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Abstract

Recently, neuroligins (NLs)3 and 4X have received much attention as autism-related genes. Here, we identified syntrophin-y2
(SNTG2) as a de novo binding partner of NL3. SNTG2 also bound to NL4X and NL4Y. Interestingly, the binding was influenced
by autism-related mutations, implying that the impaired interaction between NLs and SNTG2 contributes to the etiology of autism.

© 2007 Elsevier Inc. All rights reserved.
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Neuroligin (NL) is a neural cell adhesion molecule,
which was identified as a ligand for B-neurexin [1]. Rodents
possess three NLs, all of which interact with B-neurexin,
while humans have five NLs. The trans-synaptic interac-
tion between NL and B-neurexin strongly induces both
pre- and postsynaptic maturation [2-4]. Interestingly,
mutations of human NL3 and NL4X are implicated in aut-
ism and mental retardation [5-9]. Autism is characterized
by impaired reciprocal social interaction and communica-
tion and restricted, stereotyped patterns of interests and
activities. Here, we investigated the de novo binding part-
ners of NL3 using yeast two-hybrid screening, and found
that syntrophin-y2 (SNTG?2) interacted with NL3, NL4X,
and NL4Y, which are autism-related NL isoforms. Inter-
estingly, the interactions between the NLs and SNTG2
are very noteworthy in terms of the etiology of autism
because they are influenced by autism-related mutations.

Abbreviations: NL, neuroligin; PDZ, PSD/DIg/Z0-1 homology; PSD,
postsynaptic density; DIV, days in vitro; CNS, central nervous system.
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Materials and methods

Plasmid construction. Tag sequences and cDNA fragments were cloned
into the pcDNA3.1 expression vector (Invitrogen, Carlsbad, CA) or in
pECFP vector (Clontech, Palo Alto, CA) using conventional molecular
biological techniques. The nucleotide sequences of the DNA inserts were
confirmed using sequence analysis. The following NLin (intracellular
region of human neuroligin) constructs were made: NL3in (731-848 aa),
NL4Xin (698-816 aa), and NL4Yin (698-816 aa). For APBM mutants,
the C-terminus of NLs (six amino acids: HSTTRV) was deleted. For
ATMD32 mutants, TMD32, the N-terminus 32 amino acids of NL3in,
was deleted (see Fig. 1). The YFP-NLs contained each NL signal sequence
followed by the enhanced yellow fluorescent protein (EYFP) and the
mature N-terminus of each of the NLs inserted into pcDNA3.1 expression
vector. The Myc x 6 tagged NLs also contained each NL signal sequence
followed by Myc x 6 tags and the mature N-terminus of each of the NLs
inserted into pcDNA3.1 expression vector. The full-length human syn-
trophin-y2 (NCBI Accession No. NP_061841, hSNTG2) was inserted into
the revised pACT?2 vector to express the GAL4AD-fusion proteins in the
yeast two-hybrid system. The FLAG-tagged SNTG2 contained three
FLAG tags followed by the N-terminus of SNTG2. The Myc-tagged
SNTG?2 contained SNTG2 followed by six Myc tags.

Antibodies. We purchased the following rabbit polyclonal antibodies:
anti-GFP (Molecular Probes, Eugene, OR) and anti-FLAG (Sigma, St.
Louis, MO). In addition, we obtained the following mouse monoclonal
antibodies: anti-synaptophysin (Chemicon), anti-MAP2, anti-FLAG M2
(Sigma), anti-Myc, and anti-V5 (Invitrogen).
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Fig. 1. Schematic depiction of the constructs of NLs and SNTG2.
Vertical-striped, black, gray, and horizontal-striped rectangles show the
TMD32 domain, PDZ binding motif (PBM), PDZ domain, and PH
domain, respectively.

Western blotting. Samples were run on 7.5% SDS-polyacrylamide gels
and transferred to PVDF membranes (Immobilon-P; Millipore). The
membranes were blocked with 5% skim milk in TPBS (PBS with 0.05%
Tween®20) for 1 h at room temperature and then incubated for 1-2 h with
primary antibodies in TPBS. After washing, the membranes were incu-
bated for 1 h with HRP-conjugated secondary antibodies. The immuno-
reactive bands were visualized using ECL.

Yeast two-hybrid screening. Yeast two-hybrid assays were performed
using the MATCHMAKER GAL4 Two-Hybrid System (Clontech). The
cDNA fragments encoding the intracellular region of human NL3 (711-
828 aa, NCBI Accession No. NP_061850, hNL3in) were amplified by PCR
and cloned into the EcoRI and BamHI restriction sites of the pAS2-1C
vector to serve as bait in the yeast two-hybrid screening. The pAS2-1C
vector is the pAS2-1 vector (Clontech) revised as a single-copy plasmid in
yeasts. The nucleotide sequences of the DNA inserts were confirmed by
sequence analysis to verify that the inserts did not contain mutations. The
human fetal brain MATCHMAKER cDNA library in the pACT2 vector
(Clontech) served as prey in the yeast two-hybrid screening. The inserts
were expressed as fusion proteins with the DNA-binding and DNA-acti-
vating domains of GAL4. Details of the other constructs used in the yeast
two-hybrid assays are presented in Fig. 1.

