A). Although hyper-phosphoryla-
tion of synaptic molecules by Fyn itself could not be com-
pletely ruled out, inactivation of PTPRT through tyrosine
phosphorylation by Fyn could account for the attenuation
of synapse formation by Fyn.

As PTPRT seems to be auto-dephosphorylated, the level of
phosphorylation in the YF mutant was not significantly
different from that of non-YF mutant in a WT background
(WT-RT, data not shown). To visualize contrasts of phosphor-
ylations, we constructed a YF mutant in the activity-dead
mutant (2csRT, Figure 6C). It is possible that Fyn PTK could
be a substrate of PTPRT, because the phospho-tyrosine level
of WT Fyn was somewhat decreased by WT-PTPRT (data not
shown). PTP and PTK could therefore be substrates of one
another, and their activities could be fine regulated by
phospho-tyrosine levels in the neurons. Neuroligin and neur-
exin do not seem to be substrates of Fyn or PTPRT, because
no phospho-tyrosine forms of these proteins were detected in
neuronal samples. However, it is possible that a rapid reac-
tion results in no detectable neuroligin or neurexin phospho-
tyrosine residues.

Roles of the interaction between PTPRT and cell
adhesion molecules

The ecto-domains of full-length proteins seem to facilitate
trans-homophilic interactions although PTPRT, PTPRM, and
PTPRK are partially processed. PTPRM has been demon-
strated to interact with E-cadherin through its intracellular
domain (Brady-Kalnay et al, 1995). PTPRT has also been
reported to interact with cadherins and catenins through
intracellular domains (Besco et al, 2006). However, STAT3,
a substrate candidate of PTPRT, was found by using only the
extracellular portion of PTPRT expressed in HEK293T cells
(Zhang et al, 2007). It is therefore necessary to examine the
function of RPTPs through ecto-domain interactions. In this
study, neuroligin was identified as a protein that interacts
with PTPRT through immunoprecipitation and mass spectro-
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metry. Experiments using various truncations showed that
the ecto-domain of PTPRT is responsible for its interaction
with neuroligin. PTPRT also showed trans-homophilic inter-
actions, similar to PTPRM and PTPRK, in experiments using
ecto-Fc recombinant proteins (Figure SE) (Aricescu et al,
2007). This raises the question as to how PTPRT interacts
with cell adhesion molecules. Cell adhesion molecules are
generally considered to act by clustering and are thought not
to function properly as single molecules. However, X-ray
scattering and neutron contrast variation data revealed that
two neurexin monomers bind at symmetric locations on
opposite sides of the long axis of the neuroligin dimer
(Arac et al, 2007; Comoletti et al, 2007). PTPRT could interact
with neuroligin and neurexin in a cis-manner and consolidate
the interaction between neuroligin and neurexin by adding its
homophilic trans-interaction. If PTPRT is a component of the
cell adhesion molecule cluster, the homophilic interaction of
PTPRT could have a key function in cell adhesion molecule
cluster function. The number of neuroligin puncta was
increased by overexpression of PTPRT and synapse formation
induced by neuroligin was attenuated by knockdown of
PTPRT (Figure 5A-C). These results suggested PTPRT and
neuroligin are functionally connected with each other for
synapse formation in the neuronal synapses. Interestingly,
PTPRT seems to make cis-homophilic interactions in addition
to trans-homophilic interactions, and these cis-homophilic
interactions seem to be reinforced by Fyn (Figures 5G and
7B). Sequentially, decreased PTP activity could result in
failure in dephosphorylation of various neuronal substrates
and could not consolidate neuronal synapses, and cis-multi-
merized PTPRT seems to collapse neuronal synapses and be
dissociated from neuroligin (Figure 7D). The cis-interaction
between PTPRT and neuroligin or neurexin could make
substrates linked to cell adhesion molecules accessible to
PTPRT for consolidation of synapse formation. When PTPRT
was knocked down in cultured neurons, dephosphorylation
might be not regulated, resulting in severe synapse depletion.

