
Biochimica et Biophysica Acta 1854 (2015) 827–833

Contents lists available at ScienceDirect

Biochimica et Biophysica Acta

j ourna l homepage: www.e lsev ie r .com/ locate /bbapap
Interaction proteomics of canonical Caspr2 (CNTNAP2) reveals the
presence of two Caspr2 isoforms with overlapping interactomes☆
Ning Chen a,b, Frank Koopmans b, Aaron Gordon c, Iryna Paliukhovich a, Remco V. Klaassen a,
Roel C. van der Schors a, Elior Peles c, Matthijs Verhage b, August B. Smit a,1, Ka Wan Li a,⁎,1

a Department of Molecular and Cellular Neurobiology, Center for Neurogenomics and Cognitive Research, Neuroscience Campus Amsterdam, VU University, De Boelelaan 1085,
Amsterdam 1081 HV, The Netherlands
b Department of Functional Genomics, Center for Neurogenomics and Cognitive Research, Neuroscience Campus Amsterdam, VU University, De Boelelaan 1085, Amsterdam 1081 HV,
The Netherlands
c Department of Molecular Cell Biology, The Weizmann Institute of Science, Rehovot 76100, Israel
☆ This article is part of a Special Issue titled Neur
Neuroscience and Neurology.
⁎ Corresponding author. Tel.:+31 20 5987107; fax: +3

E-mail address: k.w.li@vu.nl (K.W. Li).
1 These authors have equal contribution.

http://dx.doi.org/10.1016/j.bbapap.2015.02.008
1570-9639/© 2015 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 18 September 2014
Received in revised form 31 January 2015
Accepted 11 February 2015
Available online 21 February 2015

Keywords:
Autism
Caspr2
Interaction proteomics
Mouse model
Brain
Autism is a human developmental brain disorder characterized by impaired social interaction and communica-
tion. Contactin-associated protein-like 2 (Caspr2, CNTNAP2) is a known genetic risk factor of autism. However,
how this proteinmight contribute to pathology is unclear. In this study, we demonstrate that Caspr2 is abundant-
ly present in lipid raft and in the synaptic membrane but is highly depleted in the postsynaptic density. The
Caspr2 protein level in hippocampus is present at a constant level during synapse formation and myelination
from P0 to P84. Interaction proteomics revealed the interactors of Caspr2, including CNTN2, KCNAs, members
of the ADAM family (ADAM22, ADAM23 and ADAM11), members of LGI family and MAGUKs (DLGs and
MPPs). Interestingly, a short form of Caspr2was detected, which lacksmost of the extracellular domains, howev-
er, is still associated with ADAM22 and to a lesser extent LGI1 and Kv1 channels. The comprehensive Caspr2
interactome revealed heremight aid in understanding themolecularmechanisms underlying autism. This article
is part of a Special Issue titled Neuroproteomics: Applications in Neuroscience and Neurology.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Autism spectrum disorder (ASD) is themost prevalent developmen-
tal brain disorder in children. The diagnosis of ASD is based on abnor-
malities in social interaction, impairments in language development
and communication and occurrence of repetitive or stereotyped behav-
iors [1]. In addition, many ASD patients have seizures and display intel-
lectual disability. The cause, or causes, of ASD are largely unknown. The
high heritability of autism was demonstrated convincingly by
concordance rates in genetic studies in families and twins [2,3]. Consid-
erable symptom heterogeneity in the autism spectrum exists, which
may be indicative of the underlying genetic complexity of the disorder.
Currently, over 100 ASD-genes have been reported by genetic analysis
[4,5]. In particular, mutations in Shank, Caspr2, Neurexin and Cadherin,
cell adhesion molecules and components of the synapse have been
linked to ASD [5–7]. This supports the hypothesis that synaptic dysfunc-
tion is an underlying cause, at least in part, of the observed ASD behav-
ioral phenotypes.
oproteomics: Applications in
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Recent behavioral and physiological studies revealed the prominent
role of contactin-associated protein-like 2 (Caspr2, CNTNAP2) in ASD
[8–10]. In particular, Caspr2 knockoutmice exhibited behavioral abnor-
malities thatmimic some of the core features of ASD [8,11]. At the cellu-
lar level, knockout mice showed neuronal migration abnormalities,
reduced numbers of interneurons and abnormal neuronal network ac-
tivity [8]. Similar alterations were reproduced independently by the
knockdown of Caspr2 transcripts in a cortical neuron culture in vitro,
which exhibited impaired synapse formation and neural network
assembly leading to a global decrease of synaptic transmission [10].
How mutations at the Caspr2 locus and/or reduction of Caspr2 expres-
sion cause ASD remains largely unclear.

