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Abstract 

Fast excitatory synaptic transmission in the brain is mediated by glutamate acting on postsynaptic 

AMPA receptors (AMPARs). Recent studies have revealed a substantial number of AMPAR auxiliary 

proteins, which might contribute to the regulation of AMPAR trafficking, subcellular receptor 

localization and channel properties. Here, we compared the brain-region specific AMPAR 

interactome by comprehensive interaction proteomics. In particular, a new interaction proteomics 

approach using immunoprecipitation – ‘Blue Native-PAGE – mass spectrometry’ - was applied to 

characterize AMPAR sub-complexes. The study reveals that AMPAR auxiliary proteins are engaged 

in distinct brain region-specific AMPAR sub-complexes, suggesting that AMPAR modulation is 

differentially regulated in a brain-region specific pattern. 
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Introduction 

AMPARs are glutamate-gated cationic channels responsible for fast excitatory synaptic transmission. 

In synapses, AMPARs are mostly located in the postsynaptic density closely aligned to the 

presynaptic active zone where glutamate is released. The AMPAR is composed of four glutamate 

receptor subunits, GluA1-4, with approximately 70% sequence identity (Collingridge et al., 2004). 

Most AMPARs form heterotetramers consisting of a symmetric 'dimer of dimers'. Prevalent subunit 

compositions of the AMPAR are GluA1-GluA2, followed by GluA2-GluA3. As the RNA editing of a 

Q/R site of the GluA2 renders the GluA2 containing channels impermeable to calcium, the 

activation of AMPARs generally lead to a Na+ influx. This process mediates fast excitatory synaptic 

transmission, and drives postsynaptic depolarization. 

In addition to fast excitatory synaptic transmission, AMPARs play important roles in synaptic 

plasticity (Roche et al., 2007; Traynelis et al., 2010). AMPAR-dependent synaptic plasticity is caused 

by modification of AMPAR biophysical properties and / or alteration of its subcellular location. 

Synaptic plasticity is at the basis of higher cognitive processses, such as learning and memory. 

Perturbation of synaptic plasticity likely contributes to brain disorders including various 

neurodevelopmental (Greer et al., 2010; Garber et al, 2008) and neurodegenerative diseases (Chang 

et al, 2006; Aicardi 2012), as well as neuropsychiatric disorders, such as depression (Alt et al., 2006; 

Zhang et al, 2013) and addiction (Van den Oever et al., 2008; Boudreau et al., 2007).  

Ample evidence indicates that the molecular mechanisms of synaptic plasticity and the resulting 

adaptation in synaptic efficacy, are governed by (1) alteration of AMPAR quantity in the 

postsynapse and (2) modulation of AMPAR channel properties. Both processes, the trafficking and 

biophysical properties of AMPARs, are tightly regulated in a neuronal activity-dependent manner by 

various transmembrane and cytoplasmic proteins. Several auxiliary membrane proteins of the 

AMPAR have been shown to modulate channel properties, such as current amplitude, 

desensitization and deactivation rates, resensitization. In addition these proteins may contribute to 

trafficking of the AMPAR (Jackson and Nicoll, 2011; Straub and Tomita, 2012). The most well studied 

auxiliary protein, the transmembrane AMPAR regulatory protein (TARP), plays an essential role in 

anchoring and stabilizing AMPARs at synapses, and regulating AMPAR channel kinetics. The 

different TARP isoforms display a cell type specific expression that varies over brain regions and 

developmental stages (Tomita et al., 2003; Coombs and Cull-Candy, 2009). Deletion of TARPγ2 leads 

to the preclusion of extra-synaptic surface AMPAR in cerebellum granule cells (Chen et al, 2000), 

whereas the removal of TARPγ8 causes the decrease of AMPAR surface expression in hippocampus 

pyramidal cells (Rouach et al., 2005). Another type of interaction is by co-assembly of AMPAR and 

CNIH2/3, which increases receptor surface expression and alters channel gating by slowing 

deactivation and desensitization rates (Schwenk et al., 2009). Recently, the list of auxiliary proteins 

was extended by the addition of Cysteine-knot AMPAR modulating protein (CKAMP44 / SHISA9). 

This protein is highly expressed in dentate gyrus granule cells and modulates AMPAR channel 

properties in short-term plasticity (von Engelhardt et al., 2010). SynDIG1 promotes synaptic 

targeting of AMPAR and regulates excitatory synapse development (Kalashnikova et al., 2010). Also, 

the intracellular domains of AMPARs interact with multiple cytoplasmic proteins, such as Dynamin 

(Carroll et al., 1999), PICK1 (Citri et al., 2010), NSF (Hanley et al., 2002), GRIP (Mao et al., 2010) and 
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Arc (Chowdhury et al., 2006), regulating endocytosis (e.g. ARC, AP2, RAB5, Dynamin), exocytosis (e.g. 

NSF, Sec8) and vesicle trafficking (e.g. GRIP, Rab8) of AMPARs. In addition, post-translational 

modifications including phosphorylation, palmitoylation and ubiquitination, have been shown to 

modulate AMPAR trafficking and channel properties (Lu and Roche, 2012). Taken together, specific 

protein-protein interactions regulate AMPAR trafficking, localization and function, and therefore it 

is crucial to characterize the AMPAR interactome and investigate the functional relationship of the 

AMPAR and its interactors. 

The application of advanced interaction proteomics methodology in the past several years has 

enabled the characterization of an increasing number of semi-stable interactors of the AMPAR. In 

particular, Schwenk reported 34 proteins as high confident constituents of AMPAR complexes 

(Schwenk et al., 2012). It was proposed that these receptor complexes contain a common inner 

core comprising of the GluA tetramer and four auxiliary subunits consisting of various combination 

of CNIHs, TARPs and / or GSG1L. The other interactors form the so called outer core and are a 

variable peripheral extension from the inner core. A challenge of this model is to explain the 

stiochiometry of the AMPAR complex. Because Schwenk et al. used the whole rat brain for the 

analysis of AMPARs, this study did not account for brain region specific expression of distinct 

proteins, thereby leaving unrevealed the possible brain region specific AMPAR complexes. 

In the present study, we examined AMPAR complexes with an innovative proteomics approach 

across three brain regions. We optimized the immunoprecipitation (IP) protocol, and separated the 

affinity isolated AMPAR sub-complexes by Blue-Native gel electrophoresis (BN-PAGE) according to 

their masses. We then characterized proteins from each BN-PAGE fraction by mass spectrometry, 

with the assumption that proteins contained in the same complex would co-migrate in the same 

BN-PAGE fractions. This study provides strong evidence that multiple AMPAR complexes exist, each 

containing different protein components, which do not straightly conform the sub-division of an 

inner and an outer core as suggested by Schwenk et al. Instead, we demonstrate that AMPAR 

complexes show brain region specificity suggesting brain-region specific modulation of AMPAR 

localization and function.  
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Material and Methods 

Affinity purification of protein complexes by immunoprecipitation 

Adult C57Bl6 mice were sacrificed by cervical dislodging. The brain regions, cortex, hippocampus 

and cerebellum, were dissected and stored at -80°C until use (Spijker, 2011). Frozen brain tissues 

were homogenized in ice-cold isotonic buffer (0.32 M sucrose, 5 mM HEPES (pH 7.4) and protease 

inhibitors (Roche Applied Science)) with a glass homogenizer (potter S from B. Braun) set at 900 

rpm for 12 up-down strokes. The homogenate was centrifuged at 1,000 g for 10 min. The 

supernatant was centrifuged at 100,000 g for 2 hrs to obtain the pellet 2 + microsome (P2+M) 

fraction. 