Neuronal disease related to PTPRT

Mutations in two X-linked genes encoding neuroligins 3 and 4
were found in the brains of siblings with autism-spectrum
disorders (Jamain et al, 2003). As synapse formation is

Figure 5 PTPRT interacts with neuroligin and neurexin functionally. (A) PTPRT increases neuroliginl puncta. Cultured hippocampal neurons
were transfected at DIV8 with pSuper.gfp/neo only (control) or with wild-type PTPRT (WT-RT), and immunostained for GFP at DIV15. When
WT PTPRT (WT-RT) was overexpressed, the number of neuroliginl puncta increased compared with the control. Meants.em. n=24
dendrites for control, 26 for WT-RT. *P<0.0001 (Student’s t-test). Scale bar, 10 um. (B) PTPRT increases neuroligin2 puncta. By WT PTPRT
(WT-RT) overexpression the number of neuroligin2 puncta increased compared with the control. Mean + s.e.m. n =23 dendrites for control, 28
for WT-RT. *P<0.0001 (Student’s t-test). Scale bar, 10 um. (C) Synaptic formation induced by neuroligin was prevented by knockdown of
PTPRT. Cultured hippocampal neurons were transfected at DIV10 with HA-tagged neuroligins (HA-NLG) with or without siRNA of PTPRT
(siRT) and stained for GFP and HA at DIV17. The number of dendritic spine was not increased by overexpression of neuroligin in the same
neuron transfected with siRNA of PTPRT. Mean * s.e.m. nn = 36 dendrites for control, 34 for HA-NLG1, 36 for HA-NLG2, 34 for siRT, 26 for siRT,
and HA-NLGI1, 23 for siRT and HA-NLG2. *P=0.0002, **P<0.0001, "P=0.7527, and * *P=0.4291 (Student’s t-test). Scale bar, 10 um.
(D) Cultured hippocampal neurons transfected with pSuper.gfp/neo to visualize dendritic spines (DIV9-20) were incubated with PTPRT-ecto-
Fc-fusion proteins, or Fc alone (control), for 5 days (DIV15-20) and stained for GFP and synapsin. PTPRT-ecto-Fc reduced the number of
dendritic spines and synapsin-antibody stained synapses. Mean + s.e.m. n =48 dendrites for Fc-alone and 42 for RT-ecto-Fc. *P<0.0001 and
**P<0.01 (Student’s t-test). Scale bar, 10 um. (E) PTPRT expressed in heterologous cells was recruited by the PTPRT-ecto fusion proteins;
purified RT-Fc-1 (aa 1-749) and RT-Fc-2 (aa 1-763) pre-bound to the protein A-agarose beads. However, neuroligin and neurexin were recruited
to a lesser extent than PTPRT. Input, 3%. (F) Protein A-beads were added after purified PTPRT-ecto-Fc and neuroligin expressed in heterologous
cells were mixed. PTPRT and neuroligin were recruited to PTPRT-ecto-Fc. Input, 2%. (G) PTPRT, neuroligin, and neurexin were expressed with
PTPRT-ecto-Fc in heterologous cells and cell lysate without cell media was used for pull-down assay. When PTPRT-ecto-Fc was pulled down by
protein A-agarose beads, PTPRT, neuroligin, and neurexin were recruited to PTPRT-ecto-Fc. Input, 3%.
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regulated by the interaction of PTPRT with neuroligin, and Materials and methods
because many PTPRT mutations have been reported in colon

cancer (Wang et al, 2004), defining the relationship between DNA constructs

Full-length human PTPRT (NM_133170, aa 1-1460; from a human

neurgnal diseases and the PTI.JRT gene would be 9f signifi- brain cDNA library; Clontech) was subcloned into GW1-CMV. For
cant interest. PTPRT and Fyn kinase could be a possible drug FLAG tagging the N-terminus, a 3xFLAG epitope (MDYKDHDG-
targets for neuronal disease treatment. DYKDHDIDYKDDDDK; p3xFLAG-CMV-7.1, Sigma) was inserted
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between amino acid residues 26 and 27 of PTPRT. For the
construction of Fc-fusion proteins, the ecto-domain of PTPRT was
fused with human Fc domain at the C-terminus. For siRNA
knockdown, nt 3188-3206 and nt 2685-2703 of rat PTPRT
(CGGAACCATGACAAGAACC, RTsiRNA#1; GAAAGGCTACCATGAG
ATC, RTsiRNA#2; NM_001108603) were subcloned into
pSuper.gfp/neo (OligoEngine). The C1103S (cs), C1103,1397S
(2cs), Y912E, Y1027E, Y912,1027E, Y912F, Y1027F, Y912,1027F,
and K635N, R637L PTPRT constructs were generated by site-
directed mutagenesis using the Quick-Change system (Stratagene).
The mouse RPTPx construct was kindly provided by Dr Sap
(Universite Paris Diderot Paris 7, France). The human PTPRM and
PTPRU (PCP-2) constructs were generously donated by Dr Brady-
Kalnay and Dr Wang (Case Western Reserve University, USA). The
Fyn constructs (Fyn YS31F, constitutively active and Fyn K299M,
kinase dead) were generously provided by Dr Yamamoto (University
of Tokyo, Japan). The YFP-neuroligins and CFP-neurexins were
kindly donated by Dr Craig (University of British Columbia, Canada).