Caspr2 is a single pass transmembrane cell adhesion protein. The
extracellular region of Caspr2 is composed of several domains common
to cell adhesion molecules, including laminin G, EGF repeats and
discoidin-like domains. Caspr2 interacts with Contactin 2 (CNTN2)
extracellularly, forming a neuron–glia cell adhesion complex [12]. The
short intracellular region of Caspr2 contains a band 4.1 binding domain
and a carboxy-terminal PDZ-binding motif, which might be involved in
the clustering of voltage-gated potassium channels 1 (Kv1, KCNA) in
myelinated axon membranes [13]. This clustering of Kv1 channels in
myelinated axonmembranes, permits a rapid and efficient propagation
of action potentials at the juxta-paranodal membrane of the nodes of
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Fig. 1.Western blotting of Caspr2 antibody. Fifteen micrograms of DDM extracts of corti-
ces from two wild-type mice (WT1 and 2) and two knockout mice (KO1 and 2) were
separated on a 10% SDS–PAGE, electro-blotted on PVDF membrane and immunostained
with anti-Caspr2 antibody. A major immunoreactive band is present around 150 kDa cor-
responding to the expected mass of Caspr2.
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Ranvier [12]. Besides, Caspr2 has been shown to associate with Kv1
channels in the distal region of the axon initial segment of pyramidal
neurons, which is crucial for controlling action potential initiation and
neural activity [14]. Caspr2 has also been demonstrated in the synaptic
plasma membrane of brain lysates [15].

To improve understanding of Caspr2 function, we examined the
subcellular localization of Caspr2 by biochemical fractionation and the
developmental expression pattern of Caspr2. We then characterized
the Caspr2 protein complex in two preparations, namely, an extract of
synapse-enriched fraction of the hippocampus and an extract from
whole cortex, in wild-type and Caspr2 knockout mice. In addition to
the previously reported Caspr2 interactors, we detected a Caspr2 iso-
form 2. In the Caspr2 knockoutmice, the short Caspr2 isoform 2, lacking
most of the extracellular domains, is still present and is capable of
interacting with a subset of the Caspr2 long isoform interactors.

2. Materials and methods

2.1. Subcellular fractionation of hippocampal lysate

Mature C57Bl6 mice brains were taken at postnatal days P56-P70,
and hippocampiwere dissected on ice [16] and stored at−80 °C for fur-
ther use. Frozen hippocampi were homogenized in homogenization
buffer (320mM sucrose, 5 mMHEPES (pH 7.4) and a protease inhibitor
mixture(Roche Applied Science)) using a dounce homogenizer on ice,
and centrifuged at 1,000 ×g. The supernatant was further centrifuged
at 16,000 ×g for 20 min to obtain the pellet as P2 fraction. The superna-
tant was centrifuged at 85,000 ×g for 2 h to obtain the pellet as micro-
some fraction. The P2 fraction was centrifuged at 85,000 ×g for 2 h in
a sucrose step gradient to obtain the synaptosome fraction at the
0.85 M/1.2 M sucrose interface. Synaptosomes were lysed in hypotonic
solution containing 5 mM HEPES (pH 7.4), and the resulting synaptic
membrane fraction was recovered by centrifugation using the sucrose
gradient as stated above. To obtain postsynaptic density (PSD) and
lipid raft, the P2 and microsome fractions were pooled and stirred for
30 min on ice in 50 mM HEPES (pH 7.4) containing 1% Triton X-100.
The sample was loaded on top of a sucrose gradient consisting of
0.32 M, 1.0 M, 1.5 M and 2.0 M sucrose and centrifuged at 85,000×g
for 2 h. The interface between 1.5 M and 2.0 M was collected as PSD
and the interface between the input and 0.32 M as lipid raft.