For a typical IP experiment 5 mg of P2+M fraction was extracted in 1000 µL extraction buffer (1% 

detergent, 150 mM NaCl, 50mM HEPES (pH 7.4)) at 4°C for one hour. In this study we tested five 

commonly used detergents for AMPAR complex extraction, namely sodium deoxycholate (DOC), 

NP-40, Triton-X 100, n-Dodecyl β-D-maltoside (DDM) and digitonin. After centrifugation at 20,000 g 

for 20 min, the pellet was re-extracted with extraction buffer for 1 h, and then centrifuged. The 

supernatants from the two extractions were combined as an input for IP. The extract was incubated 

with 10 µg of primary antibody on a rotator at 4°C overnight. For negative controls we used empty 

beads and also peptide antigen blocking, in which 30 µg peptide antigen was pre-incubated with 10 

µg antibody for 30 min at room temperature before they were transferred to the input (Li et al., 

2012). After overnight incubation, protein A/G PLUS-Agarose beads (Santa Cruz) were added and 

incubated at 4°C for 1h. Then the beads were washed four times in washing buffer (0.1% Triton-X 

100, 150 mM NaCl and 50mM HEPES (pH 7.4)), and eluted with SDS sample buffer for separation by 

SDS gel electrophoresis. 

For affinity isolation of protein complexes in conjunction with BN-PAGE separation, we routinely 

used 20 mg P2+M fraction and 40 µg antibody per experiment. The antibody was captured with 200 

µL slurry of protein A/G PLUS-Agarose beads. The antibody-antigen interaction was competed off 

with the addition of 100 µg antigen peptides solubilized in the buffer containing 0.1% Triton-X 100, 

150 mM NaCl and 50mM HEPES (pH 7.4) at 4°C for 1.5 h. The eluted protein complexes were 

concentrated on 10 kDa filter by centrifugation, and then mixed with 3 µL BN-PAGE stock loading 

buffer and 1 µL G-250 sample additive. After centrifugation at 20,000 g for 20 min, the protein 

complexes were separated on linear 3-12% polyacrylamide gradient BN-gels (Invitrogen).  

The anti-GluA2 monoclonal antibody was purchased from Neuromab. The anti-GluA2/3 polyclonal 

antibody was custom made by Genscript against the peptide CQNFATYKEGYNVYGIESVKI. The two 

anti-PRRT1 polyclonal antibodies were custom made by Genscript against peptides 

RGPSSSATLPRPPHC (antibody 1, Ab1) and MSSEKSGLPDSVPHC (antibody 2, Ab2). 

 

Gel separation and in-gel digestion 

IP and SDS-PAGE: The beads with bound protein complexes from 5 mg input fraction were mixed 

with SDS sample buffer in a total volume of 28 µL, and heated to 98°C for 5 min to denature the 

protein subunits. To block cysteine residues, 5 µL 30% acrylamide was added and incubated at room 
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temperature for 30 min (Chen et al., 2001). Proteins were then resolved on a 10% SDS 

polyacrylamide gel and stained with colloidal Coomassie Blue. Each sample lane of GluA2/3 IPs and 

PRRT1 IPs was cut into five slices, while each sample lane of GluA2 IPs was cut into six slices. The gel 

slices were cut into small fragments with a scalpel, and transferred to 1.5 ml tubes (Eppendorf). 

After destaining with 50% acetonitrile in 50 mM ammonium bicarbonate, the gel particles were 

dehydrated in 100% acetonitrile, and rehydrated in 50 mM ammonium bicarbonate. The destaining 

cycle was repeated once. Then the gel particles were dehydrated in 100% acetonitrile and dried in a 

speedvac. Each sample was 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. The 

extracted peptides were dried in the SpeedVac and stored at -20°C until mass spectrometric 

identification. 

IP and BN-PAGE: The protein complexes from IPs as above were separated on the linear 3%–12% 

blue native polyacrylamide gradient gels in a Xcell SureLock Mini-Cell (both from Invitrogen) on ice 

at 150 V for 60 min, and then 250 V till the dye reached the bottom of the gel. After fixation, the 

gels were stained with colloidal Coomassie Blue. The gel lanes of the GluA2/3 IP after extraction 

with five detergents, the GluA2/3 IP of three brain regions, the PRRT1 IP with Ab1, and the PRRT1 IP 

with Ab2, were cut into 20, 40, 13, 20 gel slices respectively, for in-gel digestion. Each gel piece was 

cut into small fragments with a scalpel, and then transferred to the wells separately of a 96-well 

filter plate (Cat. MSHVN4550, Millipore). A deepwell 96 well plate (Cat. 951033006, Eppendorf) was 

put below the filter plate, and the waste or the extracted peptide solution from the gels was 

gathered by centrifugation at 200 g for 1 min. After destaining with 50% acetonitrile in 50 mM 

ammonium bicarbonate, cysteines were reduced in 1 mM tris-(2-carboxyethyl) phosphine, 50mM 

ammonium bicarbonate buffer at 37°C for 1 hr, and then blocked in 4 mM methyl 

methanethiosulfonate, 50 mM ammonium bicarbonate buffer at room temperature in the dark for 

40 min. To wash away the excess chemicals, the gel pieces were incubated in subsequently 50% 

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

and 50% acetonitrile in 50 mM ammonium bicarbonate. After drying with 100% acetonitrile, the gel 

fragments 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 and then 

once with 200 µL 80% acetonitrile in 0.1% trifluoroacetic acid. The pulled peptide solutions were 

dried in the SpeedVac, and stored at -20°C. 

 

LC-MS-MS Analysis 

Peptides were re-dissolved in 20 μL 0.1% acetic acid, and loaded on a 5 mm Pepmap 100 C18 

(Dionex) column (300 m ID, 5 m particle size) and separated on a 200 mm Alltima C18 

homemade column (100 m ID, 3 m particle size) with an Eksigent HPLC system, using a linear 

gradient of increasing acetonitrile concentration from 5% to 35% in 45 min, and to 90% in 5 min. 

The flow rate was 400 nL/min. The eluted peptides were electro-sprayed into the LTQ-Orbitrap 

discovery. The mass spectrometer was operated in a data dependent manner with one MS (m/z 

http://www.millipore.com/catalogue/itemdetail.do?id=MSHVN4550
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range from 330 to 2000) followed by MS-MS on five most abundant ions. The exclusion window was 

25 sec.  

