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Abstract 

Autism is a neurodevelopmental disorder characterized by impaired social interaction and 

communication. Contactin-associated protein-like 2 (CNTNAP2) is a known genetic risk factor of 

autism. However, how it contributes to pathology is still unclear. In this study, we investigated the 

CNTNAP2 local protein network by interaction proteomics analysis in brains of wild-type and 

CNTNAP2 knockout mice. IP, BN-PAGE and MS were effectively combined as an innovative approach 

to visualize the size, composition and relative abundance of sub-populations of CNTNAP2 

complexes. Three sub-complexes of CNTNAP2 were detected. The majority of CNTNAP2 probably 

forms a homodimer, a small fraction of CNTNAP2 interacts with CNTN2, and only a minor fraction of 

CNTNAP2 associates in an LGI1-ADAM22-Kv1 channel-DLG1 complex. A short form of CNTNAP2 was 

detected lacking most of the extracellular domains, which still associated with ADAM22, LGI1 and 

Kv1 channels. The comprehensive CNTNAP2 interactome revealed might provide new insights for 

the molecular mechanisms underlying autism. 
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Introduction 

Autism spectrum disorder (ASD) is the most prevalent form of neurodevelopmental brain disorder 

in children. The diagnosis of ASD is based on the abnormalities in social interaction, impairments in 

language development and communication, and repetitive or stereotyped behaviors (Blatt, 2010). 

In addition, many ASD patients have seizures and display an intellectual disability. The high 

heritability of autism, demonstrated convincingly by concordance rates in family and twin studies 

(Ronald, et al., 2008; Anderson, 2012), combined with considerable symptom heterogeneity, 

indicates a genetic complexity in the etiology of the disorder. The causes of ASD are largely 

unknown. Currently, over 100 ASD-genes have been reported by genetic analysis. In particular, 

mutations in Shank, CNTNAP2, Neurexin and Cadherin, cell adhesion molecules and components of 

the synapse, have been linked to ASD (O'Roak, et al., 2008; Holt, et al., 2011; State, et al., 2011; 

Betancur, et al., 2009). This supports the hypothesis that synaptic dysfunction is an underlying 

cause, at least in part, of the ASD behavioral phenotypes.  

Recent behavioral and physiological studies revealed the prominent role of Contactin-associated 

protein-like 2 (CNTNAP2) in ASD (Peñagarikano, et al., 2011; Peñagarikano, et al., 2012; Anderson, 

et al. 2012). CNTNAP2 knockout mice exhibited behavioral abnormalities that mimic core features 

of ASD in patients (Poliak et al., 2003). At the cellular level, knockout mice showed neuronal 

migration abnormalities, reduced numbers of interneurons, and abnormal neuronal network 

activity (Peñagarikano, et al., 2011). Similar alterations were reproduced independently by the 

knockdown of CNTNAP2 in a cortical neuron culture in vitro, which exhibited impaired synapse 

formation and neural network assembly leading to a global decrease of synaptic transmission 

(Anderson, et al., 2012). How the mutations and / or reduction of CNTNAP2 expression causes ASD 

remains largely unclear. 

CNTNAP2 is a single pass transmembrane cell adhesion protein. The extracellular region of 

CNTNAP2 is composed of several domains that are common to cell adhesion molecules, including 

laminin G, EGF repeats, and discoidin-like domains. CNTNAP2 interacts with contactin 2 (CNTN2) 

extracellularly, forming a neuron-glia cell adhesion complex. The short intracellular region of 

CNTNAP2 contains band 4.1 binding domain and carboxy-terminal PDZ-binding motif, which might 

be involved in the clustering of voltage-gated potassium channels 1 (Kv1, KCNA) in myelinated axon 

membranes (Horresh, et al., 2008). This clustering of Kv1 channels in myelinated axon membrane, 

permits a rapid and efficient propagation of action potentials at juxtaparanode membrane of the 

Ranvier nodes (Traka, et al., 2003). Besides, CNTNAP2 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 (Inda, et al., 2006). CNTNAP2 has also been 

shown present in the synaptic plasma membrane of brain lysates (Bakkaloglu, B. et al. 2008). 

To gain better understanding of the CNTNAP2 function, we characterized the CNTNAP2 protein 

complexes from a synapse-enriched fraction of the mouse hippocampus. We established an 

innovative proteomics approach, which combines antibody affinity isolation and Blue-Native 

gel-electrophoresis (BN-PAGE) of protein complexes in conjunction with quantitative mass 

spectrometry, revealing the identity of distinct CNTNAP2 protein complexes. Most of CNTNAP2 

forms a homodimer, a fraction of CNTNAP2 interacts with CNTN2, and a minor fraction of CNTNAP2 
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forms a large protein complex containing Kv1 channels and previously described channel associated 

proteins. In the exon 1 deletion of CNTNAP2 knockout mice, the short CNTNAP2 isoform B, lacking 

most of the extracellular domains, is still present. This isoform is capable of interacting with a 

subset of long CNTNAP2 isoform’s interactors.  
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Experimental Procedures 

Subcellular fractionation of hippocampal lysate 

Of mature C57Bl6 mice at P56-P70, brains were removed, and hippocampi were dissected on ice 

(Spijker, 2011) and stored at -80 °C for further use. Frozen hippocampi were homogenized in 

homogenization buffer (320 mM sucrose, 5 mM HEPES (pH 7.4) and a protease inhibitor mixture 

(Roche Applied Science)) with a dounce homogenizer on ice, and then 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 

supernatant was centrifuged at 85,000 g for 2 hours to obtain the pellet as microsome fraction. The 

P2 fraction was centrifuged at 85,000 g for 2 hours in a sucrose step gradient to obtain the 

synaptosome fraction at the 0.85M / 1.2M 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 1% Triton-X 100 in 50mM HEPES (pH 7.4). The sample was loaded on top of a sucrose gradient 

consisting of 0.32M, 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 and 2.0 M was collected as PSD; and the interface between the input and 

0.32 M as lipid raft. 

 

Affinity isolation of the CNTNAP2 protein complex 

Hippocampi were dissected from mature C57Bl6 wild-type and CNTNAP2 knockout mice as control 

(Poliak, et al., 2003), and stored at -80 °C. After homogenization, as described above, the 

homogenate was centrifuged at 1,000 g to remove cell debris and nuclei. The supernatant was 

centrifuged at 100,000 g for 2 hours to obtain a pellet as P2 and microsome (P2 + M) fraction. The 

pellet was resuspended and extracted twice in a buffer containing 1% Triton-X 100, 150 mM NaCl, 

50 mM HEPES (pH 7.4), and the protease inhibitor mixture at 4 °C, one hour for each extraction. 