2.2. Affinity isolation of the Caspr2 protein complex

Hippocampi and cortices were dissected from mature C57Bl6 wild-
type and Caspr2 knockout mice [11] and stored at−80 °C. For the anal-
ysis of Caspr2 interactome fromhippocampus,we followed the protocol
as described previously [17]. In short, the P2 and microsome (P2 + M)
fractionwas extracted in a buffer (150mMNaCl, 50mMHEPES (pH 7.4)
containing 1% Triton X-100 and the protease inhibitor mixture) at 4 °C.
The extract was incubated with primary antibody to the bait protein on
a rotator at 4 °C overnight. On the second day, protein A/G PLUS-agarose
beads (Santa Cruz)were added and incubated at 4 °C for 1 h. Boundpro-
teinswere eluted from the beads for subsequent analysis. The quantities
of thematerials and reagentswere 5mg P2+M fraction, 10 μg antibody
and 50 μl slurry of protein A/G PLUS-agarose beads for a typical SDS–
PAGE/MS experiment.

In the second experiment, we used the total cortical extract as input.
A single cortex was directly homogenized in 5 mL buffer containing
150 mM NaCl, 50 mM HEPES (pH 7.4), 0.5% n-dodecyl β-D-maltoside
(DDM) and the protease inhibitor mixture at 4 °C. The extract was
incubated with antibody and further analyzed by SDS–PAGE/MS as
described above.

Polyclonal antibody against Caspr2 (catalog number A01426) and its
antigenpeptidewere purchased fromGenscript;monoclonal antibodies
against ADAM22 (catalog number 75–083) and DLG4 (catalog number
75–028) and Kv1.1 (catalog number 75–105) were purchased from
Neuromab.

2.3. SDS–PAGE separation of IP samples and in-gel trypsin digestion

The protein A/G beads with Caspr2 antibody and the bound Caspr2
protein complexes were mixed with 14 μl 2× SDS sample buffer and
heated to 98 °C for 5min. To block cysteine residues, 5 μl 30% acrylamide
was added and incubated at room temperature for 30min [18]. Proteins
were then resolved on a 10% SDS–polyacrylamide gel and stained with
colloidal Coomassie blue G-250 for 30 min. The gel lane of each sample
was cut into five pieces. Each was chopped into smaller pieces using a
scalpel and transferred to an Eppendorf tube. The gel pieces were
destained with 50% acetonitrile in 50 mM ammonium bicarbonate,
dehydrated in 100% acetonitrile and rehydrated in 50 mM ammonium
bicarbonate. The destaining cycle was repeated once. After dehydration
in 100% acetonitrile and dried in a speedvac, the gel pieces were
incubated with trypsin solution containing 10 μg/mL trypsin (sequence
grade; Promega, Madison, USA) in 50 mM ammonium bicarbonate
overnight at 37 °C. Peptides from the gel pieces were extracted twice
with 200 μL 50% acetonitrile in 0.1% Trifluoroacetic acid, dried in a
SpeedVac and stored at −20 °C for future use.

2.4. HPLC-MS/MS analysis

Peptideswere re-dissolved in 20 μL 0.1% acetic acid and injected into
an LTQ-Orbitrap mass spectrometer (Thermo Electron, San Jose, CA,
USA) equipped with an HPLC system (Eksigent). Samples were first
trapped on a 5 mm Pepmap 100 C18 (Dionex) column (300 μm ID,
5 μm particle size) and then analyzed on a 200 mm Alltima C18 home-
made column (100 μm ID, 3 μm particle size). Separation was achieved
by using amobile phase from5% acetonitrile, 94.9%H2O, 0.1% acetic acid
(solvent A) and 95% acetonitrile, 4.9% H2O and 0.1% acetic acid (solvent
B), and the linear gradient was from 5% to 40% solvent B for 40 min at a
flow rate of 400 nL/min. The LTQ-Orbitrap mass spectrometer was



Fig. 2. Caspr2 expression during brain development. (A) Protein input of the hippocampus P2 + M from brain developmental series for immunoblotting and visualized on homemade
stain-free SDS–PAGE gel with Gel Doc EZ system (Bio-Rad). (B) Immunoblotting analysis of Caspr2, synaptic proteins and myelin proteins. Caspr2 is detected in hippocampus over all
ages of mice, with a slight increase in level from P0 till P21, after which expression is stable. Synaptic proteins GRIA2 and DLG4 are expressed increasingly after birth and stabilize around
P21, whereas myelin proteins MAG, MOBP and MBP are expressed from P21 and get to full expression only at P84.
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operated in the data-dependentmode, inwhich one full-scan surveyMS
experiment (m/z range from 330 to 2000) was followed by MS/MS
experiments on the five most abundant ions.