MS-MS spectra were searched against the Uniprot proteomics database (version 2013-01-06) with 

MaxQuant software (version 1.3.0.5). Methionine oxidation and protein N-terminal acetylation 

were set as variable modifications, and cysteine alkyation with acrylamide from SDS-PAGE gels or 

with MMTS from BN-PAGE gels was set as fixed modification. The maximum mass deviations of 

parent and fragment ions were set to 6 ppm and 0.5 Da respectively. Trypsin was chosen as the 

digestion enzyme and the maximum missed cleavage was set at 2. Each valid protein hit should 

contain at least one unique peptide. The false discovery rates of both peptides and proteins were 

set within a threshold value of 0.01. For intensity-based absolute quantification (iBAQ), the summed 

intensity of all assigned peptides for each protein was divided by the number of theoretically 

observable peptides. 

 

Immunoblotting 

The 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 40V 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, 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 overnight at 4°C, followed by the secondary 

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

Effects of different detergents on the recovery and integrity of AMPAR complexes from 

cortex 

A critical issue in purification of protein complexes is the choice of an extraction buffer that 

solubilizes the bait complex effectively while maintaining the integrity of the complex during the 

whole IP procedure. We first evaluated five commonly used detergents with different chemical 

properties to solubilize AMPAR complexes. AMPAR complexes IP-ed by an antibody to GluA2/3 

were eluted by the antigen peptide, separated on BN-PAGE, and identified by nano-LC-MS-MS. The 

amount of AMPAR recovered from the IPs depends on the detergents used, with the efficiency of 

DOC = DDM > Triton-X 100 = NP-40 >> digitonin, with maximal ten-fold differences in signal 

intensities of GluA between extracted conditions (Fig. 1 and Supplementary Table 1). The type of 

the detergent has profound effect on the integrity of the AMPAR complex (Fig. 1). Based on the 

masses of the AMPAR complexes the ability of the detergents to maintain the integrity of the 

AMPAR complex are DDM > DOC > digitonin > Triton-X 100 = NP-40. DDM extraction yielded a 

relatively compact AMPAR complex of around 700 - 800 kDa, whereas those of TX100 and NP40 

yielded several distinct AMPAR complexes with the major type of around 450 kDa, likely 

representing the native AMPAR. In addition, the recovery of previously reported AMPAR interactors 

is generally higher when DDM was used (Supplementary Table 1). Based on this, DDM was chosen 

for the subsequent experiments. 

 

Brain regions specific interactomes of the AMPAR 

Previous interaction proteomics on the AMPAR complex used rat or mouse whole brain, or 

forebrain, for analysis (Schwenk et al., 2012; Schwenk et al., 2009; von Engelhardt et al., 2010). 

However, the distinct brain region specific gene expression patterns of many of these interactors 

(Allen Brain Atlas) suggest that considerable differences AMPAR complexes may exist between 

brain regions. Therefore we examined the AMPAR complexes in three brain regions, cortex, 

hippocampus and cerebellum, from mature mouse brain with two different anti-GluA2 antibodies 

and three biological replicates each. In total 18 independent IPs were performed and DDM was 

chosen as detergent. 

As expected, high amounts of GluA1-4 were identified from IPs of AMPAR in all brain regions 

examined (Table 1). AMPAR receptor interacting proteins, as previously identified by Schwenk et al. 

(2012), are presented in Table 1. In short, TARPγ2 interacts with AMPAR in all three brain regions, 

and is abundant in cerebellum. TARPγ3 and TARPγ8 are observed to associate with AMPAR mainly 

in hippocampus and cortex, whereas TARPγ7 is detected in cerebellum. The amounts of CNIHs are 

high in hippocampus, low in cortex and not detectable in cerebellum. GSG1L is highly enriched in 

cortex, and is also detected in hippocampus. OLFMs are found in all brain regions. PRRT1 and PRRT2 

are detected at high level in hippocampus and low level in cerebellum. SHISA6 is found in 

hippocampus and cerebellum, whereas CKAMP44 / SHISA9 is found in hippocampus and cortex. 

Besides these, many other proteins interact with AMPAR with regional preference, such as MPP2 

and MPP3 in cerebellum, LRRTM3 and LRRTM4 in cortex, RAP2B and ABHD12 in hippocampus. 
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Multiple AMPAR complexes across brain regions 

To improve insight in the composition of the AMPAR complexes, we employed BN electrophoresis 

to resolve the IP-ed AMPAR complexes by size, cut the BN gel lane into 40 slices (see details for the 

different experiments in Material and Methods section), and identified and quantified the proteins 

from these slices between 0.3 and 1.3 MDa by mass spectrometry. This mass spectrometric profiling 

of the BN fractions shows the co-occurrence of different AMPAR interactors that are likely part of 

sub-complexes. The GluA subunits show a tight co-occurrence (Fig. 2 left panel). When the highly 

abundant GluA subunits are deleted from the profile, the distribution patterns of the AMPAR 

interactors become apparent (Fig. 2, middle and right panels). For example, in the cortex, the 

protein complex containing CNIHs is present at a lower mass than that of the TARPs. TARPγ8 has a 

wider mass range distribution, and at the higher mass range it co-occurs with OLFMs. The pattern 

revealed in the profile indicates that there are at least four distinct AMPAR complexes that can be 

identified in the cortex. Additional complexes might exist, but the current resolution of the BN does 

not allow to distinguish complexes with smaller mass differences.  

Surprisingly, a sub-population of AMPAR comprising of GluA2 and GluA3 with a mass of 

approximately 450 kDa is abundantly present in cerebellum. Interestingly, the GluA1 and GluA4 are 

hardly present in this presumably AMPAR tetramer at 450 kDa, but are abundantly present at 700 

kDa. In contrast, the 450 kDa AMPAR in cortex and hippocampus is present at a very low intensity 

level. To investigate whether the presence of the native 450 kDa AMPAR in cerebellum is not an 

artifact of the breakdown of a high molecular weight AMPAR complex, due to the relatively long 

protocol of IP, we resolved the protein complexes from DDM soluble fractions directly on BN-PAGE, 

and probed with western blotting (Supplementary Fig. 1). In agreement with the BN-mass 

spectrometric analysis, the GluA2 immuno-reactivity at 700 kDa and 450 kDa are of similar 

intensities. 
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Figure 1. Evaluation of the effect of five different detergents on the recovery and integrity of AMPAR 

complexes. A. AMPAR complexes were extracted with five different detergents, separated by BN-PAGE and 

identified by mass spectrometry. Digitonin (Dig) is a mild non-ionic detergent, which solubilized much less 

AMPAR complexes. Triton-X 100 (TX100) and NP-40 (NP40) are non-ionic detergents that both yielded a 

substantial amount of native AMPARs (with mass around 450 kDa) suggesting considerable breakdown of the 

AMPAR complex. The ionic detergents DOC and DDM recovered high masses AMPAR complexes, with DDM 

yielding slightly larger AMPAR complexes containing nearly all known interacting AMPAR proteins. (Continued 

on the next page) 
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Figure 1. (Continued) X-axis, gel fractions cut for proteomics analysis, corresponding to the molecular weight 

of protein complex as shown in the BN-PAGE marker on the top of the graph; Y-axis, iBAQ intensity of the 

protein as the output from MaxQuant. The red, yellow and blue dotted boxes indicate the high (700-800 kDa) 

MW AMPAR complexes, medium (450 kDa) complex (likely the native AMPAR) and low (200 kDa) proteins 

(likely including the AMPAR subunits). Data is presented in numbers in Supplementary Fig.1. B. 3D 

visualization of the data presented A. 