After centrifugation at 20,000 g for 20 min, the supernatant was pipetted into an Eppendorf tube 

and served as input material for the IP experiment. Then the extract was incubated with primary 

antibody of bait protein on a rotator at 4 °C overnight. To reveal bead-associated proteins and 

antibody off-target binding proteins, the extract was incubated with empty beads directly, or 

alternatively with epitope-saturated antibody, in the presence of a double molar concentration of 

peptide antigen (Li, et al., 2012). On the second day, protein A/G PLUS-Agarose beads (Santa Cruz) 

were added and incubated at 4 °C for 1hr. The beads were spun down at 1,000 g for 1 min and 

washed four times in ice-cold buffer containing 0.1% Triton-X 100, 150 mM NaCl and 50mM HEPES 

(pH 7.4). Bound proteins were eluted from the beads for subsequent analysis. The quantities of the 

materials and reagents were 5 mg P2 + M fraction, 10 µg antibody and 50 µl slurry of protein A/G 

beads for a typical SDS-PAGE - MS experiment, and 20 mg P2 + M fraction, 40 µg antibody and 200 

µl protein A/G beads for a BN-PAGE - MS experiment. Polyclonal antibody against CNTNAP2 (catalog 

number A01426) and its antigen peptide were purchased from Genscript; monoclonal antibodies 

against ADAM22 (catalog number 75-083) and DLG4 (catalog number 75-028) and Kv1.1 (catalog 
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number 75-105) were purchased from Neuromab. The antigen peptide for Kv1.1 

“ELKDDKDFTGTIHRIDNT” was synthesized by Genscript. 

 

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

The protein A/G beads with CNTNAP2 antibody and the bound CNTNAP2 protein complexes were 

mixed with 14 µl 2x SDS sample buffer and heated to 98°C for 5 min. To block cysteine residues, 5 µl 

30% acrylamide was added and incubated at room temperature for 30 min (Chen et al., 2011). 

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 fractions. Each fraction was 

chopped into small 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, then dried in a SpeedVac, and stored at -20 °C 

for future use. 

 

Blue-Native electrophoresis separation of IP isolated CNTNAP2 protein complexes 

IP of CNTNAP2 was carried out as described above, using 40 µg antibody incubated in 20 mg P2 + M 

fraction per experiment. The bound protein complexes on the beads were eluted off with 100 µg 

antigen peptide in 100 µL buffer containing 0.1% Triton-X 100, 150 mM NaCl and 50mM HEPES (pH 

7.4) at 4 °C for 1.5 hr. Eluted protein complexes were concentrated on a 10 KDa filter by 

centrifugation at 14,000 g to about 20 µL, and then mixed with 3 µL 8x BN-PAGE stock loading 

buffer (200 mM BisTris, 80% glycerol, 0.008% ponceau S (pH 7.4)) and 1 µL 5% Coomassie G-250 

sample additive. The protein complexes were separated on linear 3%–12% blue-native 

polyacrylamide gradient gels in an Xcell SureLock Mini-Cell (both from Invitrogen) at 150 V for 60 

min and then at 250 V till the dye reached the bottom of the gel.  After electrophoresis, the gels 

were fixed and stained with colloidal Coomassie blue G-250. The gel lane of each sample was cut 

into thirteen pieces of equal size. After destaining, cysteines were reduced with 1 mM 

tris-(2-carboxyethyl) phosphine (TCEP) in 50 mM ammonium bicarbonate at 37 °C for 1 hr and 

blocked with 4 mM methyl methanethiosulfonate (MMTS) in 50 mM ammonium bicarbonate at 

room temperature in dark for 40 min. To wash away the excess chemicals, the gel pieces were 

incubated with 50% acetonitrile in 50 mM ammonium bicarbonate, 100% acetonitrile, 50 mM 

ammonium bicarbonate and 50% acetonitrile in 50 mM ammonium bicarbonate, subsequently. 

After dehydration in 100% acetonitrile and drying in a speedvac, proteins were digested by trypsin 

as described above. The extracted peptides were dried and stored at -20 °C. 

 

HPLC-MS-MS analysis 
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Peptides were 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 homemade column (100 µm ID, 3 µm particle size). 

Separation was achieved by using a mobile phase from 5% acetonitrile, 94.9% H2O, 0.1% acetic acid 

(phase A) and 95% acetonitrile, 4.9% H2O, 0.1% acetic acid (phase B), and the linear gradient was 

from 5% to 40% buffer B for 40 min at a flow rate of 400 nL/min. The LTQ Orbitrap mass 

spectrometer was operated in the data-dependent mode, in which one full-scan survey MS 

experiment (m/z range from 330 to 2000) was followed by MS-MS experiments on the five most 

abundant ions. The mass spectra were searched against the Uniprot proteomics database (version 

2013-01-06) with MaxQuant software (version 1.3.0.5). 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 from SDS-PAGE gels or with 

MMTS from BN-PAGE gels 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 protein hits should contain at least one unique peptide. 

The protein intensity is defined as the sum of all its assigned peptide intensities. 

 

Immunoblotting 

To determine the subcellular localization and the developmental expression of CNTNAP2, the 

enriched subcellular fractions or P2+M from multiple developmental time points were examined by 

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 in the 

fridge overnight. After blocking with 5% non-fat dried milk in Tris-buffered saline tween-20 (TBST) 

(28 mM Tris, 136.7 mM NaCl, 0.05% Tween-20, pH 7.4) for 4 h, membrane was incubated with the 

primary antibody with 3% non-fat dried milk in TBST at 4°C overnight, followed by the secondary 

antibody for 1h at room temperature. Target proteins were detected by ECL (Pierce) on the scanner 

(LICOR).  