2.5. Data analysis

The mass spectra were searched against the Uniprot proteomics da-
tabase (version 2013-01-06) with MaxQuant software (version 1.5).
The mass tolerances in MS and MS/MS were set to 6 ppm and 0.5 Da,
respectively. Trypsin was designated as the protease, and up to two
missed cleavages were allowed. Cysteine alkyation with acrylamide
was set as fixed modification; methionine oxidation and protein N-
terminal acetylation were set as variable modifications. False discovery
rates of both peptides and proteins were set within 0.01. The valid
Fig. 3. Caspr2 levels in different subcellular fractions of hippocampal lysates. (A) Protein input
precast gels (Bio-Rad) and scanned with Gel Doc EZ system (Bio-Rad). Hom: homogenate; P2
brane; PSD: Triton X-100 insoluble postsynaptic density fraction; LR: Triton X-100 insoluble lip
Compared to Caspr1 (CNTNAP1), Caspr2 is abundant in the synapticmembrane fraction and in t
synaptic compartment; SYP and FLOT1 aremarkers of the pre-synaptic terminal and lipid raft, re
protein hits should contain at least one unique peptide. For intensity-
based absolute quantification (iBAQ), the summed MS intensity of all
assigned peptides for each protein was divided by the number of
theoretically observable peptides. Only unique peptides were used for
identification and quantitation.

2.6. Immunoblotting

Samples were separated by homemade stain-free SDS–PAGE gels
containing 0.5% 2,2,2-trichloroethanol (Sigma-Aldrich) or Criterion™
TGX stain-free™ precast gels (Bio-Rad), scanned with Gel Doc EZ
system (Bio-Rad) and then transferred to PVDF membranes (Bio-Rad)
at 40 V at 4 °C overnight. After blocking with 5% non-fat dried milk in
Tris-buffered saline Tween-20 (TBST) (28 mM Tris, 136.7 mM NaCl,
of the subfraction samples for immunoblotting, separated on Criterion™ TGX stain-free™
+ M: pellet 2 and microsome; P2: pellet 2; Syn: synaptosome; Syn mem: synaptic mem-
id raft fraction. (B) Immunoblot analysis of Caspr2, synaptic proteins and myelin proteins.
hemyelin-associated fractions. GRIA2, GRIN2B and DLG4 are used asmarkers for the post-
spectively;MAG,MOBP andMBPwere taken asmarkers of themyelin-associated fractions.



Table 1
Proteins identified from the IPs with anti-Caspr2 antibody from hippocampal P2 + microsome fraction.

Gene name Protein name Experiment 1 Experiment 2

KO1 KO2 WT1 WT2 WT1 WT2 WT3

CNTNAP2 (isoform 1) Isoform 1 of contactin-associated protein-like 2 (Caspr2 isoform 1) 8.6E+07 8.7E+07 4.3E+07 3.5E+07 4.1E+07
CNTNAP2 (isoform 2) Isoform 2 of contactin-associated protein-like 2 (Caspr2 isoform 2) 6.5E+05 2.4E+06 1.2E+07 1.8E+07 1.7E+07 1.8E+07 1.7E+07
CNTN2 Contactin-2 2.2E+06 2.4E+06 1.1E+06 8.7E+05 9.8E+05
LGI1 Leucine-rich glioma-inactivated protein 1 2.1E+04 8.5E+04 1.4E+06 8.2E+05 1.1E+05 1.3E+05 1.5E+05
KCNAB2 Voltage-gated potassium channel subunit beta-2 1.7E+05 9.4E+05 1.0E+06 4.2E+05 1.4E+05 4.4E+05
ADAM22 Disintegrin and metalloproteinase domain-containing protein 22 1.2E+04 1.8E+04 4.9E+05 2.2E+05 1.1E+05 6.5E+04 7.5E+04
ADAM23 Disintegrin and metalloproteinase domain-containing protein 23 3.2E+05 2.3E+05 3.3E+04 7.2E+04 7.7E+04
MPP3 MAGUK p55 subfamily member 3 1.6E+05 1.8E+05 7.4E+03
CLU Clusterin 1.5E+05 1.7E+05 2.5E+04
DLG4 Disks large homolog 4 1.1E+05 5.3E+04 1.1E+04 1.5E+04 1.9E+04
KCNA2 Potassium voltage-gated channel subfamily A member 2 (Kv1.2) 8.1E+04 6.1E+04 3.9E+04 2.2E+04
CKMT1 Creatine kinase U-type, mitochondrial 7.5E+04 1.8E+04 1.3E+04
ADAM11 Disintegrin and metalloproteinase domain-containing protein 11 6.9E+04 9.8E+04 8.9E+03 1.3E+04 1.1E+04
DLG1 Disks large homolog 1 2.9E+04 8.8E+04 3.9E+03