 

 
 

Table 1. Proteins identified from AMPAR IPs, empty beads and peptide blocking controls.  

 

Cerebellum 
 

Cortex 

 

AMPAR IP Peptide block  

(Anti-GluA2/3) 
Beads control 

  AMPAR IP 

 

Anti-GluA2 Anti-GluA2/3 
 

Anti-GluA2 Anti-GluA2/3 

Gene name IP1 IP2 IP3 IP1 IP2 IP3 PB1 PB2 BC1 BC2 BC3   IP1 IP2 IP3 IP1 IP2 IP3 

GRIA1 (GluA1) 6.67E+06 5.12E+06 7.03E+05 7.40E+06 2.16E+06 9.81E+06 3.80E+05 3.03E+05 

    

6.01E+06 5.39E+06 1.13E+06 5.22E+06 1.56E+06 3.21E+06 

GRIA2(GluA2) 3.37E+07 2.51E+07 4.22E+06 2.01E+07 6.54E+06 2.67E+07 2.30E+06 1.42E+06 4.24E+03 

   

2.93E+07 2.33E+07 6.19E+06 1.96E+07 1.11E+07 1.31E+07 

GRIA3(GluA3) 1.75E+07 1.46E+07 2.46E+06 6.14E+06 1.98E+06 8.93E+06 9.09E+05 4.87E+05 

    

1.50E+07 9.93E+06 2.25E+06 4.60E+06 2.28E+06 3.68E+06 

GRIA4(GluA4) 4.37E+06 1.77E+06 2.20E+05 4.56E+06 9.16E+05 4.22E+06 4.63E+04 3.32E+04 

    

8.71E+05 5.19E+05 9.12E+04 3.14E+05 2.10E+05 1.51E+05 

6430704M03Rik (CG6) 2.12E+05 1.28E+05 7.75E+04 3.35E+05 1.04E+04 2.90E+05 2.43E+04 1.20E+04 

    

1.09E+06 4.36E+05 7.63E+04 4.42E+05 2.96E+05 3.11E+04 

CACNG2 (TARPγ2) 5.68E+06 2.58E+06 1.22E+06 7.80E+06 8.34E+05 6.61E+06 5.13E+05 3.31E+05 

    

1.37E+06 4.70E+05 1.66E+05 1.19E+06 1.20E+06 3.92E+05 

CACNG3 (TARPγ3) 

            

1.66E+06 2.49E+05 9.71E+04 3.25E+05 4.94E+05 3.22E+03 

CACNG7 (TARPγ7) 8.22E+04 

  

1.69E+05 

 

1.03E+05 

            CACNG8 (TARPγ8) 

            

4.34E+05 7.81E+04 1.96E+04 7.35E+05 1.81E+06 

 CNIH2 

               

3.64E+05 4.08E+05 

 CNIH3 

            

4.03E+05 9.15E+04 3.67E+04 4.24E+04 

  CPT1C 9.22E+04 

  

2.32E+04 

 

1.17E+04 

      

8.29E+04 1.59E+04 

 

2.78E+04 

  DLG1 3.06E+05 1.76E+04 3.48E+03 1.43E+05 4.39E+04 2.34E+05 

 

1.91E+03 

    

1.32E+04 

 

1.40E+03 3.21E+03 2.70E+04 2.46E+03 

DLG2 5.01E+04 

  

1.79E+04 6.73E+03 4.21E+04 

            DLG4 1.66E+05 

  

1.96E+05 2.56E+04 2.33E+05 

      

9.12E+04 

 

1.12E+03 3.47E+04 

 

4.93E+04 

GSG1L 

            

7.22E+05 2.12E+05 4.36E+04 5.84E+05 8.27E+05 4.98E+04 

OLFM1 7.67E+05 4.32E+04 9.00E+03 1.90E+05 3.95E+04 2.33E+05 

      

2.70E+05 6.81E+04 1.82E+04 1.37E+05 8.84E+03 5.05E+04 

OLFM2 3.44E+04 

    

8.90E+03 

      

1.30E+05 3.92E+04 8.04E+03 5.03E+04 7.71E+04 

 OLFM3 8.97E+04 

  

3.33E+05 

 

1.15E+05 

         

7.10E+04 1.61E+05 

 PRRT1 

   

1.62E+04 1.99E+04 

       

4.92E+05 1.05E+05 3.34E+04 2.09E+05 3.09E+05 3.60E+05 

PRRT2 

                  SHISA6 1.72E+05 9.40E+04 1.03E+04 1.35E+05 5.91E+04 3.24E+05 

            SHISA9 

     

8.27E+03 

      

3.89E+05 1.09E+05 6.52E+04 4.31E+05 1.19E+06 2.35E+05 

LRRTM3 

            

5.62E+03 

     LRRTM4 

            

2.41E+04 

     MPP2 

    

6.38E+03 8.82E+03 

            MPP3 4.96E+04 

  

7.09E+03 

              RAP2 

        

1.30E+04 

         SACM1L 

   

9.65E+03 

           

4.84E+04 9.65E+03 

 ABHD6 

   

8.83E+03 

 

7.55E+03 

         

9.24E+03 1.30E+04 

 ABHD12                                     

 

 

 



 

 
 

 

Cortex 
 

Hippocampus 

 
Beads control 

  AMPAR IP 
Peptide block  (Anti-GluA2/3) Beads control 

 
 

Anti-GluA2 Anti-GluA2/3 

Gene name BC1 BC2 BC3   IP1 IP2 IP3 IP1 IP2 IP3 PB1 PB2 PB3 BC1 BC2 BC3 

GRIA1 (GluA1) 

    

4.90E+07 4.83E+07 4.78E+07 3.08E+07 9.76E+06 3.77E+07 1.32E+06 1.51E+04 2.68E+06 

   GRIA2(GluA2) 

    

9.34E+07 1.03E+08 9.23E+07 6.13E+07 1.87E+07 6.97E+07 2.45E+06 5.78E+04 7.11E+06 

   GRIA3(GluA3) 

    

2.75E+07 2.51E+07 2.64E+07 1.08E+07 3.36E+06 9.91E+06 4.12E+05 

 

1.09E+06 

   GRIA4(GluA4) 

    

8.16E+05 9.46E+05 8.64E+05 1.13E+05 4.67E+04 2.00E+05 1.57E+03 

 

2.12E+03 

   6430704M03Rik (CG6) 

    

4.04E+06 5.37E+06 9.04E+06 4.62E+05 2.13E+05 2.69E+06 6.47E+03 

 

3.58E+04 

   CACNG2 (TARPγ2) 

    