Antibodies

The PTPRT monoclonal antibody was raised against the catalytic
domain (aa 908-1164) as an antigen. A PTPRT-specific clone was
selected by ELISA using purified antigen, and the ascites was
produced in mice. The PTPRT polyclonal antibody was produced
against the juxta-membrane domain (aa 804-966) as an antigen
in the guinea-pig. Two peptide epitopes of neurexin 2o
(RGRSPTMRDSTTQN and KAPAAPKTPSKAKK) were used for the
production of a polyclonal antibody in rabbit. The SK-7 antibody
was generously provided by Dr Brady-Kalnay (Case Western
Reserve University, USA). Other antibodies were purchased from
commercial sources: synapsinl, vGLUT, vGAT, neuroliginl, neuro-
ligin2, and neurexin (Synaptic Systems GmbH); 4G10 (anti-
phosphotyrosine, Upstate); Fyn and B-catenin (Santa Cruz); MAP2
and FLAG (Sigma); GFAP (Abcam).

Cell culture and transfection

HEK293T cells, maintained in DMEM containing 10% foetal bovine
serum, were transfected by the calcium phosphate method. Primary
hippocampal neuronal cultures were as described earlier and
transfected by the calcium phosphate method (Lee et al, 2004).

Subcellular fractionation

Rat brain homogenates (H in Figure 1C) were centrifuged at 900 g to
remove nuclei and other large debris (P1). The supernatant was
centrifuged at 12 000 g to obtain a crude synaptosomal fraction (P2).
The supernatant (S2) was centrifuged at 250000g to obtain light
membrane (P3) and cytosolic fraction (S3). In parallel, the P2
fraction was subjected to hypotonic lysis and centrifuged at 25000 g
to precipitate synaptosomal membrane (LP1). The supernatant (LS1)
was further centrifuged at 250 000 g to obtain a crude synaptic vesicle-
enriched fraction (LP2) and soluble fraction (LS2). To obtain PSD
fractions, the synaptosomal fraction was extracted with detergents,
once with Triton X-100 (PSD I), twice with Triton X-100 (PSD II), once
with Triton X-100, and once with sarcosyl (PSD III).

Immunoprecipitation and mass spectrometry
PTPRT-specific monoclonal antibody was used for immunoprecipi-
tation in rat brain synaptosomal fraction. A total of 8 mg sodium
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deoxychorate-extracted synaptosome (P2-DOC) was incubated with
80 pul mouse ascites for immunoprecipitation. The resulting complex
was pulled down by protein G-agarose beads, and proteins were
separated from the resin by boiling with SDS-sampling buffer.
Samples were resolved with 10% SDS-PAGE and stained by
Coomassie blue staining. Approximately 50 SDS-gel bands were
excised, destained, and digested with trypsin. The resultant peptide
mixtures were analysed by online liquid chromatography/tandem
mass spectrometry (Waters nanoACQUITY/Q-Tof Premier, Milford,
USA) to generate peptide sequence information. Two intense ions,
which met the predetermined MS survey scan criteria, were selected
for collision-induced fragmentation. The collision energy of the
selected ion was automatically determined according to its charge
and mass. The acquisition software collected MS/MS spectra for 7 s
for each selected ion, and then acquisition was returned to MS
survey mode. The mass spectral data were processed into peak lists
containing m/z values, charge states of the parent ion, fragment ion
masses, and intensities, and these were then correlated with protein
sequence databases using Mascot software (Matrix Science,
London, UK). Proteins were identified on the basis of matching
the MS/MS data with mass values calculated for selected ion series
of a peptide.

Competition with soluble PTPRT ecto-Fc

The ecto-domains of PTPRT (aa 1-749 or 1-763) were fused to the
Fc region of human immunoglobulin (RT-ecto-Fc) and Fc-fusion
proteins were purified in HEK293T cell maintained in serum-free
culture medium. Cultured neurons transfected with pSuper.gfp/neo
(for visualization of dendritic protrusions; days in vitro (DIV) 9-20)
were treated with RT-ecto-Fc for 4 days (4 ug/ml).

Image acquisition and quantification

Images captured by confocal microscopy (LSM Meta, Zeiss) were
analysed blindly using MetaMorph software (Universal Imaging).
The density of dendritic protrusions (0.4-2.5um) and synaptic
protein clusters was measured from 40-50 dendrites of 8-10
neurons; the total dendritic length of ~50pum was measured from
the first dendritic branching points. Means from multiple individual
dendrites were averaged to obtain a population mean and s.e.m.