Multiple replicates were done in two batches. The first experiment includes IPs from two knockout (KO 1 and 2) and two wild-type samples (WT 1 and 2), and the second experiment
includes three IP replicates fromwild-type samples (WT 1, 2 and 3). The iBAQ values of the identified proteins are shown, corresponding to their protein abundance (descending values).
When no values are depicted, signal was below detection limit.
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0.05% Tween-20, pH 7.4) for 4 h, membranes were incubated with the
primary antibody with 3% non-fat dried milk in TBST at 4 °C overnight,
followed by the secondary antibody for 1 h at room temperature. Target
proteins were detected by ECL (Pierce) on the scanner (LICOR).

In addition to the antibodies described in the affinity isolation of the
Caspr2 protein complex, multiple antibodies were used for immuno-
blotting, including monoclonal antibodies against Caspr1 (catalog
number 75–001), AMPA-selective glutamate receptor 2 (GRIA2, catalog
number 75–002) and NMDA receptor 2b (GRIN2B, catalog number
75–097) from Neuromab; myelin basic protein (MBP) polyclonal
antibody (catalog number ab91405) and Myelin oligodendrocytebasic
protein (MOBP) monoclonal antibody (catalog number ab7349) from
Abcam; myelin-associated glycoprotein (MAG) monoclonal antibody
(catalog number sc9544) from Santa Cruz; synaptophysin (SYP) poly-
clonal antibody (catalog number A01307) from Genscript; and Flotillin
1 (FLOT1) polyclonal antibody made against peptide sequence
CKLPQVAEEISGPLT.

3. Results

The success of the experiments is critically dependent on the quality
of the Caspr2 antibody. We performedWestern blotting analysis on the
cortical extracts fromCaspr2 knockout andwild-typemice. Fig. 1 shows
the intense immunostained band at 150 kDa, corresponding to themass
of Caspr2, in wild-type samples, which is absent in the knockout
samples.

3.1. Caspr2 protein level is constant through brain development

Caspr2 is involved in the neuron-oligodendrocyte interaction and
clustering of Kv1 channels in myelinated axons. Recently, Caspr2 has
been implicated in synapse development [10], which is a distinct phys-
iological process and independent of myelination. We examined the
Caspr2 protein level in hippocampus during synapse formation and
myelination from P0 to P84 (Fig. 2). The Caspr2 protein level is fairly
Table 2
Reverse IPs reveal the presence of full length Caspr2 (isoform 1) in the complex.

Gene name Protein name

CNTNAP2 (isoform 1) Isoform 1 of contactin-associated protein-like 2 (Caspr2 isoform 1
ADAM22 Disintegrin and metalloproteinase domain-containing protein 22
KCNA1 Potassium voltage-gated channel subfamily A member 1 (Kv1.1)
DLG4 Disks large homolog 4

The IP replicateswere performed and labeled as ADAM22_IP1; ADAM22_IP2, DLG4_IP1 and DLG
corresponding to their protein abundance.
constant across all time points, in contrast to the postsynaptic proteins,
GRIA2 and DLG4, which show a gradual increase in expression through-
out adolescence and stabilize in adulthood.Myelin proteins only start to
show up at P21 and reach amaximum in adulthood. Thus, Caspr2might
be involved inmultiple processeswith early onset in brain development
and extending throughout brain development.