2.13E+06 2.00E+06 2.18E+06 5.88E+05 1.25E+05 1.04E+06 

  

7.99E+03 

   CACNG3 (TARPγ3) 

    

8.11E+05 7.98E+05 8.86E+05 

  

2.14E+05 

      CACNG7 (TARPγ7) 

                CACNG8 (TARPγ8) 

    

1.17E+07 9.72E+06 1.09E+07 3.61E+06 3.45E+05 1.06E+07 

  

2.74E+05 

   CNIH2 

    

4.49E+06 3.29E+06 3.11E+06 2.66E+06 5.33E+05 3.90E+06 1.42E+05 

 

3.80E+05 

   CNIH3 

    

3.46E+06 2.79E+06 2.42E+06 4.32E+04 

 

7.84E+04 

      CPT1C 

    

9.22E+05 9.35E+05 1.54E+06 3.30E+05 1.53E+04 5.42E+05 

      DLG1 

                DLG2 

                DLG4 

    

1.80E+04 7.87E+03 

   

7.36E+03 

   

1.91E+03 

  GSG1L 

    

6.82E+04 

 

1.72E+05 

         OLFM1 

    

5.52E+05 5.62E+05 3.81E+05 7.34E+04 3.30E+04 1.08E+05 

  

1.53E+04 

   OLFM2 

    

7.49E+04 1.22E+05 1.02E+05 

  

8.38E+04 

      OLFM3 

    

4.60E+04 4.53E+04 

 

1.35E+04 

 

7.51E+04 

      PRRT1 

    

7.14E+06 4.10E+06 7.74E+06 2.63E+06 1.18E+06 3.37E+06 

  

2.06E+04 

   PRRT2 

    

8.36E+05 5.02E+05 5.26E+05 4.31E+05 

 

7.85E+05 

      SHISA6 

    

5.35E+05 5.88E+05 4.76E+05 

 

3.35E+04 1.07E+05 

      SHISA9 

    

9.07E+05 8.66E+05 6.11E+05 3.36E+05 7.86E+04 5.36E+05 

      LRRTM3 

                LRRTM4 

                MPP2 

                MPP3 

                RAP2 

         

4.26E+04 

      SACM1L 

    

1.67E+05 1.68E+05 2.49E+05 1.11E+05 

 

6.39E+04 

      ABHD6 

     

3.73E+04 4.02E+04 3.95E+04 

 

4.82E+04 

      ABHD12         3.61E+04 2.43E+04 6.06E+04     9.67E+03             

Only the proteins that overlap with Schwenk et al., 2012 are shown in this table. PB: peptide blocking control experiment; BC: beads control experiment. Multiple 

replicates were performed for the IPs (IP1-IP3) and controls (PB1-PB3 for peptide blocking controls; BC1-BC3 for beads controls). The iBAQ intensities of the identified 

proteins are shown in this table, corresponding to their protein molar amounts. 



 

 
 

 

Figure 2. Brain region specific AMPAR sub-complexes separation and characterization. A. The affinity purified AMPAR sub-complexes from cerebellum, cortex and 

hippocampus were separated on BN-PAGE according to their masses, then identified and quantified by LC-MS-MS. The red and yellow dotted boxes indicate the high 

(700~800 kDa) and medium (450 kDa) MW AMPAR complexes, and the colored dotted lines indicate the distinct proposed groups of AMPAR complexes. B. 3D visualization 

of the data presented A. (Fig 2B. is shown at the next page.) 



 

 
 

 

Figure 2. (Continued) 
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PRRT1 shows specific interactions in different brain regions 

PRRT1 is a member of the SynDIG family. Whereas SynDIG1 (TMEM90B) has been reported to 

interact with AMPAR in juvenile animals, and is implicated in synapse formation, not much is known 

about PRRT1 (SynDIG4), which is the major SynDIG member interacting with the AMPAR in adult 

animals (see Table 1). We therefore focused on this protein. The expression of PRRT1 during brain 

development is similar to that of the AMPAR subunits GluA1 and GluA2 (see Supplementary Fig. 2). 

The reverse IP Western blotting analysis using anti-PRRT1 antibody reveals the presence of the 

AMPAR subunits in the PRRT1 complex from hippocampus extraction but is hardly detected in 

cerebellum extracts (Fig. 3). This is in accordance to data of the interaction proteomics analysis 

(Table 1). 

 

 

Figure 3. Enriched GluA2 in affinity-purified PRRT1 protein complex from hippocampus and cortex. Cort: 

cortex; Hipp: hippocampus; Cere: cerebellum. 

 

To gain further insight into the differential interaction, we performed interaction proteomics on 

PRRT1 from hippocampus and cerebellum extracts with two polyclonal antibodies raised to 

different epitopes of PRRT1. In total, fourteen IPs were performed, including four replications for 

each antibody in hippocampus and three replications for each antibody in cerebellum. 

Peptide-blocked IPs and empty beads were used as controls. We considered proteins that are 

characterized in IPs with both antibodies and are not present in controls, as true PRRT1 interactors 

(Table 2). 

In hippocampus, the PRRT1 IP followed by mass spectrometry analysis revealed GluA1-3 and the 

AMPAR auxiliary proteins TARPs and CNIHs (Table 2). This strongly suggests that PRRT1 is present in 

multiple AMPAR complexes containing TARPs and / or CNIHs. In contrast, the PRRT1 IP in 

cerebellum yielded a very low amount of AMPAR and no other AMPAR auxiliary proteins were 

detected (Table 1 and 2). The ratios of iBAQ values for PRRT1 and GluA2 in PRRT1 IPs between 

hippocampus and cerebellum differ by >100 fold, indicating that PRRT1 interacts with GluA 

abundantly in hippocampus. In cerebellum it is apparent that PRRT1 preferentially interacts with 

KCNC1 and 3, and HOMER3 (Table 2). Thus, PRRT1 forms distinct complexes in hippocampus and 

cerebellum.



 

 
 

Table 2. Co-immunoprecipitation protein list of PRRT1 interacting proteins in hippocampus and cerebellum extracts.  