To characterize sub-complexes of CNTNAP2, BN-PAGE and SDS-PAGE were combined as a 

two-dimensional approach to separate proteins from protein complexes. After protein complex 

extraction by TritonX-100, the soluble fraction from 50 μg hippocampal P2 + M was centrifuged at 

100,000 g for 20 min to remove micro organelles, and then separated on BN-PAGE as the first 

dimension, as described above. Single lanes were excised, equilibrated with 3% SDS, 0.15 M 

dithiothreitol in 50 mM Tris (pH 7.4) for 1 hr to denature the protein subunits, and then placed on 

the top of the SDS-PAGE gel for the second dimension separation. After electrophoresis, the 

proteins were transferred to membrane and detected by immunoblotting as described above. 

In addition to the antibodies described in the affinity isolation of the CNTNAP2 protein complex, 

multiple antibodies were used for immunoblotting, including monoclonal antibodies against 

CNTNAP1 (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 
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protein (MBP) polyclonal antibody (catalog number ab91405) and Myelin oligodendrocyte basic 

protein (MOBP) monoclonal antibody (catalog number ab7349) from Abcam; Myelin-associated 

glycoprotein (MAG) monoclonal antibody (catalog number sc9544) from Santa Cruz; Synaptophysin 

(SYP) polyclonal antibody (catalog number A01307) from Genscript; and Flotillin 1 (FLOT1) 

polyclonal antibody made against peptide sequence CKLPQVAEEISGPLT. 
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Results 

CNTNAP2 protein level is constant through brain development 

CNTNAP2 is involved in the neuron-glia interaction and clustering of Kv1 channels in myelinated 

axons. Recently, it has been implicated in synapse development, which is a distinct physiological 

process independent of myelination. We examined the CNTNAP2 protein level in hippocampus 

during synapse formation and myelination (Fig. 1). The CNTNAP2 level is fairly constant across all 

time points, in contrast to the post-synapse proteins, GRIA2 and DLG4, which show gradual increase 

in expression throughout adolescence which stabilizes at maturation. The myelin proteins start to 

show up at around P21, and reach a maximum in adulthood. Thus, CNTNAP2 might be involved in 

multiple processes already early in brain development, which extends throughout brain maturation. 

 

 

Figure 1. CNTNAP2 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 CNTNAP2, synaptic proteins and myelin proteins. 

CNTNAP2 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 were expressed increasingly after birth 

and stabilize around P21, whereas myelin proteins MAG, MOBP and MBP were expressed from P21 and get to 

full expression only at P84. 

 

CNTNAP2 is present in lipid raft and synaptic membrane 

To examine the subcellular distribution of CNTNAP2, immunoblotting of synaptic sub-fractions was 

carried out (Fig. 2). CNTNAP2 was found abundantly present in the lipid raft fraction. In the synaptic 

fractions, CNTNAP2 was present through P2, synaptosome and synaptic membrane but present at 

low levels in the PSD. This suggests that CNTNAP2 is present in the synapse but mainly outside the 

PSD. For comparison, typical PSD proteins, such as the glutamate receptors (GRIN2B and GRIA2) and 

the scaffolding protein (DLG4), are relative to CNTNAP2 enriched in the PSD, whereas the typical 

myelin proteins (MAG, MOBP and MBP) were present mainly in the lipid raft. CNTNAP1 is highly 

present in lipid raft but much lower in synaptic fractions. Compared to CNTNAP2, it is present at 

lower levels in the synaptic membrane fraction. 
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Figure 2. CNTNAP2 levels in different subcellular fractions of hippocampal lysates. A. Protein input of the 

subfraction samples for immunoblotting, separated on Criterion™ TGX stain-free™ precast gels (Bio-Rad) and 

scanned with Gel Doc EZ system (Bio-Rad). Hom: homogenate; P2 + M: pellet 2 and microsome; P2: pellet 2; 

Syn: synaptosome; Syn mem: synaptosomal membrane; PSD: Triton-X 100 insoluble postsynaptic density 

fraction; LR: Triton-X 100 insoluble lipid raft fraction. B. Immunoblot analysis of CNTNAP2, synaptic proteins 

and myelin proteins. Compared to CNTNAP1, CNTNAP2 is abundant in the synaptic membrane fraction and in 

the myelin associated fractions. GRIA2, GRIN2B and DLG4 are used as markers for the post-synaptic 

compartment; SYP and FLOT1 are markers of the pre-synaptic terminal and lipid raft, respectively; MAG, 

MOBP and MBP were taken as markers of the myelin associated fractions. 

 

Interaction Proteomics of CNTNAP2 reveals multiple protein complexes 

The CNTNAP2 protein complex was immunoprecipitated from the hippocampus P2 + M fraction by 

an antibody raised against the C-terminal of the protein. We included two controls to identify 

contaminants: (1) Empty bead control, examining the non-specific binding of proteins to the bead, 

(2) pre-incubation of the antibody with antigen peptide, blocking the subsequent interaction of the 

antibody to the bait protein and revealing off-target binding of the antibody. Table 1 shows 56 

proteins which are present in at least 3 out of 6 CNTNAP2 IPs, and which are not present in the two 

negative controls. CNTNAP2 is recovered about 10~15 folds less compared to the IPs without 

blocking the antigen, indicating a substantial epitope block of the antigen. The identified proteins 

covered all previously reported CNTNAP2 interactors, notably CNTN2, LGI1, ADAM22 and DLG4. 

Table 1 further shows proteins that are represented by diverse functional classes including 

cytoskeletal re-modeling, regulation of translation, signal transduction, and the synaptic vesicle 

proteins. 