3.2. Caspr2 is present in lipid raft and synaptic membrane fractions

To examine the subcellular distribution of Caspr2, immunoblotting
of synaptic subfractions was carried out (Fig. 3). Caspr2 is present
abundantly in the lipid raft fraction. In the synaptic fractions, Caspr2 is
present in P2, synaptosome and synaptic membrane but is depleted in
the PSD. This suggests that the synaptic Caspr2 is presentmainly outside
the PSD. For comparison, typical PSD proteins, such as the glutamate
receptors (GRIN2B and GRIA2) and the scaffolding protein (DLG4), are
enriched in the PSD, whereas the typical myelin proteins (MAG, MOBP
and MBP) are present mainly in the lipid raft. Caspr1 is highly present
in lipid raft and much lower in synaptic fractions.

Based on the co-occurrence in similar subfractions, it is likely that
Caspr2 and its known interactor, DLG4, form protein complex in synap-
tic membrane and lipid raft.

3.3. Interaction proteomics of Caspr2 reveals multiple protein complexes

Two experiments were performed using hippocampus and cortex,
respectively. In the first experiment, the Caspr2 protein complex was
immunoprecipitated from the hippocampus P2 + M fraction. We have
performed the experiments in two batches, namely, IPs from 3 WT
mice and IPs from 2 WT and 2 KO. 359 proteins were identified at
least once from the 7 IPs. To reveal the true Caspr2 interactors from
the background, the identification in at least 3 out of the 5 IPs from
the WT samples was required, as well as a 10-fold depletion in the KO
samples. This reduces the list to 14 proteins (Table 1). The known
interactors CNTN2, ADAM22, LGI1, subunits of Kv1 channel and DLG4
ADAM22_IP1 ADAM22_IP2 DLG4_IP1 DLG4_IP2 Kv1.1_IP1 Kv1.1_IP2

) 2.8E+03 9.9E+02 9.8E+02 1.5E+05 1.6E+04 1.1E+05
5.4E+05 1.9E+05 6.8E+05 9.4E+06 1.2E+06 2.1E+06
2.3E+04 8.1E+03 2.6E+05 2.7E+07 1.5E+07 2.6E+07
1.4E+05 4.2E+04 1.1E+07 4.6E+07 1.7E+06 5.4E+06

4_IP2; and Kv1.1_IP1 and Kv1.1_IP2. The iBAQ values of the identified proteins are shown,



Table 3
Proteins identified from the IPs with anti-Caspr2 antibody from cortex extract.

Gene name Protein name KO1 KO2 WT1 WT2

CNTNAP2 (isoform 1) Isoform 1 of contactin-associated protein-like 2 (Caspr2 isoform 1) 6.0E+03 6.1E+06 3.9E+07
CNTNAP2 (isoform 2) Isoform 2 of contactin-associated protein-like 2 (Caspr2 isoform 2) 1.5E+06 2.0E+06 1.0E+06 1.0E+06
CNTN2 Contactin-2 1.0E+06 8.2E+06
ADAM11 Disintegrin and metalloproteinase domain-containing protein 11 2.2E+04 7.3E+05
ADAM22 Disintegrin and metalloproteinase domain-containing protein 22 1.7E+04 3.3E+03 1.2E+05 3.1E+06
ADAM23 Disintegrin and metalloproteinase domain-containing protein 23 5.5E+04 1.7E+06
DLG1 Disks large homolog 1 1.1E+05 7.2E+05
DLG2 Disks large homolog 2 8.8E+04
DLG4 Disks large homolog 4 2.0E+04 4.5E+04 1.3E+06
KCNAB1 Voltage-gated potassium channel subunit beta-1 1.1E+04 5.4E+04
KCNAB2 Voltage-gated potassium channel subunit beta-2 4.5E+04 4.7E+04 5.3E+05 2.4E+06
KCNA1 Potassium voltage-gated channel subfamily A member 1 (Kv1.1) 1.0E+04 1.6E+06
KCNA2 Potassium voltage-gated channel subfamily A member 2 (Kv1.2) 5.3E+04 1.8E+06
KCNA3 Potassium voltage-gated channel subfamily A member 3 (Kv1.3) 3.0E+05
KCNA4 Potassium voltage-gated channel subfamily A member 4 (Kv1.4) 3.4E+05
KCNA6 Potassium voltage-gated channel subfamily A member 6 (Kv1.6) 8.7E+04 2.0E+05
LGI1 Leucine-rich glioma-inactivated protein 1 6.5E+06 9.9E+06
LGI2 Leucine-rich glioma-inactivated protein 2 2.0E+03 5.4E+05
LGI3 Leucine-rich glioma-inactivated protein 3 1.0E+05 2.9E+05
LGI4 Leucine-rich glioma-inactivated protein 4 2.2E+04 6.2E+04
MPP2 MAGUK p55 subfamily member 2 2.8E+04 8.3E+04
MPP3 MAGUK p55 subfamily member 3 2.0E+03 1.9E+03 3.9E+05
CKMT1 Creatine kinase U-type, mitochondrial 5.0E+04 5.2E+04 4.8E+04 3.1E+04
CLU Clusterin 9.9E+03 9.4E+04
PSME3 Proteasome activator complex subunit 3 1.0E+06 4.4E+05
TPI1 Triosephosphateisomerase 4.5E+04 1.5E+05 1.1E+05 1.2E+05