 
Hippocampus 

 
PRRT1 IP  Peptide block  

Beads control 

 
Ab1  Ab2  Ab1  Ab2  

Gene name IP1 IP2 IP3 IP4  IP1 IP2 IP3 IP4  PB1 PB2  PB1 PB2  BC1 BC2 BC3 BC4 

PRRT1 1.2E+06 4.5E+06 2.2E+07 2.3E+07  7.6E+05 4.8E+06 2.9E+07 3.5E+07  3.7E+04 4.2E+05  3.9E+05 1.4E+05  

 

3.9E+04 5.2E+03 

 GRIA1 (GluA1) 2.9E+05 3.0E+05 1.4E+06 2.5E+06  5.8E+05 3.9E+05 4.6E+06 4.2E+06  

  

 

  

 

    GRIA2(GluA2) 4.7E+05 3.8E+05 2.1E+06 4.2E+06  8.1E+05 6.2E+05 6.5E+06 6.6E+06  

  

 3.1E+03 

 

 

    GRIA3(GluA3) 1.9E+04 1.4E+04 2.4E+04 6.6E+04  1.9E+04 2.2E+04 1.9E+05 3.0E+05  

  

 

  

 

    GRIA4(GluA4) 

    

 

    

 

  

 

  

 

    CACNG2 

(TARPγ2) 

  

3.4E+04 

 

 

  

2.7E+04 3.4E+04 

 

  

 

  

 

    CNIH3 

   

2.1E+04  

    

 

  

 

  

 

    DLG4 5.4E+03 3.2E+03 

  

 2.6E+03 

   

 

  

 

  

 

    SHISA6 

   

1.4E+04  

    

 

  

 

  

 

    RAP2B 

 

1.2E+04 

  

 

 

2.5E+04 

 

5.0E+04  

  

 

  

 

    HPCA 1.4E+04 5.8E+03 1.5E+05 4.8E+05  1.3E+04 

 

1.8E+05 1.6E+05  

  

 

  

 

    CYFIP2 4.1E+03 1.1E+04 9.1E+04 1.1E+05  

 

5.9E+02 7.2E+03 2.9E+04  

  

 

  

 

    STIM2 

  

1.5E+04 4.1E+04  1.5E+03 1.8E+03 3.0E+04 4.7E+04  

  

 

  

 

    ATP6V1A 1.8E+04 2.2E+03 

 

4.5E+04  1.4E+04 4.3E+03 2.4E+04 1.5E+04  

  

 

  

 

    PPP1C 

 

8.1E+03 6.4E+04 1.9E+04  

 

2.3E+03 

 

1.1E+04  

  

 

  

 

    PPP3C 

 

4.9E+03 2.0E+03 5.9E+04  5.9E+03 3.5E+03 

 

1.5E+04  

  

 

  

 

    AHCYL1 

    

 2.5E+03 4.8E+03 3.6E+04 4.5E+04  

  

 

  

 

    KCNC1 

    

 

    

 

  

 

  

 

    KCNC3 

   

1.1E+04  

    

 

  

 

  

 

    HOMER3 

    

 

    

 

  

 

  

 

     

  



 

 
 

 
Cerebellum 

 
PRRT1 IP  Peptide block  

Beads control 

 
Ab 1  Ab 2  Ab 1  Ab 2  

Gene name IP1 IP2 IP3  IP1 IP2 IP3  PB1  PB1  BC1 BC2 BC3 

PRRT1 1.6E+06 2.8E+06 9.8E+06  5.1E+06 7.1E+06 1.2E+07  

 

 1.2E+05  1.0E+04 

  GRIA1 (GluA1) 

   

 

 

1.1E+03 

 

 

 

 

 

 

   GRIA2(GluA2) 

   

 1.4E+03 4.6E+03 6.3E+03  

 

 

 

 

   GRIA3(GluA3) 

   

 

   

 

 

 

 

 

   GRIA4(GluA4) 

  

2.9E+03  

   

 

 

 

 

 

   CACNG2 (TARPγ2) 

   

 

  

1.5E+04  

 

 

 

 

   CNIH3 

   

 

   

 

 

 

 

 

   DLG4 

   

 

   

 

 

 

 

 

   SHISA6 

   

 

   

 

 

 

 

 

   RAP2B 

   

 

   

 

 

 

 

 

   HPCA 

   

 

   

 

 

 

 

 

   CYFIP2 7.5E+02 3.6E+03 1.5E+05  

   

 

 

 

 

 

   STIM2 1.2E+04 2.1E+04 2.8E+05  2.2E+03 1.0E+04 1.2E+04  

 

 

 

 

   ATP6V1A 

   

 

   

 

 

 

 

 

   PPP1C 3.2E+03 6.6E+03 7.9E+04  

 

7.3E+03 7.7E+03  

 

 

 

 

   PPP3C 

  

6.0E+03  

   

 

 

 

 

 

   AHCYL1 1.7E+03 

 

1.2E+04  2.8E+04 1.8E+04 7.1E+05  

 

 

 

 

   KCNC1 1.8E+04 2.9E+04 7.3E+05  

 

1.9E+03 

 

 

 

 

 

 

   KCNC3 1.2E+05 1.8E+05 3.7E+06  3.6E+04 8.2E+03 2.7E+04  

 

 

 

 

   HOMER3 3.2E+03 2.3E+04 1.2E+05  5.9E+03 2.0E+04 

 

 

 

 

 

 

   
Multiple replicates were performed for the IPs (IP1-IP4) and controls (PB1-PB2 for peptide blocking controls; BC1-BC4 for beads controls). The iBAQ intensities of the 

identified proteins are shown in this table, corresponding to their protein molar amounts. 
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Distinct PRRT1 containing AMPAR protein complexes 

To get a detailed insight in the protein constituents of the PRRT1-containing complexes, we 

performed BN analysis on PRRT1 complexes isolated from hippocampus and cerebellum extract (Fig. 

4). PRRT1 was detected across a wide range between 60 kDa and 1200 kDa on BN-PAGE, indicating 

that it is involved in multiple distinct protein complexes. The PRRT1 containing AMPAR complex is 

abundant in hippocampus, and forms sub-complexes with TARPs, CNIHs and SHISAs. This is 

consistent with the higher amount of GluA subunits and its interactors TARPs, CNIHs and SHISAs, 

which were observed in hippocampus compared with cerebellum (Table 1 and 2). Also the 

co-occurrence pattern of sub-complexes was quite similar as in the AMPAR IP. In cerebellum, KCNCs 

and HOMER3 were specifically enriched in PRRT1 complexes, whereas GluA subunits were present 

only at very low level.  

 

 

Figure 4. PRRT1 protein complexes separated and characterized in hippocampus and cerebellum extracts. A. 

Evaluation of the PRRT1, AMPAR and AMPAR auxiliary proteins TARPs, SHISA, and CNIHs form sub-complexes 

in hippocampus, whereas in cerebellum PRRT1 predominantly interacts with KCNC3 and HOMER3. The 

colored dotted lines are provided for easy reference. B. 3D visualization of the data presented in A. 

(Continued on the next page). 
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Figure 4. (Continue)  

 

Subcellular localization analysis of the constituents of AMPAR complexes 

Above we unequivocally demonstrated the presence of multiple types of AMPAR complexes. It is of 

interest to determine whether these protein complexes are from different subcellular 

compartments. If so, they may form entities with different functional properties. To address this 

issue we examined the distribution of the AMPAR interactors by profiling their expression across 

different synaptic subcellular fractions (Fig. 5). Immunoblotting analysis of hippocampal subcellular 

fractions revealed that GluA subunits are present in the homogenate, microsome, synaptosome, 

synaptic membrane and PSD fractions, with the highest levels present in the PSD. TARPγ2 and 

SHISAs are mainly present in PSD fractions, indicating that they are primarily PSD proteins. CNIH2 

on the other hand is present more abundantly in the synaptic membrane fraction than in the PSD. 