To distinguish the false positives due to cross-reactivity of the antibody (i.e., recognizing similar 

epitopes), we also performed IPs on hippocampus extract of CNTNAP2 knockout mice. Surprisingly, 

we still detected CNTNAP2 in the knockout sample. As such, genuine CNTNAP2 interactors may be 
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present in the IPs from the knockout samples at reduced level. Table 2 shows the proteins that were 

detected after IP, at least 8 fold reduced in the knockout samples compared to the wild-type 

controls. In the knockout samples the CNTNAP2 interactors include the previously reported 

LGI1-ADAM-Kv1 channel-DLG complex. Compared to the wild type, the IP of CNTNAP2 in the 

knockout sample recovered 100-fold less CNTNAP2 (in terms of mass spectrometric signal intensity), 

but only 10-fold less ADAM22, Kv1 and LGI1. Interestingly, the most well-described CNTNAP2 

interactor, CNTN2, was not detected. Together, these data suggest that CNTNAP2 in the knockout 

and wild-type mice share an overlapping property, but they are not identical, thereby differentially 

detecting interacting proteins. 

To explain the nature of the CNTNAP2 in the knockout mice, we re-analyzed the IP data of the five 

SDS-PAGE gel fractions individually, which revealed the presence of two size classes of CNTNAP2 

(Table 3). In the wild-type mice CNTNAP2 was present predominately in fraction 1 corresponding to 

proteins with an apparent MW above 100 kDa. In the knockout mice, CNTNAP2 was present only in 

fraction 5 corresponding to proteins with MW smaller than 30 kDa. The level of the small CNTNAP2 

in knockout and wild-type animals was similar. We were able to identify two peptides contained in 

the C-terminal of the full length CNTNAP2 (Supplementary Fig 1), indicating that the N-terminal 

region of the high-MW CNTNAP2 is present in the wild-type mouse, but is missing in the low-MW 

CNTNAP2. It was predicted that the CNTNAP2 gene can be alternatively spliced giving rise to two 

transcripts (Carninci et al., 2005; Gerhard et al., 2004), the full length CNTNAP2 mRNA, and a 

putative short form (isoform 2) located at the 3-end of the gene which translates into a small 

protein corresponding to the low-MW CNTNAP2 we identified in this study. We conclude that the 

deletion of exon 1 including the start site from CNTNAP2 gene deletes the full length CNTNAP2 

mRNA but not the alternatively spliced isoform 2. 

Reverse IPs were performed on ADAM22, DLG4 and Kv1.1 in an attempt to determine whether 

these proteins interact differentially to the long and short forms of CNTNAP2 (Table 4). We 

confirmed the interaction of ADAM22, DLG4 and Kv1.1 to full length CNTNAP2, however, we were 

not able to detect the short form of CNTNAP2. The intensities of CNTNAP2 are generally low and 

close to the detection limit, and some of the IPs failed to identify CNTNAP2. It is not unlikely that 

the substantially lower expressed CNTNAP2 short form may exist in the complex at an abundance 

below the detection limit of our assay. 

 



 

 
 

Table 1. Proteins identified from the IPs with anti-CNTNAP2 antibody, empty bead control, and IPs with anti-CNTNAP2 antibody pre-blocked with peptide antigen. Multiple 

replicates were done for the IPs and controls, including IP1 to IP6 for the CNTNAP2 IP replicates, PB1 to PB3 for the peptide blocking control replicates and BC1 to BC4 for the 

empty beads control replicates. The label-free quantification intensities of the identified proteins are shown, corresponding to their protein abundance (descending values). 

When no values are depicted, signal was below detection limit. 

Gene name 
CNTNAP2 IP  Peptide block (PB)  Beads control (BC) 

IP1 IP2 IP3 IP4 IP5 IP6  PB1 PB2 PB3  BC1 BC2 BC3 BC4 

CNTNAP2 4.19E+09 5.30E+09 4.74E+09 3.67E+09 3.45E+09 2.43E+09  2.75E+08 6.00E+08 2.03E+07      

AQP4    3.50E+08 2.29E+08 1.08E+08          

SYNJ1 4.98E+07 6.55E+07 5.94E+07 5.94E+07 1.17E+08 5.39E+07          

CNTN2 5.65E+07 1.07E+08 8.67E+07 1.19E+07 2.25E+07 4.93E+07          

ADD3 5.53E+06 8.46E+06 7.00E+06 1.19E+08 1.47E+08 4.03E+07          

SYNGR3 4.09E+07 3.43E+07 3.58E+07 9.63E+06 2.77E+07 3.65E+07          

PPP1R9B 2.26E+06 1.70E+06 2.71E+06 2.60E+07 1.14E+08 9.39E+06          

WASF1 3.96E+06 4.15E+06 5.05E+06 2.92E+07 9.73E+07 1.58E+07          

PPP1CA  1.75E+06 2.12E+06 2.68E+07 6.14E+07 1.46E+07          

ARG2 1.09E+07 2.04E+07 1.88E+07 2.14E+07 1.82E+07 7.57E+06          

KVΒ2 2.26E+07 2.75E+07 1.58E+07 1.18E+07 9.03E+06 8.29E+06          

HNRNPA3;GM6793;GM8991 7.74E+06 2.59E+07 1.38E+07 1.03E+07 2.50E+07 8.47E+06          

CYFIP2 1.92E+06 3.42E+06 2.64E+06 4.24E+06 4.78E+07 1.92E+07          

HNRNPC 6.61E+06 7.78E+06 7.15E+06 1.23E+07 2.71E+07 1.50E+07          

LGI1 1.86E+07 2.92E+07 2.59E+07             

NCKAP1 4.34E+06 7.58E+06 4.41E+06 1.52E+06 4.47E+07 9.82E+06          

LETM1 3.02E+06 4.20E+06 2.66E+06 6.18E+06 4.98E+07 5.76E+06          

ADAM22 1.86E+07 1.41E+07 1.43E+07 3.24E+06 8.63E+06 2.58E+06          

PRDX1    1.62E+07 2.31E+07 1.28E+07          

PURA  1.01E+07 1.09E+07 6.51E+06 1.87E+07 4.02E+06          

BTBD17 2.17E+07 1.57E+07 1.11E+07   1.53E+06          

HNRNPUL2    4.56E+06 2.63E+07 1.45E+07          

VCP    6.54E+06 2.61E+07 3.75E+06          

ADAM23 8.80E+06 1.19E+07 7.41E+06 2.25E+06 3.63E+06 1.47E+06          

PPP1CC;PPP1CB   2.63E+06 7.61E+06 2.00E+07 2.90E+06          

HNRNPR    2.54E+06 2.54E+07 3.79E+06          

NAPA 3.70E+06  5.06E+06 2.41E+06 1.72E+07 3.15E+06          

HNRNPK;GM7964 2.83E+06  4.87E+06 4.35E+06 1.33E+07           

PFKM 2.05E+06  1.49E+06 3.38E+06 1.41E+07 2.40E+06          

CA10;CAR10    6.76E+06 1.22E+07 3.04E+06          

PSME3 1.36E+06 1.05E+06  5.87E+05  1.54E+07          



 