Yeast was transformed using the lithium acetate method with 30%
polyethylene glycol 4000. In screening the NL3in-binding partners, 5 pug
cDNA library per plate were introduced into transformants of NL3in in
pAS2-1C. Transformants were selected on —LWHA and —LWH + 3-AT
plates, and then the surviving transformants were selected using the
B-galactosidase assay. We screened more than 1 x 10° cells. The intensity
of the interactions between NLs and SNTG2 was examined using the
3-AT assay.

Immunoprecipitation. COS-7 cells were transfected with Myc-tagged
constructs of NL and FLAG-tagged constructs of SNTG2 using FuGENE
6 (Roche, Basel, Switzerland). Cells from two 10-cm plates were homog-
enized in 500 pl of Lysis Buffer (50 mM Tris/HCI [pH 8.0] containing
200 mM NaCl, 5mM DTT, 1 mM EDTA, 1% (w/v) Triton X-100, and
protease inhibitor cocktail). Then, the lysates were centrifuged at 100,000g
for 15min at 4 °C. The supernatant was precleared with protein G
Sepharose 4 fast flow beads (Amersham Biosciences, Piscataway, NJ) for
1 h and then incubated with 1 pl of anti-FLAG M2 antibody fixed on 15 pl
beads. After the beads were washed five times with homogenization buffer,
the precipitates were analyzed using SDS-PAGE and immunoblotted with
either anti-Myc or anti-FLAG antibody.

Immunocytochemistry and image analysis. Cortical neurons and COS-7
cells were fixed with PBS containing 2% or 4% (w/v) paraformaldehyde for
15 min, and permeabilized with 0.1% (w/v) Triton X-100 in PBS for
15 min. After the buffer was exchanged for 3% (w/v) BSA in PBS, the cells
were incubated with the first antibody in 3% BSA in PBS for 1 h, washed
with PBS, and then incubated with the second antibody in 3% BSA in PBS
for 1 h. After washing with PBS, the samples were embedded in Mowiol
(Calbiochem, La Jolla, CA). When only the cell surface was stained, the
cells were incubated with the first antibody in PBS for 20 min, washed with
PBS, and incubated with the second antibody for 20 min before washing

and fixing. Z-stacks of four to 10 images were acquired on a Zeiss LSM510
meta laser scanning confocal microscope (Carl Zeiss, Jena, Germany).
Brightest point projections of the Z-stacks were used for image analysis.

Neuronal cultures and transfection. Neurons were dissociated from
the cerebral cortices of EI8 rats and cultured at a density of
5% 10% cells/cm® in Neurobasal medium with 2% B27 supplement
(Invitrogen), 200 mM L-glutamine, and 10 mM L-glutamate at 37 °C
under a controlled atmosphere containing 10% CO,. After 7 or 11 days
in vitro, the neurons were transfected with 1 pg DNA per well in 12-
well plates using Lipofectamine™ 2000 (Invitrogen) according to the
manufacturer’s directions.

Results

Library screening identified syntrophin-y2 as an
NL3in-binding protein

While some reports have implied that GABA synapses
are somehow involved in the pathology of autism [10,11],
no scaffolding protein which exclusively localizes in the
inhibitory synapse has been identified as a binding partner
of NL3, which is thought to be strongly tied to autism [5,6].
NLs have been reported to be associated with both excit-
atory and inhibitory synapses. Therefore, we hypothesized
that some unknown scaffolding proteins were associated
with NL in inhibitory synapses, and that the interactions
were involved in the pathology of autism. To identify these
unknown scaffolding proteins, we performed yeast two-hy-
brid screening using the intracellular region of NL3
(NL3in) as bait to screen a human fetal brain cDNA
library. Syntrophin-y2 (SNTG2) was identified as a puta-
tive candidate. We confirmed the authenticity of the clone
by transforming it back into yeast with NL3in.