The distribution pattern of PRRT1 is similar to that of CNIH. As a control, the pre-synaptic protein, 
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Synaptophysin (SYP), is not present in PSD, and the myelin proteins Myelin-associated glycoprotein 

(MAG), Myelin-associated oligodendrocyte basic protein (MOBP) and Myelin basic protein (MBP) 

are hardly present in any of the synaptic fractions. Together, these data support the idea that in 

distinct subcellular fractions different protein constituents of the AMPAR complexes exist. 

 

 

Figure 5. The presence of AMPAR subunits (GluA1 and GluA2) and various AMPAR interactors in different 

synaptic compartments of adult mouse hippocampus. 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. Immunoblotting analysis of proteins of the AMPAR complexes (GluA1; GluA2; 

TARPγ2; CNIH2; SHISA6, 7 and PRRT1) in a series of biochemical fractions obtained from hippocampus. NMDA 

receptor 2b (GRIN2B) and DLG4 proteins are indicative of the post-synaptic compartment; Synaptophysin (SYP) 

and Flotillin1 (FLOT1) are markers of pre-synaptic terminal and lipid raft, respectively; Myelin-associated 

glycoprotein (MAG), Myelin-associated oligodendrocyte basic protein (MOBP) and Myelin basic protein (MBP) 

indicate the myelin associated fractions. 
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Discussion 

AMPARs are the principal transducers of rapid glutamatergic excitatory transmission in the 

mammalian brain, and are the targets for multiple signaling pathways associated with synaptic 

plasticity. With the development of interaction proteomics (Kaake et al., 2010), multiple interactors 

were identified and characterized in recent years, notably TARPs (Vandenberghe et al, 2005), CNIHs 

(Schwenk et al., 2009), SynDIG1 (Kalashnikova et al., 2010), CKAMP44 / SHISA9 (von Engelhardt et 

al., 2010), GSG1L (Schwenk et al., 2012; Shanks et al., 2012). Divergence in plasticity mechanisms or 

distinct physiological functions of different brain regions is likely caused by the occurrence of 

distinct protein complexes. In particular, protein interactions of the AMPAR are known to 

contribute to specific events that determine aspects of receptor transport, anchoring at the 

(synaptic) membrane, and modulating channel properties. Interaction proteomics has generated an 

overview of AMPAR interactors (Schwenk et al., 2012). These investigators have generated a model 

that accommodates proteins with high or low affinity for the AMPAR to be part of the ‘inner and 

outer complex’ of the receptor, respectively. However, this model does not address brain regional 

differences in AMPAR complex formation that might explain different AMPAR complexes with 

distinct constituents to co-exist. In this study, we characterized the brain-regional specific AMPAR 

protein network by comprehensive interaction proteomics, which revealed the co-existence of 

AMPAR sub-complexes under native conditions. As a typical example we show that PRRT1 

associates with the AMPAR strongly in hippocampus but only weakly in cerebellum, where it 

predominantly engages in different protein complexes. 

In the affinity purification-mass spectrometry experiments, multiple replicates were performed to 

ensure the detection of interacting proteins at both high and low abundance. Two antibodies 

directed to the same bait protein, bead controls and peptide antigen blocking controls were 

introduced to effectively identify the off-target proteins. In addition, we developed an innovative 

approach “IP - BN-PAGE - MS” to visualize the size, composition and relative abundance of target 

sub-complexes. IP followed by peptide elution specifically enriched the target complexes, reducing 

the interference of other proteins and improving the identification of low abundant proteins. 

BN-PAGE could separate native complexes according to their molecular masses, and therefore 

multiple sub-complexes with different size were distinguished based on their co-occurrence with 

the target protein. By combining with high resolution LC-MS-MS, the associated proteins can be 

semi-quantitatively visualized across different mass ranges. Obviously, quantitation of proteins after 

IP is difficult given issues of protein specific affinities and differential effects of IP conditions 

impacting on these. Considering the limitations in mass resolution of BN-PAGE, several distinct 

sub-complexes might co-exist within the same gel slice. Antibody-based mobility-shift assay or 

reverse IP followed by BN-MS aids to distinguish these sub-complexes even further. 

In this study, AMPAR subunit combinations show clear brain region-specific heterogeneity. For 

instance, in hippocampus GluA1-GluA2 is the major form of the AMPAR, with lower amount of 

GluA2-GluA3. In contrast, in cortex, GluA1-GluA2 and GluA2-GluA3 are equally abundant. In 

cerebellum, the contribution of GluA4 in AMPAR is comparable to those of GluA1 and GluA3. These 

data are consistent with the previous reports of brain regional distribution of AMPAR subunits 

(Petralia and Wenthold, 1992; Martin et al., 1993; Beneyto and Meador-Woodruff, 2004; Lu et al., 
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2009). The heterogeneity in subunit composition of AMPARs might contribute to distinct brain 

region specific channel properties or trafficking of AMPARs. In addition, the auxiliary proteins of 

AMPAR also show brain region specific interaction patterns. Consistent with previous reports 

(Jackson and Nicoll 2011; Coombs and Cull-Candy 2009; von Engelhardt et al., 2011), we found that 

TARPγ2 and TARPγ7 strongly associated with the AMPAR in cerebellum, whereas TARPγ3, TARPγ8 

and CKAMP44 / SHISA9 interacted with AMPAR in hippocampus and cortex. In addition, GSG1L, 

SHISA6, PRRTs, CG6, CPT1C, MPPs, LRRTMs, RAP2B and ABHD12 also showed brain-region specific 

association with the AMPAR (Table 3). It is likely that the distinct AMPAR complexes are 

differentially dynamically regulated, and in a region specific manner. For sure, the interactomes of 

the AMPAR might be more complexly organized than assumed before. 

 

Table 3. The brain-regional specific sub-complexes of AMPAR. AMPAR interacting proteins are marked with 

different colors or types, indicating distinct protein families. 

 

 

Different from affinity purification, Blue Native electrophoresis is used to separate native protein 

complexes according to their molecular masses (Schägger, et al., 1991; Swamy, et al., 2006). For the 

analysis of AMPAR sub-complexes, we combined immunoprecipitation, Blue-Native electrophoresis 

and quantitative mass spectrometry as an innovative proteomics approach. The affinity-enriched 

native sub-complexes are separated on BN-PAGE according to the molecular weight, and then 

characterized by LC-MS-MS semi-quantitatively. According to the co-immigration on BN-PAGE, we 

observed several types of sub-complexes in the affinity purified AMPAR complexes (Fig. 2), and 

from this we propose a refined model of AMPAR interactome across brain regions (Table 3). 