 
 

Gene name 
CNTNAP2 IP  Peptide block (PB)  Beads control (BC) 

IP1 IP2 IP3 IP4 IP5 IP6  PB1 PB2 PB3  BC1 BC2 BC3 BC4 

AMOT 4.23E+06 7.73E+06 4.94E+06             

KV1.2;KV1.3 5.54E+06  7.81E+06  3.52E+06           

CADM1  5.76E+06 5.05E+06  3.95E+06 1.79E+06          

1810043G02RIK 9.23E+05   3.58E+06 9.40E+06 1.70E+06          

CAPZA2;CAPZA1  3.39E+06 3.45E+06 4.36E+06  2.68E+06          

HNRNPH1;HNRNPH2;HNRNPF    2.38E+06 8.03E+06 2.74E+06          

GRIK2  5.87E+06 3.77E+06  1.68E+06 1.43E+06          

PFKP   9.06E+05 1.90E+06 7.13E+06 1.22E+06          

RBMX;RBMXL1    2.52E+06 5.72E+06 2.80E+06          

SH3GL2;SH3GL1 2.84E+06   1.43E+06 5.62E+06           

SV2B   1.56E+06  4.88E+06 3.42E+06          

RPL12;RPL12-PS1 2.75E+06 2.07E+06 3.19E+06             

LDHB    1.16E+06 5.89E+06 7.31E+05          

HNRNPAB    2.08E+06 3.84E+06 1.79E+06          

HNRNPM    2.23E+06 3.80E+06 1.14E+06          

MATR3    1.27E+06 4.50E+06 1.31E+06          

STX1A    2.78E+06 2.86E+06 1.40E+06          

DLG4 2.53E+06 2.42E+06 1.67E+06             

ADAM11  1.70E+06 1.40E+06  1.40E+06 7.07E+05          

ACSL6    1.60E+06 2.03E+06 5.74E+05          

CRYM    1.35E+06 2.10E+06 6.75E+05          

ELAVL3;ELAVL2;ELAVL4    1.53E+06 1.31E+06 8.65E+05          

ARPC1A    1.32E+06 1.10E+06 1.09E+06          

ATP2B2    7.80E+05 1.20E+06 5.11E+05          

PHB2  1.01E+06  8.33E+05  6.05E+05          
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Table 2. Co-immunoprecipitated proteins of CNTNAP2 complexes in wild-type and knockout mice. Two 

replicates were done in wild-type (WT) mice as WT1 and WT2; two replicates were down in knockout (KO) 

mice as KO1 and KO2. The label-free quantification intensities of the identified proteins are shown in this 

table, corresponding to their protein abundance. When no values are depicted, signal was below detection 

limit. 

Gene names 
CNTNAP2 IP 

WT1 WT2 KO1 KO2 

CNTNAP2 9.73E+09 9.67E+09 1.18E+08 1.06E+08 

CNTN2 2.59E+08 1.93E+08   

LGI1 7.97E+07 6.60E+07 3.33E+06 5.26E+06 

KVΒ2 4.66E+07 4.15E+07 1.65E+06 3.36E+06 

ADAM22 2.70E+07 2.91E+07 1.58E+06 1.96E+06 

ADAM23 2.02E+07 1.92E+07   

KV1.1;KV1.5;KV1.10 1.63E+07 1.38E+07 1.78E+06 1.71E+06 

MPP3 7.73E+06 1.08E+07   

SUCLA2 9.53E+06 6.04E+06  786530 

CLU 5.08E+06 9.85E+06   

ACTB 7.18E+06 6.84E+06   

ADAM11 5.25E+06 5.86E+06   

CKMT1 4.69E+06 4.17E+06   

KV1.2;KV1.3 3.42E+06 4.62E+06   

DLG4 3.85E+06 3.84E+06   

ITM2B 4.24E+06 3.05E+06   

SEPT7 2.01E+06 3.37E+06   

DLG1 2.13E+06 2.11E+06   

ATP5F1 7.24E+05 4.17E+05   

YWHAZ 3.23E+05 5.01E+05   

 

Table 3. CNTNAP2 protein intensity across the SDS-PAGE gel fractions from the CNTNAP2 IPs in wild-type (WT) 

and knockout (KO) mice. When no values are depicted, signal was below detection limit. 

 CNTNAP2 protein intensity 

 Fraction 1 Fraction 2 Fraction 3 Fraction 4 Fraction 5 

KO1     6.68E+06 

KO2     2.39E+07 

WT1 4.73E+09 7.45E+08 1.34E+07 1.92E+08 2.17E+07 

WT2 5.16E+09 5.37E+08 7.38E+07 2.21E+08 2.81E+07 

 

Table 4. Reverse IPs reveal the presence of full length CNTNAP2 in the complex. The IP replicates were 

performed and labeled as ADAM22_IP1, ADAM22_IP2 and ADAM22_IP3, DLG4_IP1 and DLG4_IP2, and 

Kv1.1_IP1 and Kv1.1_IP2. CNTNAP2 protein intensities were checked on each SDS-PAGE gel fractions. When 

no values are depicted, signal was below detection limit. 