The iBAQ values of the identified proteins are shown, corresponding to their protein abundance. When no values are depicted, signal was below detection limit. When no values are
depicted, signal was below detection limit.
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are consistently detected in the IPs of WT samples. An unexpected
result is the presence of a Caspr2 variant in the KO samples, albeit
at N10-fold lower amount. This short isoform 2 corresponds to the
C-terminal region of the canonical Caspr2 isoform 1 and is distin-
guished from isoform1 by a single peptide that is cleaved differently
by trypsin (Supplementary Fig. 1). ADAM22 and LGI1, and to a lesser
extent the Kv1 channel, are also detected indicating that the isoform
2 is capable of interacting with a subset of the typical Caspr2
interactors.

Reverse IPs were performed on ADAM22, DLG4 and KCNA1
(Table 2). We confirmed the interaction of ADAM22, DLG4 and KCNA1
to Caspr2 isoform 1. However, we were not able to detect the short
isoform 2 of Caspr2. The intensities of Caspr2 are generally low and
close to the detection limit. Thus, it is likely that the lower expressed
Fig. 4. The distribution ofCaspr2 isoforms 1 and 2 across the SDS–PAGE gel fractions. x-axis, SDS
type (WT) and knock out (KO) mice samples; y-axis, iBAQ values (see Table 3).
Caspr2 isoform 2 may exist in the protein complex at a level below
the detection limit of our measurement.

We asked whether the isoform 2 is present solely in hippocampus
andwhether the use of detergentmight affect the protein-protein inter-
action. We repeated the IP experiments using cortex as input and DDM
for extraction and focused on proteins that were identified as Caspr2
interactors from hippocampus samples. Members of proteins identified
in hippocampal IPs (Table 1) were also recovered in the cortex IPs
(Table 3). MPPs and CLU were identified as Caspr2 interactors in both
hippocampal and cortical samples. This strongly argues that they are
the true interactors. Future experiments are needed to validate these
interactions and their roles on Caspr2 function.

To further confirm the identity of isoform 2, we re-analyzed the IP
data of the five SDS–PAGE gel slices. Fig. 4 shows that in WT sample,
–PAGE gel slices number 1–5 (S1 – S2) corresponding from high to lowmasses fromwild-
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Caspr2 isoform 1 is present predominantly in gel slice 1 corresponding
to themass of N 100 kDa, whereas isoform 2 is present in gel slice 5 cor-
responding to mass b25 kDa. In the KO, Caspr2 isoform 2 is present in
slice 5. The levels of Caspr2 isoform 2 in KO and WT are similar.

4. Discussion

Although Caspr2 has been associated geneticallywithASD [8–10], its
mechanistic contribution to autism is presently unknown. In this study,
we aimed to identify the interacting proteins of Caspr2 and to establish
the protein complexes, as a first step towards its functional analysis. We
confirmed the expression of Caspr2 in juvenile and adult mice and its
presence within and outside the synapse. Multiple interacting proteins
of Caspr2 were revealed in this study. Moreover, we showed by study-
ing knockout mice the existence of a short form of Caspr2 lacking
most of the extracellular domains.