Between 600 - 1000 kDa, several AMPAR sub-complexes with different sets of associated proteins 

can be distinguished. OLFMs and a small amount of TARPs or other interactors appeared in 

complexes of AMPAR at the highest molecular size. TARPs, GSG1L, SHISA9, CG6, PRRTs, and CPT1C 

associated with the major portion of AMPARs at medium masses, whereas CNIHs were specifically 

found in the smaller complexes. Schwenk and colleagues detected CNIH2/3 as one of the core 

auxiliary proteins of AMPAR. Using antibodies against TARPγ2/3 or CNIH2/3 in shift assay, they 

observed that TARPγ2/3 and CNIH2/3 did not co-shift, suggesting they associated with different 

groups of AMPARs (Schwenk et al., 2009). Later, they found that most of TARPγ8 co-shifted with 

CNIH2/3 and a small amount of TARPγ8 did not shift (Schwenk et al., 2012). In our dataset, both of 

CNIH2/3 and TARPγ8 are co-immunoprecipitated with AMPAR strongly in hippocampus, and their 



Chapter 4. Interaction proteomics reveals distinct brain region specific AMPAR complexes 

90 
 

sub-complexes partially overlap in BN-PAGE, indicating that a majority of both CNIH2/3 and TARPγ8 

might associate with AMPAR as a single complex in hippocampus. 

Sub-complexes of the AMPAR with subtle mass difference across brain regions arise from their 

distinct subcellular localization and their neuron, or maybe even synapse, specificity. We examined 

the subcellular localization of several AMPAR associated proteins in hippocampus (Fig. 5). TARPγ2 

and SHISAs are highly expressed in PSD fractions. In contrast, CNIH2 and PRRT1 are widely 

distributed over different fractions, with high levels in the synaptic membrane fraction, and lower 

levels in the PSD. The differential localization of AMPAR interactors suggests that AMPAR tetramers 

associate with distinct sub-groups of proteins, which might be linked to AMPAR sorting and 

trafficking at distinct subcellular sites. In addition, these associated proteins also show neuron type 

specificity. In hippocampus, CA1 pyramidal neurons are known to express multiple TARP isoforms 

(Tomita et al., 2003), including γ2, γ3, γ7 and γ8, in which γ8 is selectively enriched and has a unique 

role in regulating the pool of extrasynaptic AMPARs (Rouach et al., 2005). In cerebellum, the 

abundant associated protein TARP γ2 is critical for the functional expression of AMPARs in granule 

neurons (Chen et al, 2000). CKAMP44/SHISA9 is highly expressed in dentate gyrus granule cells and 

modulates AMPAR channel property in short-term plasticity.  

Previous reports suggested SynDIG1 as an auxiliary protein of AMPAR and facilitated the synaptic 

development (Kalashnikova et al., 2010). In this study, we did not detect SynDIG1 in purified AMPAR 

complexes from mature mice, but instead detected another protein from the same family, PRRT1 

(SynDIG4), which developmental expression pattern is also similar to the AMPAR. Interestingly, 

PRRT1 levels indicate that it is strongly associated with AMPAR in hippocampus, whereas its level is 

very low in cerebellum. In addition, multiple associated proteins of AMPAR, i.e., TARPs, CNIHs and 

SHISAs, were also detected in PRRT1 sub-complexes with AMPAR subunits (Fig. 4), suggesting that 

PRRT1 might be involved in several different AMPAR complexes in hippocampus. In contrast, 

specifically in cerebellum we observed other interacting candidates of PRRT1, including KCNC3 and 

HOMER3, from the affinity purified complexes with both PRRT1 antibodies.  

In summary, we characterized the distinct populations of AMPAR complexes with brain region 

specificity by comprehensive interaction proteomics, and further confirmed the specific association 

of AMPAR and PRRT1 in hippocampus. Further investigation of protein interaction relationships, 

sub-cellular localization and protein modification, as well as experiments monitoring complex 

formation affected by neuronal stimulation, might provide a better functional understanding of the 

brain-region specific interactions.  
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Supplementary data 

 

Supplementary figure 1. The distribution difference of multiple native AMPAR 

complexes across brain regions. The immunoblot for GluA2 of DDM solubilized 

P2+M fractions from adult mice cerebellum (Cere), cortex (Cort) and 

hippocampus (Hipp). 

 

 

 

 

 

 

 

 

 

 

Supplementary figure 2. Protein expression during hippocampus 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. Immunoblot of several different synaptic 

proteins in a P2 + M fraction of the hippocampus. The AMPAR and DLG4 levels increased after the birth and 

got stable around P21, and the expression of PRRT1 during brain development is similar as AMPAR. Myelin 

proteins MAG, MOBP and MBP were expressed from P21 and got stable at mature age. P, postnatal day. 
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Supplementary table 1. Protein list of identified AMPAR complex subunits after extraction with multiple 

detergents, including sodium deoxycholate (DOC), NP-40 (NP40), Triton-X 100 (TX100), n-Dodecyl 

β-D-maltoside (DDM) and digitonin (Dig). The iBAQ intensities of the overlap in proteins from GluA2/3 IPs and 

the GluA IPs dataset (taken from Schwenk et al (2012)) are illustrated in this table, corresponding to their 

protein molar abundance. 

 
GluA2/3 IP 

 
IgG Controls 

Gene DOC NP40 TX100 DDM Dig 
 

DOC NP40 TX100 DDM Dig 

GRIA1 (GluA1) 3.5E+07 3.0E+07 3.5E+07 3.6E+07 2.7E+06 
      

GRIA2 (GluA2) 1.1E+08 1.0E+08 1.3E+08 1.1E+08 9.9E+06 
 

6.5E+03 
    

GRIA3 (GluA3) 4.2E+07 3.3E+07 3.5E+07 4.4E+07 1.7E+06 
      

GRIA4 (GluA4) 2.9E+06 2.3E+06 2.3E+06 3.3E+06 2.4E+05 
      

CACNG2 (TARPγ2) 
 

8.3E+04 9.7E+05 1.8E+06 3.0E+05 
      

CACNG3 (TARPγ3) 
  

1.3E+04 4.1E+04 9.3E+04 
      

CACNG8 (TARPγ8) 1.9E+04 7.7E+04 1.0E+05 2.4E+05 2.1E+05 
      

CNIH2 
  

4.2E+05 1.0E+07 1.6E+05 
      

CNIH3 
  

2.1E+05 2.1E+06 5.5E+04 
      

GSG1L 2.4E+04 2.8E+04 2.8E+04 9.0E+05 8.9E+03 
      

SHISA9 
 

7.8E+03 1.6E+04 5.5E+05 3.2E+04 
      

DLG1 
  

2.9E+03 1.8E+03 
       

DLG4 
    

4.1E+05 
      

PRRT1 
 

6.1E+04 3.8E+04 1.7E+06 3.9E+05 
      

PRRT2 
  

7.7E+03 5.3E+04 
       

OLFM1 1.5E+04 2.1E+05 1.4E+05 4.8E+05 
       

OLFM2 
 

1.5E+05 5.9E+04 1.5E+05 
       

OLFM3 
 

2.1E+04 9.5E+03 4.0E+04 
       

6430704M03Rik (CG6) 3.7E+04 6.1E+04 1.4E+05 2.7E+06 1.7E+05 
      

CPT1C 3.0E+04 3.7E+04 5.1E+04 1.9E+04 1.2E+05 
      

PORCN 
    

3.0E+04 
      

SACM1L 
   

3.1E+03 2.8E+04 
      

ABHD6 
   

7.5E+03 3.4E+06 
      

ABHD12 
    

3.2E+05 
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