 CNTNAP2 protein intensity 

 Fraction 1 Fraction 2 Fraction 3 Fraction 4 Fraction 5 

ADAM22_IP1      

ADAM22_IP2 1.73E+05     

ADAM22_IP3      

DLG4_IP1 5.86E+04     

DLG4_IP2 6.71E+06     

Kv1.1_IP1 8.92E+05     

Kv1.1_IP2 7.36E+06     
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IP-Blue Native-Quantitative Proteomics reveals the nature of multiple CNTNAP2 

complexes 

The differential levels of CNTN2, ADAM22 and LGI1 in the knockout short version CNTNAP2 versus 

the full length CNTNAP2, indicates the presence of different CNTNAP2 complexes and / or 

isoform-specific complexes. Conventional IPs cannot distinguish protein constituents from different 

complexes. To reveal the organization of the CNTNAP2 protein complexes, we performed IP in 

conjunction with BN-PAGE separation of the complexes followed by mass spectrometry based 

quantitative analysis. In essence, the immunoprecipitated CNTNAP2 was eluted from the protein 

A/G beads using a high concentration of the CNTNAP2 peptide antigen. The CNTNAP2 protein 

complexes were then separated based on their molecular weight on a 3~12% Blue-Native gel. After 

protein separation the gel was cut into 13 fractions corresponding to 13 protein size classes of 

which the MW was estimated from the molecular weight markers run on the same gel. Proteins in 

each fraction were trypsin digested and subjected to mass spectrometry for label-free quantitation. 

CNTNAP2 was found in two size groups, a major one at about 350 kDa, and a minor one at 700 kDa 

(Fig. 3A). The gel fraction containing the 350 kDa CNTNAP2 comprised solely CNTNAP2 (Fig. 3A, D), 

suggesting that it probably forms a homomer. The minor 700 kDa group also contained CNTN2 (Fig. 

3B, E) suggesting that this comprised a CNTNAP2-CNTN2 complex. At closer scrutiny, there is a very 

low amount of CNTNAP2 (a few percent of total CNTNAP2) at around 1100 kDa, in which LGI1, 

ADAM22, Kv1 channels and DLG1 co-migrated (Fig. 3C, F). This indicates that the described function 

of CNTNAP2, i.e., in clustering of Kv1 channels is carried out by a very small proportion of CNTNAP2 

in the hippocampus P2 + M fraction. 

To confirm that the presence of a large amount of CNTNAP2 homomer is not an artifactual 

breakdown of higher MW CNTNAP2 complexes due to sample preparation, we separated the P2 + 

M fraction extract directly on the Blue-Native gel followed by the second dimensional SDS-PAGE. 

After electro-transfer it was immuno-stained for CNTNAP2. This reveals that the CNTNAP2 

immunoreactivity has a peak around 350 kDa, with a minor immunoreactivity at 700 kDa, and very 

weak immunoreactivity above 1000 kDa (Figure 4), corroborating the data of the IP-Blue 

Native-MS-MS experiment described above. 

 

Figure 4. Immuno-stained P2 + M extract with 

anti-CNTNAP2 antibody after 2D Blue Native - 

SDS-PAGE separation. BN-PAGE markers and 

SDS-PAGE markers are shown on the top and the 

left of blot individually, indicating the protein 

complexes and protein subunit molecular weights. 

Arrows indicates the immunoreactivity at approximately 350 kDa, 700 kDa, and above 1000 kDa.  



Chapter 5. A combined IP – BN-PAGE – MS analysis reveals CNTNAP2 isoform-specific complexes 

110 
 

 

Figure 3.  Separation and characterization of CNTNAP2 sub-complexes by BN-PAGE and subsequent 

HPLC-MS-MS. The BN-PAGE gel lane was cut into 13 fractions for in-gel digestion and HPLC-MS-MS analysis. 

The intensity of CNTNAP2 and its interacting proteins across the gel fractions were shown in 3D bar graph A. 

To visualize the low abundant proteins, the graph was zoomed-in separately in B and C. The gel fraction 

number corresponds to the molecular weight of the protein complexes as the BN-PAGE markers shown below 

the 3D bar graphs. The height of bars indicates the protein intensity across the gel fractions. CNTNAP2 was 

found mainly in fractions 8 (~350 kDa) and 6 (~700 kDa), and at low level in fraction 3 (~1100 kDa), as shown 

in D, E and F, respectively. CNTN2, LGI1, Kv1 channels, DLG1, ADAM22 were indentified in fraction 3; CNTN2 

was mainly in fraction 6; ACTB / ACTG1 were detected in fractions 3, 6 and 8; and the majority of CNTNAP2 

was identified in fraction 8. The co-occurrence of the proteins underlies the sub-complexes which are at the 

same molecular weight. 
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Discussion 

Although CNTNAP2 has been genetically associated with ASD (Peñagarikano, et al., 2012; Anderson, 

et al. 2012; Poliak et al., 2003), its mechanistic contribution to autism is presently unknown. In this 

study we aimed at identifying the interacting proteins of CNTNAP2 and to establish the protein 

complexes it takes part in as a first step towards functional analysis. In this study we first confirmed 

the expression of CNTNAP2 in juvenile and adult mice, and its presence within and outside synaptic 

fractions. Importantly, we revealed that CNTNAP2 forms at least 3 distinct protein complexes. 

Moreover, we showed by studying knockout mice the existence of a short form CNTNAP2 lacking 

most of the extracellular domains. This short CNTNAP2 forms a complex with Kv1 channels but does 

not interact with CNTN2. In the CNTNAP2 IPs on knockout mice, Kv1 channels, ADAM22 and LGI1 

were still identified, but CNTN2 was lost. This indicates that the short CNTNAP2 forms a complex 

with Kv1 channels but does not interact with CNTN2.  