In vitro tyrosine phosphatase assay

Recombinant proteins containing the PTPRT catalytic domain (aa
886-1164 into pET28a) were produced and purified by affinity and
size-exclusion chromatography. PTP activity was assayed with 6,8-
difluoro-4-methylumbelliferyl phosphate (DiFMUP, Molecular
Probe) as a substrate. The reaction was performed for 20 min at
room temperature and stopped by adding 1 mM sodium orthova-
nadate. Fluorescence excitation of hydrolysed DiFMUP was
measured at 355nm, and emission was detected at 460nm in a
fluorescence plate reader.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).

Figure 6 Attenuation of synapse formation by PTPRT tyrosine phosphorylation. (A) Tyrosine phosphorylation of PTPRT in cultured neurons.
DIV21 rat hippocampal neurons were solubilized and endogenous PTPRT was immunoprecipitated. When cultured neurons were treated with
pervanadate, the tyrosine residue of PTPRT was phosphorylated (arrow). Input, 5%. (B) Co-immunoprecipitation with Fyn and PTPRT. In
heterologous cells, PTPRT and Fyn were transfected to evaluate if they interact. Using PTPRT antibodies, constitutively active Fyn (caFyn) was
recruited, but the kinase-dead Fyn (kdFyn) was not. Note that the phospho-tyrosine level of wild-type PTPRT (WT-RT) was reduced compared
with the activity-dead PTPRT (csRT & 2csRT) (arrow). Input, 1.5%. (C) Major tyrosine residues of PTPRT phosphorylated by Fyn. As the 912
and 1027 tyrosine residues of PTPRT were candidates for phosphorylation, they were mutated to phenylalanine and co-transfected with Fyn.
The phospho-tyrosine level of Y912F-RT was substantially decreased in contrast to those of WT and Y1027F-RT (arrow). For comparison, YF
mutants were constructed in inactive 2c¢s-RT. Input, 1.5%. (D) Decreased synapse formation by co-expression with Fyn. PTPRT-induced
synapse formation was attenuated by co-expression of Fyn. The density of dendritic spines and excitatory synapses decreased when PTPRT was
co-transfected with Fyn compared with WT PTPRT single transfection. Mean * s.e.m. n =52 dendrites for control, 43 for WT-RT, and 41 for WT-
RT + Fyn. *P<0.0001 (Student’s t-test). Scale bar, 10 um. (E) Inhibition of synapse formation by phospho-mimic mutants. Tyrosine residue 912
was mutated to glutamate to mimic phosphorylation and expressed in cultured neurons. Synapse formation by Y912E-PTPRT was attenuated
compared to WT PTPRT. Mean + s.e.m. n =41 dendrites for control, 30 for WT-RT, and 30 for Y912E-RT. *P<0.0001 and **P<0.05 (Student’s

t-test). Scale bar, 10 pm.
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Figure 7 Decreased PTP activity and attenuated PTPRT-neuroligin interaction by PTPRT tyrosine phosphorylation. (A) PTP activity was
reduced by the Y912E mutation. An in vitro PTP assay was performed using DiFMUP as substrate. The Y912E catalytic domain mutant showed
significantly reduced PTP activity compared with wild type and Y1027 mutants. The slope was described as activity. (B) Increased homophilic
interaction of PTPRT as a result of phosphorylation by Fyn. Two different tagged PTPRTs (EGFP and FLAG) interact strongly when
phosphorylated by Fyn (arrow). Input, 1.5%. (C) PTPRT-EGFP clustering was enhanced by Fyn. The number of PTPRT puncta was decreased
when Fyn was co-expressed in cultured neurons. The area and intensity of PTPRT puncta were increased by Fyn. Mean + s.e.m. n =46 frames
for PTPRT single transfection, 48 for PTPRT and Fyn co-transfection. *P<0.0001 (Student’s t-test). Scale bar, 10 pm. (D) Co-localization of
PTPRT and neuroligin was decreased by Fyn. The number of neuroligin within PTPRT-EGFP puncta was decreased and neuroligin puncta were
enlarged somewhat by Fyn co-expression. Mean * s.e.m. n = 30 dendrites for PTPRT single transfection, 28 for PTPRT and Fyn co-transfection.
*P<0.005 and **P<0.01 (Student’s t-test). Scale bar, 10 um. (E) Left, Overall view of PTPRK (RPTPk) D1 catalytic domain. The wedge moiety
is shown as cyan, whereas the rest of the molecule shown as yellow. The catalytic cysteine and the tyrosine residue are coloured green. Right,
Close-up view of PTPRK near Y892. The residues involving the close contacts with Y892 are shown as sticks.
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