Caspr2 is known to play a critical role in the association of neurons
and oligodendrocytes and in action potential propagation at the nodes
of Ranvier of myelinated axons [13]. Caspr2 interacts with CNTN2 to
form axon–glial contacts at the juxta-paranodes [12]. This adhesion
complex enables the clustering of Kv1 channels, and the accumulation
of scaffolding proteins, the MAGUKs DLG4 and DLG1 [13]. Recent pull-
down experiments using the cytoplasmic domain of Caspr2 revealed
the potential interaction of Caspr2 with another family of MAGUKs,
the MPPs [13]. It was further suggested that the binding of protein 4.1
to Caspr2 allows the recruitment of MPPs to Caspr2 protein complex,
but the in vivo evidence of Caspr2-MPP(s) interaction remained to be
demonstrated [13]. The Caspr2 interacting Kv1 channels are responsible
for the modulation of the action potential in the juxta-paranodes of the
myelinated axons [11,12]. It was demonstrated that ADAM22 is an
axonal component of the Kv1 channels and recruits MAGUKs to the
juxta-paranodes [19]. However, ADAM22 is not essential for the cluster-
ing of Kv1 channels and Caspr2. Caspr2 is also abundantly present in the
axon initial segment. It was suggested that the components of the
Caspr2 protein complex in juxta-paranodes and axon initial segment
are similar, but that the mechanism of protein clustering may differ.
Taken together, based on literature data, the Caspr2 protein complex
most likely contains CNTN2, and the Kv1 channels with its interactors,
including different MAGUKs and ADAM22.

In the present study, we have carried out a comprehensive interac-
tion proteomics analysis to reveal the Caspr2 interactome. We recov-
ered the established Caspr2 interactors. Reverse IPs on ADAM22, DLG4
and KCNA1 further confirmed their interactions with Caspr2. However,
Caspr2 interactome appears to be more complex than previously de-
scribed. First, multiple members of the reported Caspr2 interactors
may be contained in the Caspr2 complex. For example, three members
of the ADAM family (ADAM11, ADAM22 and ADAM23), threemembers
of the DLG family (DLG1, DLG2 and DLG4) and 4 members of the LGI
family (LGI1, LGI2, LGI3 and LGI4) were identified in at least some of
the Caspr2 IPs. This raises the possibility that different members of a
familymay be present in the same Caspr2 protein complex; alternative-
ly, theymay bemutual exclusively present in a Caspr2 protein complex.
Second, the probable interaction between MPP and Caspr2 implicated
from previous pull-down experiments is confirmed by the present
study. Third, we detected novel Caspr2 interactors, such as CLU.

We further detected the presence of a short isoform 2 Caspr2. It was
proposed that a short form comprising the C-terminal region (amino
acids 1225 to 1332) of the full length Caspr2 exists [20,21]. Indeed, the
identified Caspr2 peptides from the knockout sample all matched to
this C-terminus of the full length Caspr2, thereby demonstrating the
presence of the short form Caspr2 sequence. This short form of Caspr2
containing the full intracellular domain is capable of interacting with
ADAM22, LGI1 and Kv1 channels, albeit at a lower level. This finding is
in line with a previous study showing the requirement of the cytoplas-
mic domain of Caspr2 for Kv1 channel clustering. In contrast to this, the
major Caspr2 interactor, CNTN2, does not interact with short form
Caspr2, indicating the importance of the extracellular domains for the
Caspr2-CNTN2 interaction. Given the specific loss of CNTN2 interaction,
the short formCaspr2might play role in themodulation of action poten-
tial propagation but should not contribute to cell-cell contact. Of notice
is that the Caspr2 isoform 2 is also predicted to be present in human.

5. Conclusions

In conclusion, we characterized the composition of Caspr2 protein
complex by interaction proteomics and revealed multiple interacting
proteins including CNTN2, ADAM family, LGI1, Kv1 channels and
MAGUKs. Furthermore, we demonstrated that Caspr2 isoform-specific
complexes exist, which might provide relavance for the further dissec-
tion of dysfunctional molecular mechanisms underlying autism.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbapap.2015.02.008.
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