CNTNAP2 is known to play a critical role in the neuron-glia association and action potential 

propagation at the nodes of Ranvier of myelinated axons (Inda, et al., 2006). CNTNAP2 interacts 

with CNTN2 to form axo-glial contacts at the juxtaparanodes (Traka, et al., 2003). This adhesion 

complex enables the clustering of Kv1 channels, and the accumulation of scaffolding proteins, the 

MAGUKs DLG4 and DLG1 (Horresh, et al., 2008). Recent pull-down experiments using the 

cytoplasmic domain of CNTNAP2 revealed the potential interaction of CNTNAP2 with another family 

of MAGUKs, the MPPs (Horresh, et al., 2008). It was further suggested that the binding of protein 

4.1 to CNTNAP2 allows the recruitment of MPPs to CNTNAP2 protein complex, but the in vivo 

evidence of CNTNAP2-MPP(s) interaction remained to be demonstrated. The CNTNAP2 interacting 

Kv1 channels are responsible for the modulation of the action potential in the juxtaparanodes of 

the myelinated axons. It is demonstrated that ADAM22 is an axonal component of the Kv1 channels, 

and recruits MAGUKs to the juxtaparanodes (Ogawa, et al., 2010). However, ADAM22 is not 

essential for the clustering of Kv1 channels and CNTNAP2. CNTNAP2 is also abundantly present in 

the axon initial segment. It was suggested that the components of the CNTNAP2 protein complex in 

juxtaparanodes and axon initial segment are similar, but that the mechanism of protein clustering 

may differ. Taken together, based on literature data, the CNTNAP2 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 interaction proteomics analysis to reveal 

the CNTNAP2 interactome. We performed multiple replicates to ensure the detection of weak 

interactors, and to reveal contaminants that appear only sporadically. In a typical IP experiment 

several hundreds of proteins are identified. As a first filter to remove contaminants we used the 

empty bead control and peptide antigen blocking control (Li et al., 2012). This reduced the potential 

CNTNAP2 interactors to 56 proteins. However, reverse IPs on some of the selected candidate 

proteins, including Adducin and GRIK2, did not detect CNTNAP2 (data not shown), suggesting that 

the CNTNAP2 antibody used for IPs may have cross-reactivity to other proteins. We then used the 

CNTNAP2 knockout sample to reveal false positives, i.e. the CNTNAP2 interacting proteins should be 

absent in the CNTNAP2 IP of the knockout sample.  
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The data from our IPs and comparison with knockout samples confirm the previously established 

CNTNAP2 interactors, and extend it to include different members of the ADAM family (ADAM11, 

ADAM22 and ADAM23) and of the MAGUKs (DLG1 and DLG4). We demonstrated for the first time 

the presence of MPP3 in the CNTNAP2 complex, albeit not in the regular IPs (Table 1) suggesting its 

weak interaction or indirect interaction with CNTNAP2. Also we detected the previously known 

ADAM22 interactor, LGI1. Reverse IPs on ADAM22, DLG4 and Kv1.1 further confirmed their 

interactions with CNTNAP2 (Supplementary table 1). 

The major unexpected result of this study is the presence of CNTNAP2 from the IPs of CNTNAP2 

knockout samples, which was recovered at about 1% from that of wild-type sample. Closer scrutiny 

showed that CNTNAP2 in knockout mice has an apparent MW < 25 kDa (corresponding to fraction 5 

from the SDS-PAGE gel), whereas most of CNTNAP2 in wild-type mice has a MW > 150 kDa 

(corresponding to fraction 1 from the SDS-PAGE gel). It was proposed that a short form CNTNAP2 

comprising of the C-terminal region (amino acids 1225 to 1332) of the full length CNTNAP2 exists 

(Carninci et al., 2005; Gerhard et al., 2004). Indeed, the identified CNTNAP2 peptides from the 

knockout sample all matched to this C-terminus of the full length CNTNAP2, thereby demonstrating 

the presence of the short form CNTNAP2 sequence. This short form of CNTNAP2 containing the full 

intracellular domain is capable of interacting with ADAM22, LGI1 and Kv1 channels. This finding is in 

line with a previous study showing the requirement of the cytoplasmic domain of CNTNAP2 for Kv1 

channel clustering. In contrast to this, the major CNTNAP2 interactor, CNTN2, does not interact with 

short form CNTNAP2, indicating the importance of the extracellular domains for the 

CNTNAP2-CNTN2 interaction. The protein relative abundance was evaluated according to the 

protein intensities from CNTNAP2 IPs between wildtype and knockout. Whereas the short form of 

CNTNAP2 represents about 1% of the total pool of CNTNAP2, we estimate it is responsible for the 

anchoring of approximately 10% of the total CNTNAP2 interactors, excluding CNTN2. Given the 

specific loss of CNTN2 interaction, the short form CNTNAP2 might play role in the modulation of 

action potential propagation, but should not contribute to cell-cell contact. 

Although affinity purification combined with MS has been widely used to discover the protein 

components of target complexes, it is unable to distinguish the sub-populations in which a target 

protein associates with different interacting proteins. BN-PAGE has been used as an efficient 

microscale technique to separate protein complexes according to apparent molecular mass in 

acrylamide gradient gels (Schägger, et al., 1991; Swamy, et al., 2006; Eubel, et al., 2009). Coomassie 

dye, added to the sample and cathode buffer, imposes negative charges to protein surfaces at 

neutral pH, causing protein complexes to migrate towards the anode and reducing the tendency of 

membrane protein aggregation (Wittig, et al., 2006; Wittig, et al., 2008). BN-PAGE can be combined 

with SDS-PAGE as a two dimensional approach to resolve the complexes according to their 

molecular weights, as well as the proteins within each complex according to their respective masses 

(Schägger, et al., 1994; Reisinger, et al., 2007). Due to the limited resolution, BN-PAGE cannot 

discriminate between protein complexes with closely similar molecular weights, in particular in cell 

or tissue lysate samples containing tens or hundreds of protein complexes (Eubel, et al., 2005). 

Therefore, in this study, IP, BN-PAGE and mass spectrometry were effectively combined for the 

thorough analysis of sub-population of CNTNAP2 complexes. The affinity-enriched native 

sub-complexes were separated on BN-PAGE according to the molecular weight, and then 
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quantitatively characterized by HPLC-MS-MS. There were three different CNTNAP2 complexes 

detected in hippocampus P2 + M fraction from mature mice (Fig 3). We found the majority of 

CNTNAP2 probably forms homodimer, and a minor fraction of CNTNAP2 interacts with CNTN2, both 

taking roles on cell adhesion. To our surprise, only a very low amount of CNTNAP2 participates in 

the LGI1-ADAM22-Kv1 channel-DLG1 complex, involved in clustering the Kv1 channels on the cell 

membrane, as visualized in an interactome model of CNTNAP2 based on our data (Fig 5). Future 

experiments will be required to determine the subcellular localization of these sub-complexes and 

their functions in brain development. 