Moreover, to determine the SNTG2-binding regions in
NLs, we performed the HIS3 assay using various con-
structs (Fig. 1) that express mutant NL-fusion proteins in
yeasts (Table 1). We examined the binding of NL3, 4X,
and 4Y to SNTG2 in yeasts. All of the autism-related

Table 1

Results of the HIS3 assay of the NL mutants

Construct HIS3 assay
Vector (DBD) +

NL3in 4+
NL3inAPBM +
NL3inR737C +++
NL3inR737CAPBM +
NL3inATMD32 +++
NL4Xin 4+
NL4XinAPBM +
NL4XinR704C +++
NL4XinR704CAPBM +
NL4Yin ++++
NL4YinR704C +++

We examined the strength of the interactions between NL or NL mutants
and SNTG2 using the HIS3 assay. Since the HIS3 gene product, which is
required for cell growth on plates lacking histidine, is competitively
inhibited by 3-AT, the concentration of 3-AT at which yeast transfor-
mants can grow represents the activity of HIS3. Therefore, it reflects the
strength of the interaction. Six, five, four, three, two, and one plus (+)
indicate 3-AT concentrations of 20, 15, 10, 5, 1, and 0 mM, respectively.
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NLs bound to SNTG2. The deletion of the PDZ binding
motif (PBM) from NL3, 4X, and 4Y disrupted this binding
to SNTG2. Notably, the introduction of an R—C point
mutation, an autism-related mutation [9], weakened the
binding. Similarly, the deletion of TMD32, the region
including the autism-related mutation, also weakened the
binding of NL3 to SNTG2. These results suggest that the
binding of NLs to SNTG2 depends mainly on PBM and
is stabilized by TMD32.

NLs bound to SNTG2 in COS-7 cells

Next, we confirmed that NLs would bind to SNTG2 in
COS-7 cells using immunoprecipitation. Myc-NL3 and
Myc-NL4X were co-immunoprecipitated with SNTG2
when FLAG-SNTG?2 was immunoprecipitated using anti-
FLAG antibody, whereas Myc-NL3 and Myc-NL4X were
not immunoprecipitated by normal IgG, suggesting that
NL3 and NL4X specifically interacted with SNTG2
(Fig. 2). In addition, Myc-NL4Y bound to FLAG-SNTG2
in COS-7 cells (data not shown).

We also examined the binding of NL mutants to
SNTG2 in COS-7 cells. As with the HIS3 assay, the dele-
tion of PBM in NL drastically weakened the binding to
SNTG?2 (Fig. 3A), indicating that the interaction between
SNTG?2 and NL in mammalian cells is mostly dependent
on PBM. In contrast, the autism-related R704C mutation
in NL4X did not seem to alter the binding (Fig. 3B). This
result seems to be inconsistent with HIS3 assay. However,
we suppose that we couldn’t detect the effect of the aut-
ism-related R704C on the interaction between NL4X
and SNTG?2 because immunoprecipitation is not sensitive
enough to detect minute differences of affinity. We also
examined the regions of SNTG?2 involved in its binding
to NLs in COS-7 cells. The deletion of either the N- or
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Fig. 2. The binding between SNTG2 and NLs in COS-7 cells. Myc-NLs
were co-immunoprecipitated with FLAG-SNTG?2 using anti-FLAG M2
antibody in Lysis buffer. Immunoprecipitation using normal mouse 1gG
was the negative control. Arrowheads and stars indicate Myc-NLs and
FLAG-SNTG2, respectively. Both arrowheads may denote the posttrans-
lational modification of NLs.
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C-terminal half of SNTG2 dramatically weakened the
binding to NL3 and NL4X (Fig. 3C), suggesting that
both the N-terminal part, including the PDZ domain,
and the C-terminal half of SNTG2 are involved in the
binding to NL.

NLs partially colocalize with SNTG2 in both COS-7 cells
and rat cortical neurons

To determine whether NL and SNTG2 colocalize
because of their interaction, we immunostained COS-7 cells
expressing YFP-NLs and SNTG2-myc. When YFP-NL3
or YFP-NL4X was expressed after transfecting COS-7
cells, it formed a small cluster on the cell surface
(Fig. 4A). When SNTG2-myc was also expressed, it par-
tially colocalized with YFP-NL (Fig. 4B); however,
SNTG2-myc did not alter the localization of YFP-NL on
the cell surface substantially, and vice versa.

Next, we examined the localization of exogenous NL3
and SNTGQG?2 in rat cortical neurons at DIV9. When YFP-
NL3 was expressed by transfection, YFP-NL3 formed
small clusters on the surface of soma and dendrites, just
like endogenous NL3 (Fig. 4C). Clusters of YFP-NL3
often colocalized with SNTG2-myc when neurons were
doubly transfected, supporting the idea that NL3 is associ-
ated with SNTQG2 in neurons and that SNTG?2 functions as
a scaffolding protein.

Discussion

This study revealed functional differences among NLs,
which were related to binding to syntrophin-y2 (SNTG?2).
Here, SNTG2 was identified as a de novo binding partner
of autism-related NLs using yeast two-hybrid screening.
SNTG?2 is a member of the syntrophin family, whose mem-
bers have a PDZ domain near the N-terminus and a PH
domain near the C-terminus. Syntrophins play a key role
as scaffolding proteins in both neuromuscular junctions
and the CNS, where they interact with dystrophin and dys-
trobrevin [12]. Interestingly, the CNS syntrophins have
been reported to localize exclusively in the inhibitory post-
synaptic regions by binding to dystrophin and dystrobrevin
[13,14]. Therefore, SNTG2 may be an unknown NL-bind-
ing scaffolding protein in inhibitory synapses.