 

 

Figure 5. Model of the molecular organization of the CNTNAP2 interactome. Based on our interaction 

proteomics data, three distinct CNTNAP2 sub-complexes were found in hippocampus. The majority of 

CNTNAP2 probably forms a homodimer, a small fraction of CNTNAP2 interacts with CNTN2, and only a very 

low amount of CNTNAP2 associates with LGI1-ADAM22-Kv1 channel-DLG1 complex. The short isoform also 

interacts with this complex, but without association with CNTN2. CNTNAP2 probably interacts with CNTN2 

though the extracellular domains, and associates with LGI1-ADAM22-Kv1 channel-DLG1 complex through the 

intracellular terminus. 

 

The combined “IP - BN-PAGE - MS” is an innovative interaction proteomics approach for systematic 

identification and quantification of sub-populations of CNTNAP2 complexes. The approach has 

several advantages compared with other traditional approaches. (1) IP followed by peptide elution 

specifically enriches the target protein complexes, reducing the interferences from other protein 

complexes on BN-PAGE and increasing the identification of low abundant interactors on MS. (2) 

BN-PAGE separates the complexes according to their molecular weight, therefore distinguishing the 

multiple populations of the same target complexes. (3) High resolution LC-MS-MS identifies the 

proteins in the resolved complexes and provides quantitative data of individual interacting proteins. 

On the other hand, there are also limitations of “IP - BN-PAGE - MS” to characterize protein 
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complexes. Characterization of stable protein complexes is favored by this approach, as transient 

interactors might dissociate during complex extraction. The approach is limited by the availability of 

suitable detergents for native solubilization of the protein complexes and stabilization of 

interactions. In addition, co-migration of proteins on BN-gels cannot prove the native association in 

case of sub-complexes with similar molecular weights. To further distinguish these, antibody-based 

mobility-shift assay or reverse IP followed by BN-MS should be performed. 

In summary, we have established an innovative interaction proteomics approach “IP - BN-PAGE - 

MS” to visualize the size, composition and relative abundance of target sub-protein complexes. We 

demonstrated that CNTNAP2 isoform-specific sub-complexes exist, which might provide relevant 

for the further dissection of dysfunctional molecular mechanisms underlying autism. 
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Supplementary data 

 

 

Supplementary figure 1. CNTNAP2 peptides recovered from the SDS-PAGE gel fractions. A. A large number of 

peptides across the whole CNTNAP2 protein were detected at the high molecular weight region of SDS-PAGE 

gel, covering 59% of the entire protein (isoform 1, long isoform). B. At the low molecular weight, only two 

peptides were identified, which covered 57% of the short form of CNTNAP2 (isoform 2, short isoform). 



 

 
 

Supplementary table 1. Partial protein list of CNTNAP2 reverse IPs. ADAM22, DLG4, Kv1.1, CNTNAP2 and CNTN2 were always pulled down together, suggesting that they are 

probably engaged in a single protein complex. Multiple replicates were done for the reverse IPs and controls, including three replicates for ADAM22 IPs, two replicates for DLG4 

IPs, two replicates for Kv1.1 IPs, two replicates for Kv1.1 peptide blocking controls and four replicates for empty beads controls. The label-free quantification intensities of the 

overlaid proteins from CNTNAP2 IPs and reverse IPs are illustrated in this table, corresponding to their protein abundance. 

Gene names 

IP  Peptide block (PB)  Beads Control (BC) 

ADAM22 
_IP1 

ADAM22 
_IP2 

ADAM22 
_IP3 

DLG4 
_IP1 

DLG4 
_IP2 

Kv1.1 
_IP1 

Kv1.1 
IP2 

 
Kv1.1 
_PB1 

Kv1.1 
_PB2 

 BC1 BC2 BC3 BC4 

ADAM11 3.16E+05 1.90E+05 1.22E+05 1.22E+05 3.28E+05 2.99E+05 4.99E+05         

ADAM22 4.68E+07 1.23E+07 1.11E+07 4.87E+06 1.19E+07 2.53E+06 3.47E+06         

ADAM23 1.53E+06 5.03E+05 6.00E+05 2.08E+05 6.46E+05 2.81E+05 3.56E+05         

CNTN2 8.61E+04 1.32E+05 1.43E+05 4.87E+04 7.81E+05 3.99E+05 6.09E+05         

CNTNAP2  1.47E+06 1.39E+06 3.04E+05 1.40E+06 8.69E+05 1.41E+06         

DLG1 1.29E+06 9.12E+05 1.10E+06 2.36E+05 1.04E+06 1.10E+06 1.50E+06         

DLG2 1.41E+05 1.40E+05   3.49E+04 1.22E+05 3.30E+05         

DLG3 1.85E+04    6.09E+04 2.35E+05 6.07E+05         

DLG4 4.60E+06 2.49E+06 3.02E+06 4.30E+07 2.87E+07 3.41E+06 5.18E+06   1.64E+06      

Kv1.1 1.83E+06 1.09E+06 1.99E+05 2.02E+06 4.04E+06 4.17E+07 4.29E+07         

Kv1.2 9.31E+05 2.92E+05 1.70E+05 1.08E+06 1.37E+06 8.17E+06 1.33E+07         

Kv1.3 6.81E+04   8.78E+04 1.15E+05 4.88E+05 7.50E+05         

Kv1.4 3.77E+05 3.62E+05 2.28E+05 5.85E+05 2.01E+06 8.94E+06 1.17E+07         

Kv1.6 2.39E+04    1.59E+05 5.88E+05 1.00E+06         

Kvβ1 5.11E+04   6.22E+04 6.09E+05 1.26E+06 3.13E+06         

Kvβ2 2.94E+06 2.55E+06 1.33E+06 2.02E+06 1.14E+07 2.41E+07 5.58E+07  6.89E+04       

LGI1 2.38E+07 1.03E+07 1.11E+07 2.40E+06 1.04E+07 9.43E+05 1.84E+06         

LGI2 3.60E+04   2.07E+04 3.63E+04  1.97E+04         

 