The interaction between SNTG2 and NLs was mainly
dependent on the PBM-PDZ interaction because it was
disrupted by the deletion of PBM in NLs (Table 1 and
Fig. 3A). Meanwhile, the binding of NLs to SNTG2
was influenced by factors other than the PBM-PDZ
interaction, involving TMD32 in NLs and the region
including PH in SNTG2 (Table 1 and Fig. 3B and C).
Since deletion of the PBM disrupted the binding, we pos-
tulated that these non-PBM-PDZ factors somehow stabi-
lize the PBM-PDZ core interaction. In particular, the
effect of TMD32 on binding is interesting because it
was previously reported to be necessary for the proper
localization of NL1 [15]. In addition, TMD32 is variable
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Fig. 3. (A) Effects of the deletion of PBM in NLs on the binding between SNTG2 and NLs in COS-7 cells. Various Myc-tagged NLs were co-
immunoprecipitated with FLAG-SNTG2 in Lysis buffer. The deletion of PBM in NLs weakened the binding of NLs to SNTG2. Arrowheads and stars
indicate Myc-NLs and FLAG-SNTG2, respectively. (B) The effect of R704C in NL4X, the autism-related mutation, on the binding to SNTG2 in COS-7
cells. Various Myc-tagged NL4Xs were co-immunoprecipitated with FLAG-SNTG2 in Lysis buffer. Under these conditions, the effect of the R704C
mutation on the binding to SNTG2 was not detected. (C) The role of PDZ or the PH domain of SNTG?2 in binding to NL. Whenever the regions
containing the PDZ or PH domain were deleted, binding to NL was weakened. Therefore, both these regions might be involved in the interaction between

NL and SNTG2. Black, gray, and white arrowheads and the star indicate

Myc-NLs, the FLAG-tagged region containing the PDZ domain, the FLAG-

tagged region containing the PH domain of SNT2G2, and the FLAG-tagged full-length SNTG, respectively.

in comparison with other parts of NL. These findings led
us to hypothesize that due to the diversity of TMD32,
NLs are functionally different from each other and the
sequence of TMD32 for each NL determines whether

the NL localizes in the inhibitory synapse. In this exper-
iment, we could not examine the interaction between
SNTG2 and NL2, which has been reported to localize
in the inhibitory synapse exclusively. However, NL2 is
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Fig. 4. (A) Localization of NL3 and NL4X on the surface of COS-7 cells. Only YFP-NL3 and YFP-NL4X on the cell-surface were immunostained using
anti-GFP antibody and the secondary antibody conjugated with Oregon Green 488 without membrane permeabilization. They were clustered on the cell
surface. (B) Localization of NLs and SNTG2 in COS-7 cells. The upper panels are negative controls. YFP or YFP-NL of cell-surface, SNTG2-Myc and
merged images are shown on the left, center, and right, respectively. Co-transfected YFP-NL and SNTG2-Myc partially colocalized. Scale bar, 20 um. (C)
Localization of NL3, NL4X, and SNTG2 in rat cortical neurons. Neurons were transfected with YFP-NL3 and SNTG2-Myc at DIV7 using
Lipofectamine 2000. After a 48-h incubation, the neurons were fixed, immunostained, and observed under confocal microscopy. The boxed area is
enlarged in the bottom row. The clusters of YFP-NL3 of cell-surface sometimes colocalized with the cluster of SNTG2-Myc (arrowhead). Scale bar,

20 pm.

expected to bind to SNTG2 much stronger than any
other NL, considering that both NL2 and SNTG2
dominantly localize in the inhibitory synapse [13,14,16].
The interaction will be determined in future.

Recently, some reports have suggested that the balance
between excitatory and inhibitory synapses is disrupted in
patients with autism [17,18]. A postmortem analysis of
the brains of subjects with autism indicated that glutamic
acid decarboxylase (GAD) was reduced in the autistic pari-
etal and cerebellar cortices [11], suggesting that the impair-
ment of GABAergic synaptic transmission causes autism.
Meanwhile, the binding of NLs to SNTG2, a putative
inhibitory-synaptic scaffolding protein, were affected by
autism-related mutations in NLs in our experiments. Total-
ly, the interactions between NLs and SNTG?2 at the inhib-

itory synapse may be deeply involved in the etiology of
autism. In future, screening autistic individuals for SNTG2
mutations may elucidate the association between autism
and the binding of SNTG2 to NLs.
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